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FOREWORD

The purpose of this report is to present the results of a study of '"Large
Space Structure Experiments for AAP" conducted by the Convair division

of General Dynamics for the Marshall Space Flight Center, NASA. The
study was performed during the interval 15 September 1966 to 15 September
1967, at a level of approximately $275, 000. 00, undet Contract NAS 8-
18118. The final report is published in five volumes as follows:

Volume I = Technical Summary

This volume summarizes the results of the entire study.

Volume II Analysis and Evaluation of Space Structure Concepts

This volume presents the results of the analysis of the 40 space
structure concepts analyzed during the first half of the study.

Volume III Crossed H Interferometer for Long Wave Radio Astronomy

This volume contains the design details of the crossed H interferom-
eter that was one of the three concepts selected at mid-term for de-
tailed analysis.

Volume IV Focusing X~Ray Telescope

This volume contains the design details of the focusing x-ray tele-
scope that was one of the three concepts selected at mid-term for
detailed analysis.

Volume V 100-Foot Parabolic AAntenna.

This volume contains the design details of the parabolic antenna that
was one of the three concepts selected at mid~term for detailed
analysis,
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SECTION 1
INTRODUCTION

1.1 BACKGROUND. The purpose of this study has been to identify and de-
fine three large space structures experiments through which the following
flight objectives could be accomplished: evaluate the role of man in the deploy-
ment, assembly, alignment, maintenance and repair of large structures in
space; evaluate the performance and behavior of large structures in space
from a technology viewpoint; and third, provide a useful space structure which
can be used to fulfill a useful ""user oriented'" requirement such as a radio
astronomy antenna or solar cell array.

The logical point of departure for a study such as this is to first determine

the most promising areas of science and technology which will probably require
large structures in space. In viewing the potential NASA missions throughout
the next decade, one can conclude that some of the more prominent requirements
will evolve from the areas of Astronomy, Communications, and to a lesser,

but significant degree, from the requirements for solar cell arrays, micro-
meteoroid collectors and magnetometers.

With regard to Astronomy, regions of the electromagnetic spectrum which
are of interest to astronomors begin with the very long radio waves and
continue through the gamma ray region. Although not all astronomers
necessarily agree on which areas of the spectrum should receive the highest
priority, general concensus on those bands of particular interest and specific
recommendations for future astronomy in space are found in '""Space Research
Directions for the Future, Part 2" (Woods-Hole Report). This document,
together with other appropriate sources of literature, was used to guide this
study in its relation to Astronomy. A few of the more important conclusions
and recommendations contained in the Woods~Hole Report are summarized in
Figure 1-1. The darkened area of the line at the top of the figure signifies
those regions of the spectrum in which the atmospheric attenuation is greater
than 10dB, and therefore, those regions which are essentially blacked-out
from the Earth's surface. In these regions, astronomical observations are
completely dependent on the ability to go into space. Accordingly, the
Woods~-Hole Report has made positive recommendations for space astronomy
covering the entire spectrum with the exception of that region shown as radar
astronomy on the figure which, according to that report, can be satisfied by
ground-based observations,.

Several of the bands of interest are particularly challenging to us who are
interested in large space structures., First let's consider the very long wave
(10 m and longer) region. Antennas designed to operate in this region have
two dominant characteristics: Large physical dimensions and correspondingly

1-1
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Figure 1-1. Potential Applications of Large Structures in Space

large allowable tolerances. The Woods-Hole Report recommended a '""Broad
Band Antenna System leading to a 20 km aperture ultimate antenna system''.
Although such an antenna would not be feasible during the AAP period,
antenna types which may prove useful in the long wave region, and, therefore
had to be accounted for in this study, include log periodics, rhombics,
broadside arrays, and phased arrays. In the sub-millimeter region the
primary useful antenna concept is a fairly large parabolic radio telescope
with very stringent tolerance requirements. A great deal of emphasis was
therefore placed in this region of interest. Additional regions of interest to
astronomers which involve large structures are the X-ray and Gamma-ray
ends of the spectrum. The Woods~-Hole Report also contains specific large
space structure requirements to support these Astronomical Programs. In
summary, Convair was directed by NASA to include in this study detailed
analysis on four types of space structures relating to Astronomy, longwave
radio, sub-millimeter wave radio, X~ and Gamma-Ray Astronomy. Although
optical Astronomy, including infrared, ultraviolet, and visible regions of the
spectrum, is extremely important to future space flight, Convair was directed
by NASA not to include these types of structures in the study.

In summary, NASA directed that the concepts to be analyzed in the study be

centered around those satisfying the following user-oriented applications
requirements.
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Longwave Radio Astronomy
Millimeter Wave Radio Astronomy
X- and Gamma-Ray Astronomy
Communications

Solar Cell Arrays

Magnetometers

Micrometeoroid Collectors

1.2 STUDY APPROACH. Figure 1-2 shows the major task areas to be
accomplished during the study, as directed by NASA during the contract
orientation. The study was essentially broken into two parts; the first half
dealing with the analysis of a large number of candidate space structures
concepts culminating in the selection of three which would then, during the
second half, undergo more detailed analysis and design.

1.3 SUMMARY OF RESULTS. Tasks 1 and 2 resulted in the preliminary
design and analysis of 40 candidate space structure concepts for flight in the
1970-75 time frame. Three of these structures were selected at the mid-
term point of the study and were the subject of detailed preliminary design
and analysis during the second half of the study. They are: a longwave
radio astronomy antenna called a Crossed-H Interferometer, a Focusing
X-Ray Telescope, and a 100 foot Aperture Parabolic Antenna. An over-all
summary of the entire study can be found in Volume I. Analysis of the 40
candidate structures can be found in Volume II, and detail analysis of the
three selected concepts is contained in Volumes III, IV, and V, respectively,
as listed above.

TASK 1 10% TASK 3 5% TASK 4 45%
REVIEW & ANALYZE SEVERAL IDENTIFY 3 ORBITAL EXPERIMENTS PERFORM A :DETAILED STUDY OF
HASA-FURNISHED STRUCTURAL FOR AAP FLIGHT, THROUGH WHICH EACH EXPERIMENT PROVIDING
CONCEPTS PROVIDING MORE DEPLOYMENT ASSEMBLY & FUNCTIONAL REQUIREMENTS
DETAILED DEFINITION OF ALIGNMENT TECHNIQUES CAN CONFIGURATION DRAWINGS
o USER REQUIREMENTS » BE EVALUATED [~ PACKING
» PERFORMANCE REGUIRE- THE PERFORMANCE OF STRUCTURAL SYSTEMS DESIGH
MENTS (STRUCTURES) : DESIGN CAN BE EVALUATED OPERATIONAL CONCEPT
-« STRUCTURAL DESIGN A USER-ORIENTED REQUIREMENT NASA FORM 1138
« MEANS OF DEPLOYMENT, CAN BE SATISFIED WORKING MODEL
ASSEMBLY, AND ALIGNMENT
© OVER-ALL SYSTEMS
REQUIREMENTS
) 4
TASK 2 30% TASK § 10%
DEVELOP ADDITIONAL CONCEPTS DEFINE RESEARCH, DEVELOPMENT
AS NECESSARY T0 COVER TEST, & ENGINEERING
A WIDE VARIETY OF FUTURE cam PROGRAMS INCLUDING COSTS,
MISSION. REQUIREMENTS. EACH REQUIRED TO FLY EACH EXPERI-
DEVELOPED Y0 SAME - MENT. PREREQUISITE ORBITAL EXPER-
DEPTH AS THOSE OF TASK 1 IMENT ALSO TO BE DEFINED (1138)

‘Figure 1-2. Large Space Structure Experiments for AAP
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1.4 INTRODUCTION TO VOLUME IV. The approach utilized in the
preliminary design and analysis of the X-Ray Telescope is depicted in
Figure 1-3. The design includes a preliminary definition of the structure, -
subsystems, and mission instrumentation. The telescope mission was
assumed to include detail source surveys of known x-ray areas of interest.
Since the total observation time of each source varies considerably with
differences in source intensity, type of measurements desired, orbit
parameters, and source location, no attempt has been made to determine
the actual number of sources surveyed each year.

The concept analysis included thermodynamics, stress, mass properties,
and reliability, as well as functional and time line analysis.

1.4.1 Study Guidelines. The study of the X-Ray Telescope was guided
by the following:

S-IB manned launch around 1975.
b. Circular 260 n. mi. or lower orbit at 28, 5° inclination or less.
c. Mission lifetime more than 3 years.
d. 20 to 40 inch maximum internal lens diameters,

e. Manned resupply/repair flights available as required (no more than
four per year).

£, MSC 1968 to 1972 baseline astronaut data for orbital crew activities.

FUNCTIONAL TIME LINE AND
RELIABILITY ANALYSIS
e [UPDATE/EXPAND EXPERIMENT SUPT
| AmaALYsIS LWRA USER REQUIREME EQUIPMENT REQUIRBMENTS
y o OF Foor *1L/v, 5/C, MISSION AND
40 ' RONAUT CAPABILITIES i
| concerrs_ i v =
- » 1346 FINAL
PRELIMINARY DESIG FORM mz)sanunow
F FuSA~ =\l ecore X K REPORT
| seLecTION |
OF THREE |
! CONCEPTS |
- o rw
PLAN
FABRICATE
ODEL AND
1 PHOTOGRAPH MOVIE

Figure 1-3. Technical Approach X-Ray Telescope
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The study effort was directed to the investigation of the following areas with
.emphasis on their major engineering problems:

a. Structural design and analysis e. Subsystems \
b. Mechanical f. Alignment
c. Packaging g. Dynamic analysis
d. Materials h. Thermal analysis
i. Determination of man's role in deployment,

maintenance, and operation of the system.

1.4.2 " Conclusions. The study results have yielded the following major con-
clusions: )

a. To the extent of the analysis performed, it is feasible to design, develop,
and deploy a grazing incidence X-ray telescope by 1974-75 which will
resolve soft-x-ray sources to between 1 to 5 arc seconds accuracy.

b. An effective focusing x-ray telescope satellite can be packaged into, and
orbited by, a manned S~IB with adequate reserve payload weight and
volume for growth and additional (possibly unrelated) experiments.

c. Multiple (3 to 4) segment nested grazing incidence mirrors in the 20"
to 40" maximum internal diameter range can be developed to the desired
specifications for flights 5 years from go-ahead; 8 to 10 nested segments °
will extend the flight date 1-1/2 years.

d. The primary scheduled role of man in the x-ray system concept is in
the control and backup of initial automatic deployment, EVA inspection
and manual operation of the instrument turret, monitoring of ground
controlled systems checkout, biannual resupply of expendables, replace-
ment of short life components such as solar cells and attitude jets, and
updating of vehicle capability by the addition of new or redesigned
spacecraft or mission equipment,

e. In the area of unscheduled activities, man will increase mission
reliability and operational lifetime by repair and replacement of failed
or damaged components.



Suitable structures can be designed with adequate rigidity, deployment
reliability, and thermal stability (or a suitable compensation system)
for the 20 to 40 inch lens diameter range studied.

Lens diameters greater than 50 inches will require unconventional,
higher expansion ratio structures for packaging in the manned Saturn
launch vehicles. The maximum lens sizes compatible with unmanned
payloads have not been determined (The above statements refer to lens
focal length to diameter ratios of 8 to 1, or greater.)

1-6



SECTION 2
FLIGHT OBJECTIVES

The flight objectives of the focusing x-ray telescope are three fold as dis-
cussed below.

2.1 THE EVALUATION OF THE ROLE OF MAN, A primary flight objec-
tive of the x~-ray telescope is to evaluate the role of man in the deployment,
alignment, operation and maintenance of such a large space structure. To
achieve this objective, consideration must be given to procedures and tech-
niques and methods employed to obtain meaningful data as to man's effect-
ivity in performing planned tasks. These procedures and techniques will
vary from qualitative information obtained from the astronauts at the time
of de-briefing to detailed biomedical data on each man. Standard biomedical
data will be obtained on a real time basis to ensure the safety and well-being
of the crew., This data is a part of the permanent flight record, Biomedical
data will also be used to evaluate the effectiveness of man's participation
based on heart rate, body temperature and metabolic expenditure. A record
of all voice commmunications between astronauts and with the various ground
stations, as well as a daily flight log can serve a similar useful purpose.

In addition to these essentially continuous ''non-selective' records of astro-
naut performance, it will be necessary to plan in detail for specialized tech-
niques for measuring man's effectivity. Photographic records of each crit-
ical EV activity for example, would be essential to establish the reason for
any failure to accomplish an objective, and would also contribute to a mod-
ification of procedures and equipment for future flights. The value of such
a photographic record, as well as some of the difficulties encountered, was
clearly established in the Gemini program. Perhaps the most significant
data which might be obtained from such an experiment, is an evaluation of
the validity of the assumed time spans for task accomplishment. To ensure
the success of each task that requires man's participation, procedures will
be planned in detail and rehearsed with as much realism as can be achieved
by means of neutral buoyancy or perhaps previous space flight experience
such as orbital workshop simulation. This practice will verify that the
procedure is valid and will familiarize the astronaut with the task. At the
same time data will be obtained on the average time and metabolic expendi-
ture to accomplish each task element. A comparison of this data with that
obtained from the x-ray telescope experiment can provide invaluable in-
formation with respect to man's role, to guide planning for even more
advanced missions.



Some of the typical measurements which will be taken during EVA periods
are:

a. EKG e. Suit pressure

b. Oxygen consumption f. Suit temperature

c. DBody temperature g. Suit oxygen concentration
d. Respiration rate h. Suit relative humidity

2.2 THE ADVANCEMENT OR STRUCTURES TECHNOLOGY. The ultimate
flight objective in the structural area will be to perform the mission as de-
signed with a structure assembly which is an extension of the state-of-the-
art.

The problems of designing large x-ray telescope structures are similar to
those confronting optical telescope designers -- the structure is required to
remain perfectly aligned between imaging components separated by large
distances. The base x-ray telescope has a 30 ft. focal length.

The problems of rigidity are further complicated by the focal length shorten-
ing required for packaging into the launch configuration. In many designs,
the structural rigidity requirements conflict with thermal structure stability
-- a shell structure is one example. Shell structures inherently exhibit max-
imum structural stiffness in bending, shear, and torsion; however, the con-
tinuous skin shells have maximum sun shadowing which generates high dif-
ferential temperatures resulting in larger thermally induced distortions

than a similar size open truss structure. The performance of the structure
in orbit will be evaluated against the design predictions by instrumentation

to obtain the orbit temperatures, stresses and distortion.

Some of the specific parameters to be measured are:

a. Optical axis (truss centerline) displacement and rotation.

b. Four quadrant temperatures on the primary truss tubes with at least
six varying orientations. T1

T4 T2

T3



c. Stress levels.
d. Imaging turret and lens gimbal bearing friction.
e. Mirror temperature, four-quadrant temperatures on all segments.

f. Image capsule internal temperature distributions.

The optical axis distortions will be compensated by the lens alignment
system. The various temperature and stress levels will be measured by
conventional thermocouples and strain gage instrumentation. The operating
friction of the bearings of interest can be monitored by measuring the drive
motor power with wattmeters.

The optical axis distortions and tube temperature will provide the data
necessary to evaluate the performance of the thermal coatings against time
in orbit --this area may well be critical aspect for long missions if the ve-
hicle design relies on the maintenance of specific properties.

2.3 SCIENTIFIC OBJECTIVES., The third flight objective is to provide a
large x-ray telescope capable of accomplishing a wide variety of scientific
observations in the soft x-ray region. Such a scientific instrument is envi-
sioned as being equivalent to a major astronomical facility providing one
set of focusing optics capable of accommodating a wide variety of different
scientific instruments at the focal plane. Such a multipurpose facility could
be manned during the initial setup and checkout, and thereafter periodically
manned for refurbishment, maintenance and repair during its operational
lifetime. Although the telescope is capable of accomplishing almost any
x-ray observation likely to be required in the middle 1970's, specific objec-
tives which resulted in design goals are listed below:

a. Study the solar flares and other transient. events, active centers, quiet
corona and quiet chromosphere.

-3 -6
b. Search for weaker discrete sources (10  to 10 times the strength of
those observed so far).

c. Precise determination (to one minute or better) of the location of the
discrete sources in order to make possible identification of the x-ray
sources with optical or radio objects.

d. Study of the structure of the discrete x-ray sources with a resolution of
better than five seconds or establishing an upper limit of this order of
magnitude for their size.

e. Study of the spectral distribution of the radiation from the various dis—
crete sources; search for emission lines, absorption edges, and the
long wavelength cutoff expected from interstellar absorption.

2-3



f. Search for polarization of the X radiation from discrete sources.

g. Directional and spectral study of the diffuse radiation, with the aim of
establishing its galactic or extragalactic origin, and investigation of the
properties of the media in which it arises and through which it passes.

h. Search for time variation of both long and short duration in the intensity
of the discrete sources.

The observation of strong x-ray sources beyond the solar system has been
one of the outstanding discoveries of space astronomy to date. In five years,
the observations have prbgreSSed from the first evidence of a localized flux
to the detection of over 20 discrete sources in the wavelength region between
1to 102;. In comparison it took radio astronomy a dozen years to progress

from Jansky's original discovery to the detection of the radio source Cygnus
A. |

Much stronger galactic x-ray sources have been found than were anticipated
prior to observation, and sources of at least two basic types appear to be
present. The mechanism of x-ray generation in these sources .is not yet
known, nor is it known what messages concerning the universe they hold.

It is expected that x-ray astronomy will make important contributions to an
understanding of high energy cosmic precesses, the generation of fast elec-
trons and possibly cosmic rays, the composition and density of gaseous
matter between stars and galaxies, and possibly the nature of highly con-
densed matter states, such as the hypothetical neutron star. If neutron stars
are found, interesting and unique checks of the gravitational aspects of rel-
“ativity theory may be expected.

By measuring x-ray background outside the Earth's atmosphere, useful
information for determining the density and distribution of gas within this
galaxy may be obtained. The transparency of interstellar gas to x-rays
increases with decreasing wavelength. There is, in any given direction, a
threshold wavelengfh below which x-rays can be transmitted over a given
path. The wavelength threshold indicates the density of gas along the path
of transmission. Our galaxy is transparent up to about 6 to 10A. From 10
to 158 absorption by interstellar gas in%reaSes rapidly. Measurements of
background x-ray intensities at about 50A should provide a good measure
of the distribution and density of gas in this galaxy.

Several 'weak'' x-ray sources have been discovered, and it is clear that
many more are indicated by signals near the background level. An in-
crease in sensitivity and resolution should suffice to reveal these sources
clearly. The majority of x-ray sources are still unidentified with optical
or radio objects.
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Table 2-1 is a tabulation of most observed x-ray sources, with their res-
pective locations (Reference 1 and up-dated).

Table 2-1. X-Ray Sources

Intensity Right*
(counts/ Ascension Declination*
cmzlsec.) h Min. Deg. Min.

Cyg XR-1 0.91 19 57 34 -
Cyg XR-2 0.8 21 45 39 -
Cyg XR-3 (Cyg A) 0.40° 19 58 40 37
Cyg Loop (2 sources) 0.4 20 48 30 48
Cyg XR-4 0.6 21 18 44 -
Tau XR-1 (Crab nebula) 2.7 5 32 22 -
Sco XR-1 18.7 16 17 -15 31
Sco XR-2 1.4 17 8 -36 24
Sco XR-3 1.1 17 24 -44 18
Oph XR-1 1.3 17 32 -20 42
Sgr XR-1 1.6 17 54 ‘ -29 12
Sgr XR-2 1.5 18 10 -17 -
Ser XR-1 0.7 18 45 5 18
M87 (Virgo) 0.6 12 29 12 37
Cas A 0.5 23 22 58 34
Leo XR-1 0.5 9 33 8 36
*The uncertainty of position for any of these x-ray sources is approximately]
1.5 degrees except for Tau XR-1 and Sco XR-1.

The x-ray flux in the 1 to 108 regioAn from the strongest of the x-ray sources
is about one-tenth of that from the quiet Sun.

Most, if not all, of the observed x-ray sources seem to be within the galaxy.
The use of satellite telescopes, which will provide longer observing times,
will almost certainly bring a large number of weaker galactic sources with-
in range of study and permit the observation of strong extragalactic sources.
A diffuse x-ray flux; which may be the integrated effect of the contributions
of all external galaxies, has been observed.

There have been explanations of these x-ray sources. Among the suggested
source mechanisms are:



a. Bremsstrahlung from a hot plasma.

b. The inverse Compton effect in which ener-getic electrons scatter star-
light photons.

c. Synchrotron radiation produced by energetic electrons spiraling in a
magnetic field.

d. Thermal emission of a Planck spectrum from the surface of a hot
compact, neutron star.

2.3.1 Stellar X-Ray Astronomy Goals. A description of the kinds of
measurements required will justify the design of the large x-ray telescope
described herein.

What has not yet been achieved is an understanding of which of the many
possible physical processes gives rise to the x-rays observed, of the mech-
anisms of energy injection which can maintain the high kinetic temperatures
required in the sources, of the nature of the astronomical objects being
observed, and of their place in cosmology. The fact that Tau XR-1 is as-
sociated with the Crab Nebula is not in contradiction with this remark since
at most two of the galactic sources are associated with supernova remnants
and, therefore a different explanation must be found for the great majority
of the sources (Reference 3).

There are, in general, two different approaches to a deeper understanding
of the nature of the x-ray sources;

One approach is to identify their visual and/or radio counterpart, thereby
permitting the full use of visual or radio observational techniques to study
these objects. Also, if peculiar visible objects or class of objects with
known properties could be shown to be associated with the x-ray sources,

an immediate insight into the properties of x-ray sources in general might
be gained. While this is certainly true in principle for most of the celestial
x-ray objects, it appears that the energy radiated in x-ray is greater than
the energy emitted in radio and visible. Particular objects (Sco X-1) emit
1000 times more energy in x-rays than in visible. Thus, it may not a priori
be entirely reasonable to expect to deduce which mechanism produces the
observed x-rays from consideration of the visible and radio components of
the electromagnetic. spectrum which are only a minute spill-over of energy
from the powerful x-ray generating processes involved and whose character-
istics may be weakly dependent on the nature of these processes,

A second approach is the study of the properties of the x-ray objects,
through detailed examination of the emitted x-ray spectra. Detection of

characteristic lines or absorption edges, Doppler Shift, continua, etc. will
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permit identification of the physical process which is taking place at the
source, as well as provide a considerable amount of information on the
properties of the astronomical body. Study of the polarization of the observ-
ed radiation and study of the structure of the extended sources (such as Tau
XR-1) can yield direct information on the x-ray emitting mechanisms as well
as further understanding of the energy inputs involved.

To study the x-ray sources through detailed inspection of their x-ray spec-
trum, improved measurements are necessary for the identification of the
visual and radio counterparts as well. The great majority of the surveys up
to 1965 yielded a precision of location determination of approximately 0.5 .

It turns out that the visual objects which correspond to the x-ray sources
observed are of 13th magnitude or fainter., There are approximately one
hundred 13th magnitude objects per square degree in the sky, and this number
increases as the objects become fainter. Thus, to unequivocally establish

an identification, a precision of better than about 1/1000 of a square degree

is necessary. This corresponds to a few min. of arc angular precision.

The Giacconi group in 1965 performed a precise location of the source Sco
X-1, coming up with a combined area of uncertainty of only four square min.,
which is about 1/1000 square degree. This area of the sky was quickly relat-
ed to a visible object appearing as a blue star of about 13th magnitude.

2.3.2 Solar X-Ray Astronomy Goals. Solar investigations differ from
stellar investigations only in the angular size and intensity of the solar disk
and radiation. Hence, detailed studies of the sun and its corona are possible
to a degree not obtainable for any other star. Because the disk of the Sun
can be resolved, single features such as sunspots, prominences, granules,
and flares can be observed, and spectral scans across the disk from center
to limb can be made with a resolving telescope, which in turn give the tem-
perature and density variations with depth in the photosphere. The solar
atmosphere can be used as a standard against which theories of stellar at-
mospheres and spectral line formation can be tested, because the Sun is a
stable, main sequence star. Every new piece of information about the Sun
contributes to our comprehension of the stars.

The extreme ultraviolet and x-ray spectra ( A < 500&) are a particularly
important part of solar radiation for observing and studying (Reference 1):
a. Solar activity such as flares and other transient events.

b. Active regions of the chromosphere and corona.

c. The quiet corona against the disk.



As in other spectral regions, future requirements in wavelengths <5002x
are for high spatial resolution. A resolution of 5 arc sec. or better will
permit study of the chromospheric network structure, general features of
active regions, and flares. There is a need for higher resolution (1 arc
sec. or better) to permit observations and study of individual spicules,
granules, elements of the network structure, prominences, flare nuclei and
microstructure of the corona. These shortlived features also require high
time resolution.

The requirement for high spatial and time resolution goes beyond the cap-
acity of either AOSO or ATM and indicates the need for more advanced
systems associated either with AAP or with large observatories using man
for servicing. The instruments proposed for post-AOSO observations in the
XUV and x-ray region of the spectrum include the present telescope with
grazing-incidence primary optics coupled with normal or grazin%spectromet-
ers or crystal spectrometers. In the spectral region 500>A *>170A, either a
normal incidence primary or a grazing-incidence primary with a grazing-
incidence grating spectrometer have approximately the same over-all effi-
ciency. The lower effective area of the grazing-incidence primary Reing
balanced by the higher reflectivity. At wavelengths of less than 170A, how-
ever, the grazing incidence primary must be used, since the normal incidence
reflection efficiency deteriorates very rapidly.

Flare Activity. Spectral lines of high ionization potential are important, with
lower ionization stages needed to complete the structure. X-ray lines and
continua should be emphasized. Time -history of spectrum at wavelengths
shorter than 202 during active events is important.

High spatial resolution with medium time resolution ( £ 1 min.) for studies

of the history of chromosphere and corona at time of the flare (with spectral
resolution A/A A =107). Lower spatial resolution with high time resolution
(At<10 sec.) for detection and analysis of rapid events at flare time. Bugsts
of hard x-rays observations with high time resolution ( <1 sec.) at A< 0.5A
might be combined with observations having high space resolution at A~10
AN~ 5R. Most important are observations in the 1-40A region with both

high spatial and temporal resolution.

Active Centers. Observations are needed upon which to base a model of

the distribution of electron density and temperature in the active chromosph-
ere and corona, and to study variations of the model with time. This in-
cludes identification and analyses of small, high-temperature regions (''hot
spots'). Time resolution should be adequate to study the development of
active centers.

2-8



The most important spectral lines for this study are the Fe coronal lines in
the interval 170-360A, which permit study of the variation in the degree of
ionization from Fe IX to XVI. The chromospheric lines of 0 I-0 V, which
show the variation in chromospheric excitation, and the coronal lines of

0 VI, 0 VII, and 0 VIII are also extremely important. Because of its high
ionization potential, the C VI line at 332 is also useful for identifying very
hot regions. Spectral resolution of 103 and spatial resolution of 10 arc sec.
are needed. Time resolution of minutes to hours is sufficient for the slow
variations. |

It is possible that the highest possible resolution willreveal slowly varying
hot spots of scale 1 arc sec. Once that resolution is available, only stable
pointing and longer integration times will be needed. Very high spectral
reso]iltion is desirable to resolve the profiles of a few lines, such as C VI
at 33A,

For studies of active regions, only relative intensities are necessary, since
the chief concern is with the changes in relative ionization,

It is especially important to study active regions in the poorly known interval
1< A< 20A with AN=0.0lA, angular resolution of 5 arc sec. or better and
At~1 - 150 sec. The energetic radiation in this region is particularly sen-
sitive to very high temperatures,

. Quiet Corona. Spectral and spectroheliographic studies of the same lines
mentioned above under Active Centers will help to reveal the nature of the
faint corona outside the active regions. It is of particular interest to connect
the quiet corona structure with the chromospheric network and the spicule
bushes, to determine the nature of the chromosphere-corona interface.

Important spectral lines for this study are the Fe series mentioned above;
also Ne VII (4652) and Ne VIII (780&); Mg IX (3682) and Mg X (6108); and
si X (2548, 2728); Si XI (303R); Si XII (4998, 521R). Comparisons of the
intensities of the resonance lines with those of subordinate lines in the 100
region provide a good measure of the electron temperature. (Departure of
the resonance line doublets of the Ne VIII-Mg X-Si XII sequence from the
2:1 ratio is a sensitive measure of optical depth). ‘

Spectral resolution of about 103 is needed, or better for strongly blended
lines. Resolution of 5 arc sec. will determine the gross correlation of the
network structure with that of the corona, but 1-2 arc sec. is necessary to
reveal the details of the interface.

Quiet Chromosphere. Most of the important lines are at longer wavelengths,
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but attention should be called to the lines He II 3043 and 256&. There is a
need for spectral observations of the over-all and detailed distribution of
these lines, to determine the height variation of temperature and density of
the chromosphere as well as the general structure. Low-noise observations
are necessary to search for a possible uniform hot chromosphere over the
center of the network cells in addition to the hot elements at the edges. Re-
asonable time resolution may be obtained by restricting observations to
selected parts of the disk.

Spectral lines of interest include the He II 3043 and 2562 lines, the He II
continuum, the C and 0 chromospheric ions, and ispelectronic sequences
such as C II-Ne III-0 IV. Spectral resolution of 10~ or better is needed.

Spatial resolution of 5 arc sec. near the limb, with less near the center of
the disk, will resolve the network; 1 arc sec. over an area of 30 square sec.
will permit study of the detailed dynamic structure.

Time resolution should be less than the chromospheric oscillation period
(300 sec. for 10 arc sec. resolution), but high spatial resolution (1 arc sec))
will also require higher time resolution (10 sec.) because smaller chromo-
spheric structures vary more rapidly than large ones.

2.4 PAST X-RAY ASTRONOMY ACCOMPLISHMENTS, The earliest x-ray
studies in space were carried out with detectors scanning the Sun. The early
measurements gave upper limits on the x-ray fluxes in space; Friedman
found an upper limit of 10-8 ergs/cmzlsec/x for the influx of x-rays from
beyond the solar system (Reference 4).

The first x-rays detected from sources outside the solar system were found
in an experiment of Giacconi, Gursky, Paolini, and Rossi. They flew a
rocket from the White Sands Missile Ran%e containing uncollimated thin-
window Geiger counters with some 60 cm”™ of sensitive area. Discrimination
against energetic particles was achieved with an anticoincidence scintillator.
The windows of the Geiger counters had thicknesses corresponding to 1.7
and 7 mg per cm”. Their transmission, together with that of the filling gas,
gave a band of sensitivity for x-rays of wavelengths between 2 and 82. This
rocket experiment detected a soft x-ray source from a direction near the
galactic center. This very intense source was later determined to be in the
constellation Scorpio. There was also an indication of a second source in
the neighborhood of Cygnus.

Further x-ray measurements were reported in 1963 by Gursky, Giacconi,

Paolini, and Rossi. In these flights the Geiger ~counter windows were made
of beryllium 0.002. in. thick. These counters were supplemented by sodium
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iodide and anthracene scintillation counters which were intended to measure
the more energetic x-ray and any electrons which might be present. The
flights confirmed the presence of the source in Scorpio, reinforced the evi-
dence for a source in Cygnus, and suggested the presence of a third source
in the general direction of the Crab Nebula.

Further evidence of celestial x-rays was given by Fisher and Meyerott.
Their analysis suggested that a multitude of x-ray sources is present in the
sky, but that these sources are not statistically well established.

Bowyer, Byram, Chubb, and Friedman . flew an instrumented rocket in

April 1963 which carried proportional counters containing 65 cm? of sensi-
tive area having a field of view of 10° at half-maximum sensitivity. These
counters had beryllium windows 0. 0005 inch thick, and were sensitive to
x-rays from 1.5 to 8R. The source in Scorpio was confirmed and its posi-
tion located at RA 16h15m, decl - 150, the uncertainty in the position was
stated to be about 2°, and the angular diameter was less than 5°. This

flight also located a source in the direction of the Crab Nebula with a strength
only one-eighth as great as that of the Scorpio source.

An extremely important advance was made by Bowyer, Byram, Chubb and
Friedman on July 7, 1964, when they launched a stabilized Aerobee rocket
guided to point Geiger counters with 114 cm? area at the Moon during the
critical 5 minute phase in which the Moon was occulting the central portion

of the Crab Nebula. There were two counters having Mylar windows, coated
with 608 of Nichrome, one 0.001 in. thick and the other 0.00025 in. thick.
The difference in counting rates between the counters was expected to indicate
something about the spectral distribution of the x-ray in the low energy range.
Both counters recorded essentially the same number of counts, which led
Bowyer et al. to conclude that the x-rays from the Crab Nebula were concen-
trated below 5A. However, Friedman reported at the Symposium on Rela-
tivistic Astrophysics held at Austin, Texas, in December 1964 that it had
rained on the day of the flight until nearly flight time and the moisture had
apparently degraded the performance of the lower energy counter sufficiently
to distort the results. Consequently, the data obtained from the July 1964
flight are open to question. This flight gave the very important result that

the angular width of the x-ray source in the Crab Nebula was about 1 arc min.
This indicated a diameter of about 1 light-year.

In August 1964, Giacconi et al. flew another rocket carrying a number of
different counters. This flight indicated a source in Sagittarius, in addition

to the well determined Scorpio source.

In February 1965, Oda, Clark, Garmire, Wada, Giacconi, Gursky, and



Waters reported some important data on the angular sizes of the x-ray
sources in Scorpio and Sagittarius. They used an ingenious x-ray colli-
mation system consisting of two grids of parallel wires. These wires were
separated by slightly less than one wire diameter. The two grids were
mounted one behind the other 1.5 in. apart. As the collimator scans across
a point source, the shadow of the front set of wires will fall alternately on
the back wires and on the intervals between the back wires. Hence a point
source gives a modulated signal, whereas an extended source gives a more
nearly continuous signal.

Oda et al. concluded that the Scorpio source extended in a direction approxi-
mately parallel to the galactic plane definitely less than 30 arc min. and
probably less than 8 arc min., They were also able to conclude that the Scorpio
source did not extend more than 1° perpendicular to the galactic plane. They
further concluded that the Sagittarius source was either extended in space or
consisted of more than one point source. The x-ray source is spread over

a region more than 30 arc min. in diameter.

The number of known x-ray sources was considerably extended as a result

of two flights of Bowyer, Byram, Chubb, and Friedman, one June 16, 1964,
and the other on November 25, 1964. Geiger counters were mounted facing
outward through the skin of an unguided Aerobee rocket. Alum1num -honey—
comb collimators were used limiting the field of view to 8. 4° at half-maximum
transmission. The rolling and precession of the rocket caused Geiger counters
to scan a large portion of the sky. The counters were sensitive to x-rays in
the range 1 to 15. The effective area for x-ray detection was 906 cm?.

These flights detected eight new x-ray sources in addition to Tau XR-1 and

Sco XR-1.

Little information is yet available about the presence of higher energy x-rays
from these sources. In July 1964, Clark flew a balloon carrying an x-ray
detector in the form of a scintillation counter with a sodium iodide crystal

of 97 cm? in area and 1 mm thick. This detector was collimated to provide

a field of view of 16° in one direction and 55 in the other. Clark detected
x-rays in three energy channels between 15 and 60 keV.

There have been several more rocket flights, mainly by the MIT group, the
Fisher Lockheed group, the Friedman NRL group, the Bowyer Catholic
University of America group, the GSFC group, and the A.S. &E. group,
during the last two years. The NRL group has reported evidence for the
existence of a measurable x-ray flux associated with the extragalactic
objects Cyg A and M-87 in the constellation of Virgo. A survey by the
Lockheed group of the Cygnus region in 1964 failed to show evidence of a
source in the direction of Cygnus A. Preliminary results from a rocket
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experiment, flown last October by the Giacconi group at AS&E, set a severe
upper limit on the x-ray flux observed from Cyg A. The GSFC group has
reported tentative evidence for a source of large angular size (a few degrees)
in the direction of the Coma Cluster. No verification of the existence of

this source has yet been obtained.

The most notable of recent investigations was perhaps the identification of
Sco X-1 performed by the Giacconi group in a collaborative effort by a group
of scientists at AS&E, MIT, Mount Wilson and Palomar Observatories and
Tokyo University (Reference 3). The rocket flight was carried out by the
AS&E -MIT group on March 8, 1966. The experiment used a refined version
of the modulation collimator as described above, originally proposed by Oda.
It was concluded that the angular size of Sco X-1 could not exceed 20 arc
sec. The combined aréa of uncertainty was only four square minutes, or
about 1/1000 square degree. An optical counterpart. was very quickly
identified by the Tokyo Observatory and confirmed by the Mount Wilson and
Palomar Observatories, as a blue star of 13th magnitude or so. During the
same flight, the x-ray source in the Crab Nebula (Tau XR-1) was observed
to have an angular size of about 100 arc sec. The center of that source
appears to occur within 20 arc sec. of the visible and radio center of the
Nebula (Reference 3).

A diffuse backgrbund of soft x-rays also of celestial origin has been observed
with intensity of about 10 photons/cmz -sec-ster. This background of unex -
plained origin has been tentatively attributed to the collective effect of a
number of weaker sources not yet resolved.

2.5 CURRENT AND PLANNED PROGRAMS IN X-RAY ASTRONOMY.
Having delved into past accomplishments, it is appropr_iate to look at some
of the planned activities, to gain a better insight into the justification for
the large imaging x-ray telescope.

Amo ng the current and planned programs falls a newly announced NASA
Small Astronomy Satellites (SAS) program. The first spacecraft is schedul-
ed to be launched in 1969. The objective of the program is to map x-ray
stellar sources within and outside our galaxy. This is under the management
of Goddard Space Flight Center, to be launched with a Scout booster.

Although man may be phased into the program as early as 1969, NASA also
sees a continuing need for smaller automated observatories and explorers
throughout the next decade and beyond (Reference 25). The continuation and
expansion of the Explorer satellite program will permit the active partici-
pation of university scientists. The x-ray astronomy satellite is a comparati-
vely simple satellite which will carry a complement of x-ray detectors to
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obtain an all-sky map of x-ray sources including those an order of magnitude
or more fainter than those observable from a short-lived rocket and rough
spectral curves for the brighter sources. Plans are also being formulated
for small spinning and pointed satellites for surveys in the ultraviolet, x-ray,
and gamma ray wavelengths.

In the NASA OSSA Prospectus (Reference 25) it is proposed that the present
OSC and Solar Explorer programs be continued with minor improvements
made to the spacecraft. During the early part of the 1971-1974 period, NASA
envisions a need to study the hard components of electromagnetic radiation
from about 1 KeV to the highest energy photons observable (Reference 1).
During the early part of that time period, the Sun will still be relatively
active. This activity is manifested in part by the emission of hard X-radi-
ation.

Between the automated observatories of the 1960's and the very large observa-
tories of the 1980's, man will be phased into the astronomy program to an
increasing degree. He makes possible the use of film as a rapid, compact,
high-resolution detector and data storage device. He can play an increasing
role in repairing or replacing failed parts to enhance reliability and in ex-
changing auxiliary equipment to increase instrument versatility. He will

be phased into the program in a major way with the launch of the solar Apollo
Telescope Mount (ATM). The approved ATM has instrumentation for high
spatial and spectral resolution studies in the ultraviolet and x-ray regions.

It will study solar x-rays, particularly those emitted during flare conditions,
which appear to have their sources in highly localized regions.

Three ATM's may be employed for stellar and galactic observations. The
first ATM is proposed to have two x-ray grazing incidence telescopes. Dr.
Riccardo Giacconi of American Science and Engineering, Inc., Cambridge,
Mass., is principal investigator for an x-ray spectrographic telescope.
This experiment proposes to obtain x-ray photographs of flares with a spatial
resolution of about 2.5 arc sec. and to simultaneously record spectrally
disbursed emissions over the range of two to eight with a resolution of a
fraction of an A. An electronic’ flare detector, in addition to the main
telescope, will give the astronaut a visual indication of flare buildup. This
will allow him to select active regions and photograph the flares in the early
x-ray rise periods.

The NASA Goddard Space Flight Center's x-ray telescope uses a different
technique to get information on impending flare buildup. Principal investi-
gator for the Goddard experiment is James Milligan. This experiment will
use a glancing incidence x-ray and extreme ultraviolet. telescope with a
resolution capable of recording the solar x-ray distribution in the 3 to 1002



wavelength region. The information will be recorded on ultraviolet sensi-
tive 35 mm roll film. There are also two proportional counters to monitor
the total solar x-ray flux in the spectral regions of two to eight and eight
to 208. This data will be pulse height sorted and recorded on tape.

After the ATM and the automated observatories, man-assisted and main-
tained observatories with both longer lifetimes and more accurate pointing
capabilities should be phased into both the solar and stellar programs. The
large focusing telescope design presented in this report is intended for these
purposes, Either as part of a national astronomical observatory or by it-
self it will consist of instrumentation to conduct a wide variety of astro-
nomical observations. This major instrument has been strongly recom-
mended by the 1965 NAS Woods Hole Summer Study, the President's Science
Advisory committee and others. Comparing x-ray astronomy with radio
astronomy, it is likely that at the time of this telescope or a complete
National Space Observatory, a number of x-ray sources will be known with
moderately good information on their spatial structure and spectra, but

that to understand the physical characteristics of these sources and in par-

ticular the source of their enormous energies, high resolution information
will be imperative.
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SECTION 3
SCIENTIFIC REQUIREMENTS AND PERFORMANCE

To arrive at large space structures that fulfill the third main objective of
the entire study, namely that of providing a scientifically useful device in
earth orbit, an extensive investigation was undertaken in the first half of
the study to come up with scientific user requirements. These scientific
user requirements were then utilized both as evaluation criteria for NASA
supplied concepts and as design goals for developing those new concepts
that were eventually selected by NASA for further detail design study during
the latter half of the study. Several prominent members of the scientific
community were instrumental in devising these design goals. Convair
would like to acknowledge the unselfish and invaluable assistance, at no
consulting cost to NASA or Convair, of the following members of the sci-
entific community who were concerned with x- and gamma-ray astronomy:

Dr. C. Stuart Bowyer, University of California

Dr. Giovanni G. Fazio, Smithsonian Astrophysical Laboratory - Harvard
Dr. Carl E, Fichtel, Goddard Space Flight Center

Dr. Phillip C. Fisher, Lockheed Research Laboratories

Mr. Kenneth J. Frost, Goddard Space Flight Center

Dr. Riccardo Giacconi, American Science and Engineering, Inc.

Dr. Herbert Gursky, American Science and Engineering, Inc.

Dr. Henry F. Helmken, Smithsonian Astrophysical Laboratory - Harvard
Dr. Laurence E. Peterson, University of California

Dr. Herbert W. Schnopper, Massachusetts Institute of Technology

Dr. P. Vandenbout, Columbia University

Dr. John R. Waters, American Science and Engineering, Inc.

Mr. T. E. Wing, Columbia University

3.1 DESIGN GOALS., To accomplish the observations required to fulfill the
scientific objectives discussed in detail in Section 2.3, the following design
goals were established and utilized during the preliminary design of the x-ray
telescope:

Lifetime: At least a year

Orbit: 260 n. mi. or lower circular,
28. 5° or less, inclination

Field of View or Beam-~-

width: 10 - 30 arc min.
Angular Resolution: 2 arc sec. or better - depends on
jitter rate and number of exposures
. per sec.
Pointing Capability: 5 arc min. off-set
Lock=-on Accuracy: Within a 1 arc min. square
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Jitter: The jitter must not exceed the angular
resolution desired.

Sensors or Detectors: Image intensifier plus film or electro-
nic imaging tube. Spectrometers.
Polarimeters.

Bandwidth: ~ 2 & to 300 &.

Spectral Resolution: T/A'r = 100 to 1, 000 or better

Collecting Area: 200 cm? minimum effective collecting
area.

Lock-on time: Seconds to several hours.

Data: 5-10 x 100 bits per orbit for scientific
information.

Structural Tolerance: Paraboloidal - hyperboloidal reflecting

surfaces must be precision machined
and the blank or a coating, such as
electrodeposited nickel or flame
sprayed nickel oxide, optically polished
to reflect grazing incidence x-rays
down to at least 2 R wavelength. The
alignment of the imaging mirrors with
the focal point must be kept so that the
image remains entirely on the detector
sensing area.

Physical Deployed

Dimensions: Up to 10 ft. diameter by up to 100 ft.
long.

The low orbit altitude and inclination requirement stems from the necessity
of remaining clear of the earth's radiation belts. This is to cut down back-
ground noise to a tolerable level for studying very weak stellar and galactic
sources.

The term minimum effective collecting area refers to the projected frontal
area of the parabolic part of the glancing incidence mirror system, multi-
plied by the glancing incidence reflection efficiency. This efficiency in-
creases with the decreasing diameter of the smaller nested mirrors, since
they have larger F/D. Thus, the effective collecting area is very much de-
pendent on the field of view, the number of concentrically arranged mirrors,
the mirror (and/or mirror coating) material, and the focal length to objec-
tive diameter ratio {(F /D).

3.2 TYPICAL MISSION PROFILE. The principal investigators will dictate
the mission requirements. It is probable that the order of events in a typi-~
cal mission profile may take this form:

a. Command lock-on to within t 0.5 arc min. of known coordinate spot in
the sky - accomplished by guidance system using on-board computer
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and star trackers.

b. Visual telescope (slaved to the x-ray telescope) identification of target
area, Electronic comparison of visual telescope image with desired
coordinates holds the x-ray telescope to within a field of 1 arc min. by
1l arc min. centered on the desired coordinates.

c. The imaging, spectrometry and polarimetry investigations of the tar-
get take place, while the automatic attitude control system holds the
telescope pointed with the 1 arc min. by 1 arc min. field centered on the
desired coordinates. The desired image resolution of 2 arc sec. (or
whatever resolution the lens system can achieve) is obtained using an
image motion compensator to correct for drift.

This step may entail on the order of one to 60 min. for imaging, from
10 to 150 min. per line for spectrometry, 60 to 1, 000 min. for the entire
spectrum using a slitless spectrometer suggested by A. S. & E. and

5 to 60 min. for polarimetry, assuming a source on the order of 10-4
the intensity of SCOX-1 (SCOX-1 has an intensity of approximately 18
counts/cm?-sec.) and an x-ray telescope on the order of 30 - 40 in.
mirror diameter with two to eight tiers.

d. A traverse in pointing direction takes place and steps 1-3 are repeated
for another x-ray source or interesting area of the sky. Most sources
will be within T 20° of the galactic equator. The Milky Way will pro-
vide a large number of viewing opportunities.

e. The data is stored in the spacecraft and transmitted to ground upon
passing a ground station. If film is used for imaging, the exposed
film will periodically be retrieved and resupplied by the astronaut.

f. The data is analyzed on the ground.

3.3 DETECTION SYSTEMS. No attempt has been made to make a complete
list of typical experiment equipment. The individual scientific principal
investigators will specify the particular type of research or observation and
detection instrumentation that they wish to employ. The discussion below
serves to point out the typical type of equipment that has received attention
during the design of the telescope system, and also to show some projected
resulting performance of these telescope/detection instrument combinations.
Other instrumentation would not change the basic design of the telescope.

There are three primary detection systems for use with the imaging x-ray
telescope, for which alternative instrumentation is suggested:
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a. Imaging system - either film or electronic (with image motion compen-
sation).

b. Spectrometer system - either a slitless spectrometer as discussed by
A. S. & E. (Reference 26) or a focusing crystal or concave diffraction
grating type device.

c. Polarization system - a light element crystal scattering polarizer, or
a Borrman Effect crystal device.

Preliminary instrument parameters are shown in Table 3-1. An equipment
block diagram is displayed in Figure 3-1.

3.3.1 Imaging Instruments. For effective imaging to 2 arc sec. resolu-
tion, all jitter and pointing stability total motion must be kept within a 2
‘arc sec. amplitude during that amount of time designated for each exposure.
Assume a total jitter rate of 2 arc sec. /sec., and that the image must be
formed from information obtained once per sec. to achieve the 2 arc sec.
resolution required. Further, assuming a 1 m diameter telescope (with

Table 3-1. X-ray Telescope Typical Equipment Parameters

i Instrument: ne1oNs: m Yower
¢ of Reguire-
. \pecenbl | ments: | Remarke;
Image Disk 10 cm dia, + 5
Intensifier | 1 £t° electronics 30 1b. 120-40 w Converts every tenth x-ray photon to 10 vieible photon
i
1 Image Motion 3 -
! Compensator 1 £4” electronics 20 1v 20w Pr el ic motion
(IMC)
Vid.icon/
Orthicon 1 £t long by 1 ft 20 b o w
Astracon dim.
Optical 10"-12" dia. x 6' Provides optical correlation images and sigonals for image
Telescope 10! + 3 £t elecw 100 1b 100 w motion compensator - usea II, Vidicon and computer
tronics
8litless 2-300 A with everal gratings. Ruled gratings placed behind
Spt::tron- ](.Q:n;:)d.ta lens 10-30 v ‘IJ;“I"m"th lens assembdly.0nly for point acurces,
vidicon T4 100 resclution
Focusing Up to ] o
Crystal 60" x 60" x 6" 40 1b 20 w 2 A - 25 A operating vavelength range
Sph-:hp».dwr /AN T 1000. resclution - '
d
Concave !
Grating 2m x 13/2m x 15cm 40 1v 20w Extended Objects 1
Spectrometer /o= 1000 resclution .
Solid or kO om long wedge . i
Ligquid H2 x 10 cm thick and 100 1b 10-20w Liquid He cooling systeam !
. Polarimeter prop. counters 1
i along sides H
; Camers and
+ Flim 2x2x3 1% 400-500. 1} 0w Includes OO0 lbs of film. Pilm drive and spool change.
; intermit~
; tent .
i Bun ‘ghield :
{  Membrane 1/ x din dens 10-20 1 Must be for lar cbeer
L . Mylar or beryllium - .25 or SO m{L ;
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an effective collecting area of 750 cm?) and the desire to obtain the image
of an x-ray source 10° - SCO X-1 in intensity, calculations show that at

least 150 sec. would be required to sensitize even the best x-ray film

(need 107 photon/ cmz) to get even one dot somewhere on the image. Thus,
for film, a source 150 times stronhger than SCO X-1 is needed if a jitter
rate or drift of 2 arc sec. /sec. is allowed. This shows the explicit need
for image motion compensation, since the pointing accuracy of the telescope
is required to be only within a 1 arc min. by 1 arc min. square. Image
motion compensation can be avoided only at the cost of decreasing the reso-
lution requirements to that of the pointing requirement.

The use of an image intensifier would allow some relaxing of this require-
ment, in that under the same conditions, the same image could be obtained
in 60 sec. of time rather than 150. Again, if film was used at the rate of
one frame per sec., the film usage rate would become prohibitive. (The
ATM will employ film but has pointing accuracy within a square 2.5 arc
sec. by 2.5 arc sec., which is also the resulting resolution.)

Instead of either of the above alone, it was sugéested by Drs. Giacconi and
Gursky that an image motion compensator be introduced behind the image
intensifier. This would electronically compensate for the movement of the
telescope back and forth within this 1 arc min. box, in order that the film
or electronic imaging tube not be affected by any other motion than the
allowed 2 arc sec. jitter. Such a device could be built deriving its cues
from the optical telescope image. It is further suggested to completely de~
part from film to using an electronic imaging tube as recording medium.

It is probable that such a tube with up to one half hour ""memory" exists -
called an "astracon'’.

Thus for imaging, the recommendation is to use a system as shown in
Figure 3-1 (ref.), where the x-ray scanner would be either some type of
vidicon . tube or an "Astracon', or possibly film plus a line scanner. There
is little doubt that such an Image Intensifier - Image Motion Compensator -
Electronic Imaging Tube System would be feasiblebefore 1974 and that it
would be the better imaging system. The size, weight and power require-
ments of the image intensifier are on the order of those of a video system.

3.3.2 Spectrometers.

Slitless Spectrometer. (Reference 26)

This is an A.S. & E. suggested device, consisting of a fine

wire grid placed immediately behind the grazing incidence lens
assembly. The grating itself blocks about 50% of the incident
energy that has been collected by the lenses, and about 40% of that
total power is diffracted. Due to the resulting efficiency of 10%-
20%, calculations show that, for the telescope of 1 m diameter
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assumed above, the lock-on time for a 102 entire spectrum with
0. 025A resolution would approach 104 sec. for a source the
strength of about 10~4 that of SCO X-1. The sensor end would
utilize either film or electronic imaging in conjunction with an
image intensifier.

Focusing Crystal Spectrometer.

This particular type of device has already been flown in rocket
flights, using a pair of crystals, each refracting the x-ray energy
of a particular range on to a photo multiplier tube. It is a very
high resolution device, and is used to study one spectral line at
a time. Because of the requirement that only ore line per crystal
can be registered on the scanning equipment for each integration
time, the available incoming energy is either split up on to sev-
eral crystals, or to one line at a time with one crystal; both
alternatives imply long integration (lock-on) times. For exam-
ple: with the telescope and source assumptions above, the
integration time per line is approximately 600 sec., using an
image intensifier and film or electronic imaging devices to re-
gister the output beam energy from the Bragg crystals. The en-
tire instrument would be placed a ft. or two behind the focal
point, where a collimating slit must be positioned., The energy
is refracted from the crystal on to the single counters (photo
multiplier tubes, e.g.) and different lines are obtained by rota-
ting the crystal. The entire crystal and mechanism package is
on the order of 8 x 8 x 3 in. for solar x-ray spectrometry, and
will probably be at least three to four times that size for the
sensitive stellar work that this large telescope will be capable
of.

Slit Type Concave Grating Spectrometer.

Compared to the Slitless Spectrometer above, this instrument
has the advantages of better efficiency and higher dispersion. It
would also be capable of providing spectra of extended sources,
whereas the slitless spectrometer would only be able to handle
point source spectra. However, the instrument would require a
large distance (on the order of one meter) between the slit (loca-
ted at the focal point) and the diffraction grating. It would also
require a long bent film plate or image intensifier to register
the spectrum.

3.3.3 Polarimeters. Polarimetry can be accomplished using a) a scatter-
ing crystal of a light element, b) the Borrman Effect, or c) the Compton
Effect.
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In a scattering polarimeter, depending on a judicious scattering of the in-
coming photons in differing directions depending on their polarization, a
light element crystal is used. This instrument has the advantage of being
largely frequency independent, so that one crystal may suffice for the en-
tire bandwidth under investigation.

One configuration that was suggested was the use of a solid or liquid hydro-
gen scattering crystal, cooled by liquid helium. The entire apparatus is
placed behind a slit at the focal plane, and the crystal is surrounded by
counters on all four lateral sides. These detectors could be, for instance,
liquid helium cooled germanium detectors, or proportional counters.

The size of the crystal would be on the order of 30-40 cm long, wedge
shaped, and perhaps 10 cm thick.

The Borrman Effect depends on the selective transmission of energy along
planar paths in selected crystals. The problem here is that each crystal is
very selective as to wavelength, and two orthogonal crystals are required
for each wavelength to ascertain the polarization components in two direc-
tions.

The Compton Effect utilizes a carbon block, and would entail extremely
long counting times.

Table 3-2. Measurement Requirements/Performance Comparison.

Kchievable by
Parameter:; Goals: Obtained by ATM| Large X-Ray Comments: (pertain to large
Telescope telescope)
Field of View 10 - 30 arc min. 40 arc min. 30" arc A matter of trade-ofls
Resolution 1 arc sec. or 2,5-15 arc gec, | 1 - 5.arc sec. | 1966 Technology: 5 arc sec.
better
Pointing 5 arc min, offset |1 16 arc min, 5 arc.min. X-ray source may not coincide
Capability offset offset with visible object
Lock-on Within 1 min. by |1 2 arc min, 1 min. byl Image motion compensation
Accuracy 1 min. arc arc min, within this area .
Jitter <1 arc sec. /sec.] &2.5 arc aec. &1larc sec,/ | Structural and thermal
aec, vibrations
Lock-on 1-360 min, 100 sec. Up to 60 min. | Can be designed for up to 360
Time min. by use of larger momen-
tum wheels
[
Bandwidth 2R - 3004 2-8& 2-3008 2-258 most important up to
3-100& 300& for solar cbservation
Sprectral yAA- 100 to 1000 0.1 %Al 1000 Focusing crystal or concave
Resolution grating spectrom. {100 with
slitless spectrum.)
Polarization Yes Yes Cryogenically cooled detect
and crystal
Projected Foni-| 200-2000 cm?® 50-750 cm® | Depends on the number of con-
tal Collecting ically ged el
Ares
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3.4 LARGE X-RAY TELESCOPE PERFORMANCE. The Convair design
has responded to those design goals set forth in section 3.1 above. The
scientific requirements, as portrayed there can be easily compared in
Table 3-2 to those obtained by the large grazing incidence telescope.
Some values predicted for the ATM are included for illustrative purposes
as described in References 27, 28 and 29.

The telescope/detection equipment combined performance is the key to the
attractiveness of larger and larger éolled:ing areas. By collecting larger
amounts of arriving energy with the lens assembly and focusing this onto

a relatively small detector surface area, a significant improvement in sig-
nal-to-noise ratio is achieved. The latter application permits the use of
dispersive techniques for high-resolution spectroscopic measurements,
and affords improved possibilities for polarization measurements.

It is appropriate at this point to show some calculations of typical obser-
vation integration times to see the advantages realized with the size order
telescope proposed here.

3.4.1 Electronic Imaging. For most cases in which imaging systems are
used in practice the lower limit of the intensity of a discrete source that
can be detected by an x-ray telescope is set by the requirement that a sig-
nificant number of photons be detected within an image resolution element.
This can be understood by considering that the area of a resolution element
in the focal plane is many orders of magnitude smaller than the area of
collection. The part of the background that depends on the area of the
detector element, such as that produced by cosmic rays, will therefore be
reduced by a correspoinding factor when compared with detectors with
only mechanical collimation, and can be further reduced by increasing the
angular resolution of the device. The diffuse cosmic flux is much weaker
than the background from other factors. In view of these considerations,
the effective sensitivity of a focusing telescope is proportional to Ay, the
product of the area of collection and the time available for observation.

The sensitivity of mechanically collimated detectors, which is determmed
by the signal-to-noise ratio, is, on the other hand, proportional to (At)
(Reference 2).

It is possible to use either film or some type of vidicon with a built-in mem-
ory storage for image recording. For discussing the capabilities of the
large telescope assume an electronic imaging system utilizing an image
intensifier. Then, making the conservative assumptions that:

a. The image intensifier is only 10% efficient,

b. 10 counts are needed in one resolution element for statistical assurance
that it is in fact an image point,
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and further that the total energy from a point source is focused on one re-
solution element, the imaging time necessary for a point sour ce to register
in one resolution element can be shown versus source intensity. Figure
3-2 is plotted for effective collecting areas of 50, 100, 300 and 500 cm?.
The effective collecting area is here defined as the total frontal projected
collecting area, multiplied by the realistic double reflection efficiency

at any particular wavelength for the specific mirror or coating material.
From Figure 3-2 it is obvious that a point source with the strength of

SCO X-1 demands only 1/100 to 1/10 of a sec. imaging time, while one 10™4
times the intensity of SCO X-1 would require approximately 100 to 1000 sec.
(1. 66 to 16. 6 min.) of imaging time. This points up the need for telescopes
with large effective collecting areas. The lower of the above integration
times would require a telescope with a diameter on the order of one meter,
with several concentrically arranged parabolic - hyperbolic collecting
mirrors. (The number of tiers depends on the focal length, field of view,
material, wavelength, etc.)

The projected frontal areas of the tels copeg under investigation here for
a focal ratio of ten, are from 50 to 549 cm™ when considering 20 to 40 in.
internal diameter of the largest mirror, and one to three concentrially
arranged mirrors.

Projected Frontal Areas at F/D = 10:

20 in. 30 in. 40 in.
1l mirror 50 cm? 114 cm? 202 cmZ
2 mirrors 95 213 378
3 mirrors 130 297 529

These areas have been computed, on the basis of the geometry shown in
Figure 3-3, from projected frontal area (Reference 5).

T(yo+al)? -my?

= 77(3’02 + 2 OtLyo+oz2L2)- 'n'yoz

2
for a small, ignore « L2 ; thus area = 27 a Y, L, where

4a = y /F so that projected frontal collecting area per lens in the
2

nested lens assembly is 7 Yo L
2F
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To proceed from the projected
frontal areas to the effective
collecting areas, it is necessary
to know the realistic efficiency

of the focusing system as shown
by Figure 3-4, when working with
a 30 arc min. field of view, the
maximum grazing incidence angle
occurs for the largest mirror’
since it has the lowest F /D ratio
of the concentrically arranged
mirrors and is 58 arc min. for
F/D = 10 and 51 arc min. for F/D
= 12. The other concentric mir-
rors all have larger F/D numbers
and hence smaller indidence
angles, which will improve the
reflection efficiency.
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Assuming for the moment that a

nickel coating reflecting surface SHEORETICAL DOVBLE REFLECTION EFFICITACY

is applied to the substrate mirrors i.od EOR_CONSTANT ABGLE OF INCIDENCE Vs

we have the theoretical double re- e

flection efficiency plotted in Fig- GRAZING INCIDENCE ANGLE

ure 3-5 for various grazing inci- : 7 = (
dence angles (Reference 5). The g f
double reflection efficiency de- 5o (
creases sharply with increasing §

grazing incidence angle. The re- B

flection efficiency curves for 3

nickel have a sharp absorption 2

edge at approximately 13A, but 27 ASSUNPIONS: TEEORETICAL NIEEEL
pick up again rapidly after that 0.1

and remain fairly flat up to a Py — . y r —N—,
couple of hundred Angstrom. “ “ S rod 1ot

Realizing now that the double re-
flection efficiency is not constant
versus wavelength, for illustrative
purposes use an average efficiency for the 58 arc min. grazing incidence
angle mentioned above and those significantly smaller grazing incidence
angles which will pertain to the inner concentric mirrors. Further de-
grading this theoretical average double reflection efficiency for practical
purposes we arrive at an assumed realistic average double reflection
efficiency of 0.5. From the example, the effective collecting areas are
on the order of 50 to 265 sq. cm for two tiers. With this result return

to Figure 3-2 (ref.) to find that the 40 in. diameter three tier telescope
will require on the order of 6 min. imaging time for a point source 10~
the intensity of SCO X-1. This is an effective reminder that to avoid ex-
cessive image integration time it will be necessary to have either several
tiers or a very large diameter telescope.

Figure 3-5. Reflection Efficiency

3.4.2 Spectrometry and Polarimetry. Equally important in the astronomy
investigations, the source intensity versus wavelength and the polarization
of the emanating energy will demand a considerable portion of the orbital
research to be performed by the x-ray telescope. Although specification
of the actual experiment equipment to be accommodated by the facility is
up to the various principal investigators in the scientific community, for

a point of discussion return to the hypothetical experiment equipment
outlined in Table 3-1 (ref.). To form a better idea, the typical equipment
block diagram is as illustrated in Figure 3-1 (ref.).

In utilizing the image forming slitless spectrometer, as suggested by
American Science and Engineering, Inc., the following assumptions were
made.

a. The grating blocks 50% of incoming flux.
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b. A pproximately 40% of the remaining energy becomes diffracted flux.

Since the spectrum will be spread in two directions over the image plane,
this leaves 10% of the incoming flux available for one spectrum. A reason-
able bandwidth to be handled with one grating is about 10:&. Hence, with an
achievable resolution T~ /AT of approximately 100, each line will receive
an average of 0. 001 of the incoming flux. Each line occupies a width of
about 1800/200 = 9 one arc sec. resolution elements on the face of the
image plane, which results in about 10-% of incoming energy into one re-
solution element. Assuming that the image intensifier is 10% efficient and
needs 5 counzs in one element for statistical significance, the useful flux is
about 2 x 107" of incoming flux to register part of a spectral line in one re-
solution element.

Taking an effective collecting area of about 300 cmz, for a source intensity
of 0.1 photon/cm2 - sec. (0.5 x 10-2 sco X -1) the effective flux registered
in one resolution element on the image intensifier is 6 x 10~ counts/sec.
Hence an integration time of some 1.5 x 104 sec. would be required for the
entire spectrum for this e xperiment.

When considering a focusing crystal spectrometer or a concave grating
spectrometer, the very high resolution capability must be taken into
account. It is probable that an integration time on the order of 600 sec.
per spectral line may suffice for a source 10-4SCO X-1.

The above calculations may be overly conservative, and should be regarded
as being correct only to within an order of magnitude. The liquid or solid
light element polarization instrumentation suggested in Table 3-1 (ref.)

will also require quite long integration times for statistically significant
measurements.
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SECTION 4
TELESCOPE DESIGN

4.1 CONFIGURATION DESCRIPTION. The selected configuration for the nominal
30 inch aperture x-ray telescope is shown in Figures 4-1 and 4-2. The deployed
structure provides a focal length to diameter ratio of 12, The same structure
design can be used for up to a 40 inch aperture with focal length to diameter ratios
of 10.

The telescope structure consists of two open truss frame assemblies. The truss
members are 2 inch diameter titanium tubes with fixed ends. The deployed 40 foot
structure tapers from a maximum depth of 13, 3 feet to 8. 7 feet on the afte end and
40 inches at the forward (lens) end. The truss dimensions provide maximum geo=
metric stiffness within the launch vehicle payload volume. The open nature of the
structure was selected for the following reasons:

a. Minimum shadowing and thus minimum thermal distortions
b. Maximum EVA access to all assemblies

C. Minimum cross-section area (minimum aero drag)

d. Minimum weight

The open truss design requires shielding of the imaging equipment to minimize
background radiation. This is accomplished by shrouding in front of and behind
(not shown) the lens and by a narrow collimating tube attached to the image capsule,

The truss tube size was selected for astronaut hand grip compatability rather than
stress or dynamic stiffness requirements which are very low. The ratio of de-
ployed to stowed structure length is 2:1. Therefore, a simple rail guided slider
extension system is used for maximum reliability; the sliding truss sections are
postively locked together after extension, thus eliminating all joint slack.

The satellite electrical power is generated by four nonoriented 35 sq. ft. solar

cell arrays which are cantilevered outboard of the main truss on auxiliary frames.
This arrangement reduces structure shadowing and tends to equalize the vehicle

3 axes mass moments of inertia, decreasing gravity gradient torques. The attitude
control system uses three inertia wheels for fine pointing and four 3 unit HoO9

0.5 1b. jet thrusters for coarse maneuvering and wheel desaturation. The naviga-
tion system primary sensors are star trackers (2), a third star tracker is provided
as a standby instrument and is shielded from the space environment with a protec-
tive cover. A solar sensor and an inertial unit of three strapped down displacement
gyros provide additional orientation reference during primary star occultation or
tracker acquisition periods.
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The preliminary design analysis indicates that thermal distortions of the structure
will occasionally exceed critical tolerances, therefore, an optical alignment system
is included which consists of laser - reflector equipment capable of measuring
changes in the lens axis with respect to the image plane of less than 10 arc seconds.
The error signals measured are used to drive the gimballed x-ray lens to a cor=

rected position.

The error signals are also relayed to the navigation system to

compensate for the changes in effective optical axis. The aft end of the satellite
contains an insulated, unpressurized shell referred to as the image capsule, The
shell provides micro-meteoroid protection and thermal control for the subsystem
equipment, The primary x-ray mission equipment consists of instrumentation for
image, spectrometry, and polarization measurements of x-ray stellar and solar
sources.

An alternate mode of operation would be to operate the x-ray telescope in conjunction
with a manned space station, in this case the telescope would be docked to the station
during periods of maintenance, repair, etc. and would operate undocked during the
times that scientific observations were being made. If the telescope were used in
such a way, some redesign of the docking assembly and provision of rendezvous

and docking equipment may be required.

4.1.1

Generalized Structural Requirements. The generalized structural require-

ments for the orbital x-ray telescope are as follows:

i.

Design Criteria

Size: Stowed
Deployed

Weight

Strength

Stiffness
Subsystem Volume
Mechanisms
Thermal Response
Environment

EVA Provisions

Requirements

Payload Envelope
Lens Diameter, Lens Focal Length

Booster Capability, Lens & Equipment
Launch, Orbit, EVA

Observation, Maneuvering, Docking
Lens Size, Mission Environment
Deployment, Subsystems
Observation/Lens, Tolerances
Meteoroid, Radiation

Mission Time, Equipment Reliability,
Resupply



The structure size requirements were established by NASA, i.e., lens sizes between
20 and 40 inch diameter and thus, a nominal 30 inch aperture was selected for the
study. This range is representative of the next logical instrument size which could
be expected to fly in the 1974 to 1975 time period.

The orbit parameters of 260 n. mi., at an inclination of 28 1/20 or less, resulted
from a consensus of interested x-ray astronomers, inclinations greater than 28 1/2°
have undesirable effects on the observations because of electromagnetic interferences.
The uprated S-IB manned launch vehicle has a net payload capability of approximately
67001b. to a 28 1/2° 260 n. mi. orbit. Utilizing a Hohmann transfer trajectory;

this represents the total telescope maximum allowable weight if launched manned.

If launched unmanned, however, a payload capability of 29, 300 1b, -is available

with a Hohmann transfer, or 24, 400 lb. direct.

Preliminary equipment lists of all synthesized on-board systems established the
equipment (image capsule) volume requirements of 50 cu. ft. The preliminary
vehicle loading summary is shown on Figure 4-3, The remaining criteria could
not be compared until specific concepts were evaluated.

OTHER VEHICLE STRUCTURE "G UNITS _FT-LBS

CONDITION INTERFACE CONFIGURATION AXTAL TRANS ROTATION

TRANSPORTATION A/C,TRUCK,RAIL| RETRACTED + 1.0 2.5 -

HOISTING (GROUND) " + 2.0 1.0 -

LAUNCH SIB-SLA " + 4.3 .65 -

- 1.

DOCKING _ _
a. initial CSM-SLA RETRACTED (2233#) | (3118%) 8134
b. orbital CSM EXTENDED - 1.0 1.0
c¢. orbital SPACE STATION EXTENDED -1.0

MANEUVERING
a. NONE EXTENDED *.0002 4.0
b. CSM EXTENDED T .,15 1200
c. SPACE STATION EXTENDED

ASTRONAUT IMPACT 350 LB MAN EXTENDED

INCL EQUIP
» USING CSM 100 LB THRUST ENGINES
— P
ORIENTAT10N X
_ z,Y
+ down
+ down
TRANSPORTATION LAUNCH, ORBIT AND HOIST

Figure 4-3. Load Summary X-Ray Telescope
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4.1.2 Concepts. All known applicable structural concepts were considered
for the telescope primary structure. Some of the most promising concepts are
shown on Figure 4-4. The simplest and least expensive expandable structure
consists of multiple telescoping tubes (piston and cylinder). This design was
evaluated in the earlier phase of this study for a 10-foot diameter lens and was
found to lack sufficient structural/dynamic stiffness. The oscillations of the lens
assembly resulting from attitude control jet forces could not be damped to accept-
able levels for observation between ACS firing. The jets were required at short
intervals because of the high gravity gradient torques inherent in the long slender
structure, This analysis indicated that the mass moments of inertia should be
equalized about all 3 axes as much as possible. One solution to achieve increased
inertia and stiffness is to deploy transverse booms supporting the ACS jets and
solar panels to increase the roll moment of inertia, and add wire bracing to the
main boom using the transverse booms as spreader bars. This design, while
unrefined did produce acceptable results for the large diameter lens and may

still be the most practical solution for a 100-foot configuration.

The lens size range specified by NASA (20" - 40") greatly simplifies the structural

design since with nominal focal lengths of 12 times the lens diameter, based on

the outer segment, the focal length ranges from 240 to 480 inches. Since the manned
booster envelope is approximately 230 inches long, the required structure expansion
ratio is approximately 2:1.

The low expansion ratio permits the use of relatively conventional structures such
as the open truss. The open truss is a sound and basic geometric approach to
minimizing the primary structural problem of thermal distortion.

POOR

FAIR £00D

1. TELESCOPING TUBES ﬁ):j

2. HIRGED TRUSS 5/1 600D 6000 600D

3. SCISSOR.TRUSS D TK 10-14/1 6000 Goeo FAIR

A FULL-DIA, TELESCOPING ) s/ 800D FAIR
e EXCELLERT

TUBE 9!

§. WIRE- BRACED TRUSS - 600D 6000 FAIR

8. TAPERED TELESCOPING TRUSS s EXCELLET | EXCELLENT EXCELLENT

7. TAPERED TELESCOPING SHELL 21 EXCELLENT FAIR EXCELLENT

Figure 4-4. Telescope Structure Concepts
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Initial designs were based on constant depth telescoping trusses for maximum
simplicity and a minimum of moving parts. One redundant feature of these designs
was the launch support structure, which contributed little to the basic orbital
structural rigidity. See Figure 4-5.

An outgrowth of the foregoing was the tapered truss, "A"frame geometry, which
incorporated the primary structure into the launch support structure. An example
of this design is shown in Figure 4-6, which also includes a thermal shroud. The
shroud has not been established as being necessary. The symmetrical configuration
requires the image capsule and lens assembly to telescope approximately equal
distances.

iMAGE. CAPSULE

'_Vzc;:lg.0|4 SLA ~ | )
~_ |,/ HARD YOWT Ny

FWD PLaNE oF LEND

Figure 4-5. Constant Section Truss
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Further configuration analysis evolved
a simpler single telescoping octagonal
structure. A 1/20 scale wood model
was built of this configuration. Figures
4 -7 and 4-8 are photographs of the
model stowed and deployed. The
octagonal cross section was used to
achieve maximum symmetry and
equalize solar heating at all sun angles
with the outer thermal shroud of
superinsulation. When the thermal
shroud requirement was deleted, the
near circular geometry was not
required and an analysis of 3, 4, and
8-sided trusses (main section only)
was performed. Figure 4-9 compares
the various geometries. The three-
sided truss has the maximum stiffness
(bending) and the least members;
however, the existing (4) SLA support
points can not be picked up without

a complicated and heavy transition
truss work. The square geometry

is the best compromise of rigidity

and simplicity and, therefore, was
selected for the primary configuration.

"

/

R

Figure 4-8. Deployed Configuration
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4,1.3 Selected Configuration General Arrangement, The X-Ray Telescope
structure is geometrically configured around a nominal 30 in. lens diameter and

a 30 ft. focal length. The primary structure is an open truss frame which provides
the prescribed distance between the lens and focal point. This same truss frame
distributes the boost phase loads into the Spacecraft Launch Adapter (SLA).

A single telescoping extension converts the telescope from the launch to the de-
ployed configuration. The only other extendables are four "A" frame structures
which contain the ACS and the solar panels.

The image capsule, which contains the receiving and processing instruments at

the focal point is located at one extreme end of the deployed configuration. This
capsule also contains elements of such subsystems as power, ACS, telemetry,
navigation and command and control. The lens assembly is controllable for remote
focal length adjustments and is suspended within two-axis control gimbals to provide
compensating control in the event of supporting structure distortions.

The basic truss frame structure must function as a structural link between the lens
and the focal point while minimizing or controlling the deviations from the theoreti-
cal optimum geometry resulting from structural distortions. Thus, full advantage
is taken of the available maximum width and length dimensions within the confines
of the SLA to produce a very open and large type of truss. This also helps to
minimize shadowing from such appendages as the solar panels and unrelated ex-
periment packages.

The mechanical functions of deployment are generally single mode and independent
rather than series dependent. Once deployed, the structure and appendages are
permanently fixed, Subsequently, only the mission instruments (including the lens
assembly) have mechanical functions. All mechanical functions have the prime
movers designed for permitting astronaut back-up assist in event of malfunction.
EVA is not required of the crew during deployment, except in the event of mal-
functions. The crew is utilized in the EVA mode following the deployment to
remove boost phase restraints within the image capsule.

EVA is used extensively for resupply and/or refurbishment and places a very
significant design requirement on mechanical devices relative to crew replace-
ment, This is probably one of the more important factors that has become
evident in the course of evolving this large space structure.

The final coﬁ]ﬁguradon evolved from several basic geometric cross sections,

but generally the four point supports within the SLA dictated figures of four

or eight sides in cross section. Shell type structures of circular cross section
are adaptable to the same basic configuration and appear attractive in many
respects, but time permitted only cursory investigation in view of the considerable
increase in structural weight. It is also considered that thermal investigation
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in more detail would show that the design might be enhanced by a thermal shroud
covering the entire truss structure. The design is amenable to such a shroud
although it portends other undesirable aspects. The increased aerodynamic
drag would require increased propellant, the EVA must be conducted in an arti-
ficially lighted jungle and accessibility to components would be significantly
impaired.

The ACS/Solar panel components are deployed at maximum distances from the
vehicle's centerline to more nearly produce equal mass moments of inertia about
all axes. The solar panels are canted, fixed and provide useable power regardless
of target aspect. Recent and projected advances in solar cell technology are re-
flected in the panel design so as to provide sufficient power, minimum shadowing,
yet have capability for replacement by the crew.

4.1.3.1 Primary Structure. The most severe constraint placed upon the primary
structure is that of minimizing the deviations from the theoretical ray geometry
between the widely separated lens and focal plane. This dictates a structure pos-
sessing high stiffness with minimum deflections due to thermal gradients. Table

4 -] shows characteristics of candidate materials. It appears that beryllium (or
Lockally) have by far the most desired characteristics. Beryllium alloy was used
for the initial analysis of the primary structure. The extremely high stiffness,
desirable from the telescope aspects, was determined to present hazards to the
crew. Such hazards exist where collision with a member occurs and wherein

the kinetic energy of collision is not absorbed by member deflection within the
material yield stress. The characteristic brittle fracture of the thin wall beryllium
tube presents potential puncture damage to the astronaut's spacesuit, Other draw-
backs to beryllium use lie in its relatively high cost and lack of industry familiarity
with fabrication. A further discussion of materials is presented in Section 4. 1. 3. 2.

Table 4-1. Truss Candidate Materials

Material Density Yield | Modulus | Thermal Coefficient |K/x1070 {Specific | K/a x E/ | Equal Weight
p(Lb/Ind)| Stress B Conductivity | of Expansion o Stiffness| x 10712 | Impact Coefficient
(Psi | (10°Psi)| K Bru/Hr/ | ax 10° E/x1070 FY2/E/o
Ft*/°F/Ft) | (In/In/°F) » ;
Beryllium . 067 50000 | 42.0 87.0 6.4 13.6 627 8520 890
Lockalloy . 076 40000 | 29.0 123.0 9.2 13.4 382 5100 735
7075 AL .ol 70000 | 10.3 90 12,9 6.9 102 725 4750
6AL4V Titanium| . 160 120000 | 16.0 3.8 4.8 .79 100 79 5600
Elgiloy . 284 - 1 29,5 6.6 5.8 1.13 104 118 |=e=--
Invar (39% Ni.) !
(Magnetic) .290 40000 | 21.4 6.3 .28 ' 22.5 74 1660 258
Low Exp. Nickel| .291 40000 | 21.0 7.8 L1 7.1 72 510 262
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Two large separable assemblies constitute the truss structure. The basic geometric
cross section is a square. The square cross section offered the most direct
approach, uses a minimum of members and cluster fittings and is well suited

to the four -point pickup in the SLLA. Also, as compared to an eight-sided cross
section, considerable volume is available within the SLA between the flats of the
square and the shroud for adding additional experiments.

The truss members are tubular, thin wall and generally 2, 00 in. diameter. The
base ring in the plane of the pickup points is 3. 00 in. diameter. The 2,00 in.
diameter was selected from several basic parameters, but more rigorous analysis
is needed to optimize the diameter and wall thickness. The selection parameters
were:

a. Structure is excellent "hand-hold" if diameter of tube is judiciously selected.
b. Stiffness - large diameter
c. Weight - proper cross-over of D/t. Small diameter.

d. Thermal gradient - small diameter, thick wall,

In consideration of cost, the cluster fittings at the tube junctions are precision
cast aluminum. The primary attachment means utilize brazing, with bonding used
as a secondary method. The lower strength of bonded joints is offset by improved
structural damping coefficient.

The main truss assembly is the larger in diameter and is that which attaches to
the SLA hard points. The forward truss assembly supports the lens capsule and is
telescoped within and secured to the main assembly by eight pyrotechnic bolts
(four places) at launch. Subsequent to deployment, the lens capsule assembly is
secured to the main truss by 12 connectors (8 places).

The lens capsule truss assembly resemblés a truncated cone with the end terminated
at a 50 in. diameter monocoque cylinder which is eighteen in. long. The tubular
members cluster at 4 points on the aft perimeter of the cylinder and are attached by
brazing or bonding to form a part of the basic truss assembly. A circular ring

is suspended by another tubular truss just aft of the above cylinder for purposes

of supporting the lens assembly and shroud during the boost phase. This truss
picks up machined fittings at the four cluster points.
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Truss Extension System. This extension system accomplishes two functions:

the extension of the lens and its supporting truss assembly, and extension of the
lens shade. The first function is a direct action of a cable run-around system, -
the second function derives its necessary force input by virtue of the extension
action of the first function. The lens truss assembly extends approximately 16 ft,
from the stowed position and the lens shade travels approximately 40 in.

The lens truss assembly is guided by four carriages mounted on the aft corners

of the truss. These carriages contain rollers of Teflon composition which run
against four longitudinal rails within the primary or image capsule truss assembly.
The carriages are held to each rail by Teflon slippers on the back flange of the rail.

Deployment is provided by an electro-mechanical extension system consisting of
the components shown in Figure 4-10. The drive system consists of two reversible
0. 25 HP DC motors driving four capstan gear boxes which are interconnected for
synchronization and redundancy by four torque type shafts. A 5/32 in. diameter
flexible cable attaches to the forward end of the extension carriage, routes through
a sheave at the forward end of the rail, then back through the capstan, through an
aft sheave and again attaches to the extension carriage (aft end). This cable system
is duplicated at all four rails

| DRIVE MOTOR & CLUTCH — CAPSTAN -CABLE 0 LENS CAPSULE
PULLEY /Z

CABLE
TENSION RELEASE

UNIVERSAL JOINT
EACH END

TORQUE SHAFT

TRACK CARRIAGE

TELESCOPING SPLINE
ONE END

0

Figure 4-10. Electro-Mechanical Extension System
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Rotation of the capstan causes each cable to traverse, hence extension occurs.
Actiaon can be stopped at any point within the extension cycle or the cycle canbe
reversed. Once full extension has occurred, locks are automatically engaged and
reversal is no longer possible. The locks consist of a primary engagement of
lock tongs with automatic secondary cinch-up by a pyrotechnic ram to remove all-
joint free play.

The extension cycle is under full control of the crew from within the CM. Deploy-
ment against a 1 g longitudinal resisting load would take 5 minutes.

The run-around cable system was selected for its simplicity and reliability. Both
drive motors are energized during the extension cycle; however, should one fail,
the other has ample margin to deploy the truss. In the event both motors should
fail, or a circuit power failure should occur, an EV crewman can'complete the
extension by engaging a portable power tool into auxil iary gear box receptacles.
The drive clutches of the prime motors are electrically actuated for engagement
and hence, would fail in the disengage position.

Subsequent to the extension and lock-up function, a pyrotechnically energized
mechanism releases one of the cable sheaves in each of the four cable systems,
This prevents structural distortions axially as a result of the preload and differ -
ential thermal expansion of the cables and truss.

4,1.3.2 Materials. The basic factors affecting material selection of the primary
truss structure are:

a. Maximum Stiffness

b. Minimum Weight

c. Maximum Damping Coefficient

d. Minimum Cost (Material)

e. Minimum Fabrication Cost

f. Maximum Impact Resistance (EVA)

g. Maximum Resistance to Thermal Distortion

The above criteria are meaningless without limits since one property must be
sacrificed to gain another. With the benefit of the initial analyses in each technical
discipline many limits may be derived.
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Thermal and dynamic structure distortions summarized from Sections 5. 1. 4. 2

and 5. 4 are shown in Figure 4-11. The dynamic distortions of the beryllium

structure analyzed are insignificant (. 371 arc sec. for the jets, and 3. 12 x 1073

arc sec. for the wheels) while the thermal distortions of the pin-jointed model

are serious, and require an active lens alignment system. The thermal distortions

must be reduced to approximately 10 arc sec. to eliminate the requirement for

the lens alignment system. Assume that the structure stiffness coefficient could

be reduced by a factor of 10 = 27 for the jets, and__10 = 3200 for the wheels.
.371 3.12x 1073

It is conservative to assume that the material elastic modulus (42 x 106 for beryllium)
can be reduced by at least 10 while still maintaining acceptable jitter during jet ‘
firing, reductions greater than this may cause problems during other phases

of operation, particularly when the vehicle is docked to the CSM and the CSM uses

the 100 1b. thrust attitude engines. All materials of interest have sufficiently high
elastic modulus to virtually eliminate dynamic problems. This results from the
extreme rigidity of the selected geometry.

Structure weight can not be considered a primary constraint since the total truss
weight of 337 1b. represents only 5% of the launch vehicle capability, (= 6700 1b).
Damping coefficients can be neglected providing the vibratory amplitudes are below
acceptable limits., Truss material manufacturing costs are not strong influences
since the structure cost represents a minor percentage of the total experiment
cost. Space structures comprised of long slender members present: an astro-

naut impact problem. The required tube weight is generally directly proportional
to elastic modulus times density and inversely proportional to the square of the
yield stress for a given impact energy. Assume an astronaut of mass M is moving
at velocity V] and strikes a tube in mid-span. Setting the kinetic energy of the
movin§ astronaut equal to the potential energy of the deflected tube

. SMV . 5PX. (1)
The deflection of a fixed end beam of length L under a center point load equals
X (ft.) = 1 Pl )
12 x 192 El
MV? = 1 p’L3
12 x 192 El ) 3
and P=V ME]l 192 x 12 4)
L 5
For fixed tubes, the méximum bending moment = 1/8 PL, (5)
I 8 TRZt
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Note: Structure lst mode bending frequency =~ 20 - 25 cps.
Based on 40" lens size, octagonal truss geometry.
Tube joints pinned or fixed, as specified.

Condition Load

Configuration

Material

AL
Inches Arc-secs.

AB

D 4001b,  Open truss-fixed
©) 400in.1b. Open truss-fixed
@ 45° sun  Open truss-fixed
@ 400 1b.  Open truss-fixed
@ 309 sun Open truss-pin
©® 90° sun Closed conical shell
structure
ACS jets Open truss-fixed
@ ACS Open truss-fixed
inertia
wheels
Figure 4-11,
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Combining (4) and (6),

The critical MV? = . 087 Fy? RtL )
E
For the 2.5" beryllium tubes 75" long 250 = 7.75
32.2
The maximum MV = . 087 (500()0)2 1.25x.,020 x 75
42 x 10° 1
The critical velocity for beryllium = ( 094 x 102;2 = 1.1 ft/sec.
7. 75
For aluminum the corresponding velocity is 1.1 x 7000002 x 42 = 9 ft/sec.
5000007 10

The weight ratio of any two materials relative to their impacl:2 resistance is:

Wy _ Ke; EleZn

Ao Z
Beryllium is .067x 42 x 10 x 700002 = 5.5 times

. 100 x 10 x 10° 500004
as heavy as aluminum designed to the same energy. The foregoing indicates
that beryllium is a poor choice of material if impacts are expected. It is not known,
and would require at least neutral buoyancy simulation to determing, if the 1. 1 fps
impact from a 250 1b. astronaut is realistic.

The inverse of the above can be considered a value of the impact resistance of
equal weight structure édzz“; . Based on this parameter, the material with the
p

highest impact resistance is titanium (5600), aluminum (4900) and beryllium (890).
This criteria shows beryllium to be a poor choice for long slender members subject
to impact.

The material property of thermal distortion resistance is by far the more signifi-
cant design factor. Two aspects of this problem were analyzed. First, the analysis
considered a fixed octagonal geometry structure model and the distortions resulting
from circumferential thermal gradients. End moments required to maintain zero
slope as the tube bends were applied to the total 3 dimensional truss and total
structure distortions calculated.

This condition is not the critical aspect and the distortion produced was approxi-
mately . 19 arc sec. The most significant truss thermal distortions were calculated
using the quad truss geometry with a 3-dimensional pin jointed model. The thermal
bowing effect of the tubes was ignored and only the change in length (@ATL) considered.
This analysis is conservative because of the pin joint assumption; however, the
displacement is at least one order of magnitude too high. Since this condition is a
direct result of thermal length changes caused by uneven heating of the unsymmetrical
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truss, the material choice should be based on minimum thermal expansion coefficient.
Of the prime spacecraft structural materials titanium has the lowestq; 4. 8 x 106,
unfortunately, however, even titanium only reduces the thermal distortion 8 to

130 arc sec. which is still 10 times greater than permissible without a lens
alignment system. This assumes that the total distortion is directly proportional

to the ¢ATL length change. Owing to the complexity of the truss, this may not be
exactly correct.

This further assumes that the average absolute temperature of the titanium members
would be the same as the beryllium members analyzed. This assumption is correct
for tube circumferential differential temperatures = 50°F with identical surface
coatings.

A search for other possible structural tube materials with expansion coefficients
approximately 0. 5 x 1076 (0. 1 of titanium) yielded Invar, low expansion nickel,

and tungsten alloys. These alloys are heavy, expensive, difficult to produce, and

are very poor spring materials at reduced temperatures, Non-metallic structural
materials like the glass reinforced plastics offer no improvement as these composites
have higher expansion coefficients than titanium.

The penalty for using titanium in place of beryllium on the total satellite weight is
not significant. Specifically, the total beryllium tube weight in the octagonal con-
figured truss is 183 1b. Replacing the titanium of equal dimensions would produce

a total tube weight of 436 1b. (253 lb. increase). The corresponding weight penalty
for Invar is 587 lb. Based on the structural stiffness requirements for observational
distortions and astronaut impact, the 2.5 in. tube diameter can be decreased. Tube
diameters down to 1. 5 in. offer improved space-suited astronaut handholds; further-
more, the reduction from 25 to 1. 5 would reduce the tube circumferential tempera-
ture differential by a factor of 3. 35 (the ratio of diameters squared).

In summary, titanium and possibly Invar appear to be the best material choices
for a truss type telescope structure. The associated weight penalties of these
higher density materials can be minimized by reducing the tube diameters since
both titanium and Invar have higher impact resistance than beryllium, based on
equal tube dimensions.

Titanium was selected for use in the baseline weight, cost and manufacturing
analyses of the study instead of Invar, because insufficient time was available for
a complete analysis of the effects of a highly magnetic material for the structure;
possible interference with instrumentation, increased orbital magnetic torques,
etc.
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Another material possibility may be an adaptation of the composite wire mesh
currently being developed by Convair for NASA for use in storable tubular extend-
able booms. The circumferential wire material is high conductivity beryllium
copper; the longitudinal wires are low expansion Elgiloy. These mesh tubes have
proven significant reduction in tube AT's. High tube AT's are not desirable, but
none of the analysis data indicates that bowing contributes significantly to distortions
of the optical axis in the fixed end truss configuration studied.

Detailed comparative studies of tube materials should include mesh, composites,
and possibly non-circular cross-sections as it may be possible to minimize the
distortions sufficiently to eliminate the lens alignment system.

4.1.3.3 Lens Group Assembly. The X-Ray Telescope lens group assembly is
separable from the truss assembly at one of the gimbal axes, and consists of the
following subassemblies: (See Figure 4-12)

a. Lens Shroud Assembly €. Sun Shade Assembly

Sun Filter Assembly
d. Reflecting Lens Assembly

b. Gimbal Ring Assembly Optical telescope
Alignment System Reflector Pkg.

Figure 4-12, Lens Group Assembly
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Lens Shroud Assembly - The mirror assembly is a 45 in. diameter cylinder of
monocoque construction and is 46 inches long. The reflecting lens assembly is
directly suspended within this cylinder. The shroud assembly contains trunnion
points which serve as one axis of the two axis gimbal system. During launch,

the aft end of this ass y is held by four pyrotechnic bolts to a support ring
which is suspended from the lens support truss assembly. Thus, the weight of

the reflector lens assembly, telescope and associated equipment are not borne

by the gimbals during the boost phase. Each end of the focal length adjust screw

is mounted with Belleville washers to take thrust loads and further reduce dynamic
boost loads from being transferred through the gimbals.

A four segment sun filter is mounted on the forward end of the shroud assembly.
The filter element consists of 1/4 mil thick beryllium sheet and covers only the
annular lens entry slit. Each of the four filter elements is retained along the full
length of its outside edge by a reinforcing u-shaped frame. A flat sheet metal
beryllium copper spring constitutes the hinge. At launch the filter covers the lens
slit being held in place by the sun shade conical frame. Upon deploying the sun
shade, the filter segments will erect. Actuation of the filter is by a small motor
operating a cable drum. The cable actuates cams, depressing the spring hinges
and thus covering the lens entry slits. The design is such that in event of failure
in the mechanism, the filters will tend to return to the open position. The cable is
routed through a pyrotechnic cable cutter which may be fired to release all filters
for failures which may occur in the motor or gear box while in the filter position.

Gimbal Ring Assembly - The lens shroud assembly is suspended within the gimbal
ring. The gimbal ring is in turn suspended on the other orthogonal axis by trunnion
mount to a traveling support ring, located in the structural end cylinder of the lens
support truss assembly. The support ring is moved longitudinally + five inches
from the theoretical prime focal distance by four drive screws located equidistant
around the ring, Recirculating ball nuts are integral with the gimbal support rings.
The drive screws are driven by gear head motors at two diametrically opposite
screws, (see Figure 4-13). The other two screws are capable of taking a portable
plug-in power tool to permit operation by the astronaut. The gear head drive motors
are easily accessible and replaceable by the EV crew. It is presently assumed

that only an initial setting of the focal length will be required.

The gimbal motors constitute an area of design requiring considerable investigation.
Since design of this system is fairly active, no attempt has been made to optimize

it. The primary complication arises in making this installation serviceable by the
crew. Most gimbal angle corrections will be at angles on the order of arc-sec.
Stepping motors in conjunction with reduction units of negligible back-lash, such

as the Harmonic drive, offer precise control; however, this installation has problems
due to location of the controller required for the stepping motor and its need for
controlled temperatures. The gimbal bearings will likely require a lifetime equal

to the lifetime of the satellite, as they would be extremely difficult to replace.
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Figure 4-13. Lens Adjustment Mechanism

Distortions of the structure from any extraneous source result in the focal point
wandering (relative to image capsule). The image receiving equipment has a limited
motion compensating capability, not sufficient for the gross structural deflections.
The gimbal system of the lens is coupled to an error detecting laser system to
correct for the structural distortions, This alignment system, once activated,

is continuous and automatic. The laser beam source is mounted on the image capsule
while the beam is split and reflected by two mirrors on the lens assembly to the
error sensors on the image capsule.

Lens Sun Shade Assembly - The third primary assembly in the x-ray lens package
is the shroud assembly. The function of the lens shade is to prevent off-axis solar
radiation from impinging on the exposed mirror elements. The lens assembly is
screened from the target direction by a collapsible sun shade, This shade is ex-
tended by four parallel tubes operating in unison as the lens capsule truss assembly
extends, Cable actuated drums rotate cog wheels which drive the tubes as shown
by Figure 4-14. Snap locks secure the tubes at full travel. The shade is of a woven,
impregnated fabric and has only the single extension cycle. The geometry prevents
direct solar heating of the mirror forward edges when the telescope axis is pointed
40° away from the sun. This angle is arbitrarily selected since no detailed target
to sun angles have been calculated on the basis of an over -all observational mission
profile, If it is shown that the 40° cone about the sun is of interest, the shade tube
can be lengthened to reduce the angle to at least 20° without requiring unusual
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design concepts. Similar solar shielding is required to protect the aft end of the
mirror, Since adequate structure exists to attach the rear shield it was not con-
sidered a problem and not investigated or shown on the drawings. The telescope
is designed for direct solar observations using the 1/4 mil beryllium filter which
is opaque to the IR heating, but relatively transparent to the solar x-radiation of
interest,

The filter is not sufficiently transparent to the low energy stellar x-ray source
radiation and therefore, it is presently assumed that stellar observations can not
be conducted within the 40° half angle cone around the sun. Although detailed data
has not been generated, the anticipated number of sources outside this cone will
be large enough, so that the observational program can easily be sequenced to
avoid observations in this area of thermal uncertainty.

DUAL CABLE(4 PICS) ACTUATED BY IENS TRUSS EXTENSION

DRUM DRIVEN COG WHEEL

GUIDE BEARINGS

e

— -] EXTENSION TUBE
LOCK 11111118 T | :[
= . . A

MIRROR ASSEMBDI"/ \ LENS SHADE

GIMBAL RING -

STRUCTURAL CASE

Figure 4-14. Lens Shade Extension Mechanism
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Reflecting Lens Assembly - The principal element in a focusing x-ray telescope

is the lens system, and focusing x-ray energy in the short (2 to 300 X) wavelength
spectrum to extremely high resolution (1-2 arc sec. ) required precise tolerance
control during manufacturing and control of the lens while in orbit, The lens concept

consists of single or multiple confocal parabolic and hyperbolic surfaces which
are designed to turn the paraxial x-rays into a focal point.

The theory and design of the mirror surfaces is discussed in detail in Reference 5
and will not be covered here except as applicable. American Science and Engineer -
ing, Inc., provided Convair with the general mirror surface tolerances as shown
below to obtain the image resolution desired by the scientific community.

a, Optical surface finish - 1.0 micro in.
b, Out of roundness - 5 micro in.
c. Concentricity between nested segments . 0015 (lens resolution x focal length).

d. Maximum deviation from theoretical contour + . 715 micro in. per in. of
figure length.

e. Radius dimension +.001 in.
f. Focal length matching between segments + 1% of focal length.
g. Angular misalignment between segments + 30" arc.

Perkin Elmer Co. and Diffraction Limited Co. are currently fabricating 13 in. and
9 in. diameter grazing incidence mirrors for ATM. The tolerances for small
mirrors are at least equal to those required of the larger lenses, and some dimen-
sions such as concentricity, theoretical contour deviation and focal length matching
are more precise as they are functions of size.

Convair has discussed the problems of fabricating 20 - 40 in. diameter lenses with
American Science and Engineering and Perkin Elmer Co. and the conclusion is
made that the larger lenses, possibly up to 5 feet diameter are feasible and, aside
from the obvious increase in figuring and polishing time and cost, can be fabricated
to the necessary dimensions with state-of-the-art technology. The problems of
orbit distortions are covered in detail in Section 4. 1. 3.3 and 5. 2. 2. Figure 4-15
shows the basic components of the reflecting lens assembly which was used as a
baseline for the performance of this study.
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Figure 4-15. Reflecting Lens Assembly

To determine the effect of the specified lens size range on the over-all configuration,
several parametric studies were conducted. When varying lens diameters, itis
necessary to vary the focal length in proportion to maintain constant grazing angles
and lens reflection efficiency. The effect of incidence angle on reflection efficiency
is shown in Table 4-2 assuming constant focal length of 375 in.

0
Table 4-2. Single Reflection Efficiency at 2A

Diameter (In.) Grazing Angle (Arc Min, ) Reflection Efficiency (Nickel)-
20 23 92%
30 34 40%
40 45 10%

The optical geometry of double reflection grazing incidence lenses which is shown
in Figure 3-3, Section 3. 5. 1, is defined in Reference 5.

4-25



Figure 4-16 shows the effective collecting area as a function of focal length to
diameter ratio for a 30 in. mirror. Figure 4-17 shows effect of F/D on double
reflection efficiency.

With a single lens, there is a long spread between the optimum F /D ratio for 2R
and the optimum for 4A. The nested multiple mirror configurations compensate
for this, however, since the inside segments are progressively smaller, but the
focal length is a constant. If the outer mirror focal length and diameter are sized
for maximum collecting area at 48 » an inside segment with a diameter 45% of

the outer mirror would have optimum geometry for the 2A wavelength.

To ‘simplify the evaluation of lens sizes from 20 in. to 40 in. for 1 to 3 segments,
the following assumptions and approximations are made: Refer to Figure 3-3.

a. Lens Radius - Y, to thickness ratio= 30:1, this is considerably lighter than
convention optical practice of 6:1, however, the low dynamic loading and zero
g environment justifies drastic stiffness reductions.

b. Optical surface area = 27 Y, (2 YO) segment,

c. Minimum spacing between adjacent segments tg = tgphei) = S.
Y,1 = outer segment optical radius.

Yo2 2nd segment optical radius = Y, - 2tg

Il

3rd segment optical = Yol -4t

Yo3 S

d. Reference 5 single segment collecting
2

Area = 1Yo L if L=Y,and F = Focal Length
2F
Rearranging, area = 7rY02 where D = 2 Y,
4 /(F
(5)

Therefore, for F/D = 10, the collecting area = . 0785 YO2 for'one segment

assuming constant focal length for the three outer segments. )
. _ =
The 2 segment collecting area = 40 Yo + YO2 ) = . 147Y

Similarly three segment area = .205 Y, .
The optical surface area A0 =47 YO2 (1 Seg). Area two segment = 47Y
[Yo+.933Y ] = 24.2Y%. Area three segment = 41Y_[Y +.933 Y_+. 866]

equals 34. 8 02.
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Figure 4-17. Theoretical Double Reflection Efficiency
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The results obtained for the various lenses are shown in Table 4-3.

Table 4-3. Lens Characteristics - 20 To 40 Inch

Frontal Optical
Dia.  Shell  No. of  Coliecting Area iurefzce \I/Jvz[;;ht 1b.
In., t~in. Segments  in. 2 cm’ inrz. fr, 2 Lockalloy
20 25 1 T7.85 50.5 1256 8.7 23.6
25 2 1.7 95 2420 16.8 k5.5
25 3 20.5 130 3480 2k .2 65.3
30 375 1 17.7 11k 2820 19.6 79.5
375 2 33.0 213 5450 37.8 15k
375 3 416.0 297 T750 54,0 219
i¥o) .50 1 31.k 202 5030 3k.9 189
50 2 58.6 378 9700 67.5 364
50 3 82.0 529 13800 95.5 517

A first iteration of parametric cost vs. size was performed based on the following
additional assumptions:

a, Blank forming (form and machining to . 005 oversize)
Material cost~$200/1b.
Forming & Machining ~$50/ft.

b. Kanigen coating deposition ~ $100/ft. 2

c. Polishing cost based on estimates of 3 in. diameter AS & E and 13 in. ATM

cost = $10, 000 Pxo 1.3 + Ao 1.3 + Ao = %]= ($10, 000 x optical surface

1 2 3
area’ 3)

d. Assembly cost - 1 segment has no close tolerance mounting

2 segment - assume 2 man months @ $10/hr. = $3, 380.
3 segments - 6 man months = $10, 080.
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Although these assumptions are very gross, they nevertheless are believed to yield
basic trends. A summary of the cost derived from the foregoing assumptions are
shown in Table 4-4.

Table 4-4. Approximate Grazing Lens Unit Costs
Thousand of Dollars
No. of Machine
Dia. Segments Blank Forming + Coating Polishing Mounting Total

20 1 4.72 1.31 167.5 173. 53
2 9. 10 2.52 319.5 3.36  334.48
3 13. 06 3. 64 454.5 10.08  481.28
30 1 15. 90 2.92 480.0 498. 85
2 30. 80 5. 67 918.0 3.36  957.83
3 43.80 8. 10 1293. 0 10.08  1354.98
40 1 37. 80 5. 24 1000. 0 1043. 04
2 72. 80 10. 10 1920.0 3.36  2006.26
3 103. 40 14. 30 2680. 0 10.08  2807.78

The lens cost estimates were plotted against lens area to illustrate the effect of
size on cost, In Figure 4-18, the lens performance (collecting area) compared
against lens cost onlv shows a small difference, (in dollars per cm* of aperture).

3 SEGMENT
LENS
FABRICATION
COST

2.0~ 2 SEGMENT
MILLIONS
OF
DOLLARS

40" DIA

1 SEGMENT
1.0 - 30" DIA
-
\‘ 20" DIA
0 T T T T T
0 100 200 300 400 500

COLLECTING AREA - CM2
Figure 4-18. Lens Cost
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Gross estimates of total system unit hardware costs were made. These are listed
in Table 4-5. It is based on the assumption that the structure is not changed by
number of segments and that the actual size range is small enough not to affect

the major systems.

Table 4-5. Unit Hardware Cost Estimate - Thousand Dollars

Lens Diameter (in.)

System 20 30 40
Basic Structure 408 464 520
Attitude Control & Guidance 1340 1340 1340
Command Data and TLM 150 150 150
Electrical Power 380 380 380
Scientific Instrument 800 800 800

Total 3078 3134 3190

The above totals were added to the lens cost from Table 4-4, and divided by the
respective collecting areas to show cost per cm? of area. See Figure 4-19. These
results show that lens area can be obtained at minimum unit cost in the larger sizes.
The trend of reduced unit collecting area cost would be expected to continue only
until the lens costs becomes high with respect to the total. It appears that this total
relative cost becomes nearly constant with multisegment lenses over 50 in. dia.
This is based on the simple assumptions used, since it is not the intent of this study
to rate the scientific value of the larger more sensitive instruments.

Subsequent cost analyses indicate that the 30 in. - 3 segment mirror estimate
($1. 35 million) is approximately 70% of the later value ($2. 33 million) and the
additional costs estimated for the 30 in. ($3. 134 million) are also approximately
70% of the latest value ($4. 53 million).

This validates the basic estimate, however, there are approximately $3. 09 million
additional recurring costs per article which were not included originally (assembly,
integration, sustaining engineering, etc.). This makes the lens cost a less signifi-
cant portion of the cost per cm” and effectively drives the curve out beyond the

50 in. lenses. That is, the unit cost of the total system per cm? of collecting area
will be minimum with multisegment lenses possibly as large as 60 in. diameter.
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Figure 4-19. Relative Unit Hardware Cost

Mirror Materials- The evaluation of various lens materials for the x-ray telescope
has been conducted primarily from a feasibility aspect, i.e., what materials will be
suitable in these size lenses. Material optimization would require more specific
mission definition to ascertain which wave length region is of primary interest

since in x-ray optics the reflection efficiency is a function of the material properties.
Current x-ray lenses are being manufactured of fused silica, beryllium, 440 stain-
less steel, electro formed nickel, and aluminum. Surface coating techniques can
be used to add a particular material which has desired reflection characteristics
and ease of polishing and figuring. One attractive coating presently used is kanogen,
an amorphous metal coating of nickel -nickel -phosphorous composition that can be
applied to a wide range of base materials at low temperatures,

The Speedring Company is optimistic that development of a beryllium blank for a
large mirror - up to 60 in. internal diameter could be done in about two years.

They indicated that tooling is the biggest problem. Perkin Elmer Company has also
expressed confidence that the 60 in. mirror with a kanogen coating, could be available
in two years.

Fused silica is an attractive material choice for rn,?ny o%tical components primarily

because of its low coefficient of expansion (6 x 10"’ per "C). (Reference 10)
Fused silica has been proposed to MSFC for the 13 in. ATM x-ray telescope.
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If a kanogen coating is used, the beryllium or base metal blanks must be formed
within a few mils of the geometrical figure since the coating is only 5 mils thick.

While the basic dimensional requirements of the lens are believed completely

feasible before 1970, in sizes up to 5 ft. diameter, the desired resolution of 1 arc-sec.
is considered to be beyond the present state-of-the-art. Perkin Elmer Company

is guaranteeing 5 arc sec. and working toward 2 arc sec. on a "best effort basis" for
the 9 in. ID ATM mirror. Neglecting cost and manufacturing problems, some of

the material properties of beryllium are particularly attractive. Table 4-6 lists

the properties of typical lens materials.

For purposes of material evaluation, some simplifying assumptions were made
relative to geometry, First, the mirrors may be considered cylindrical as the
surfaces converge at half angles less than 1°. Secondly, thin wall shell equations
may be applied as the mirror diameter to thickness ratios considered are greater
than 10:1. The dynamic response of the various materials is best shown by the
stiffness to weight parameter E/p. A conservative example of mirror distortions
is shown in Section 5. 1. 4. 1. The analysis assumed a 30 in. diameter mirror of
0. 18 in. thickness, the actual minimum thickness considered for design was 0. 38 in.
The ratio of the point loaded to uniform loaded coefficients for ring deflection is
shown in Reference 13 as . 07439 = 6.48. It is concluded that the lens, like the

- 01153
truss, is unaffected by the dynamic control forces during observation, and that the
dynamic distortions of the mirror will be within tolerance regardless of the material.
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_ Thermal Coefficient of Weight Im-~
Density Yield Modulus Conductivity Expansjgn -6 Specific pact Coef-

3 Stn_':ss 6E K (Btu/Hr/ ™% x 10 K/x10 Stiffness Ki x E/f | ficient Fyz/
Material P (Lb/In")] (Psi) (10° Psi) FtZ/0F /Ft) (In/In/CF) a E/x 10-6,, x 10-12 E/P
Beryllium . 067 50000 42,0 87.0 6,4 13.6 627 - 8520 890}
Lockaloy .076 40000 29.0 123.0 9.2 13.4 382 ' 5100 735
Fused Silical .079 1000 10.5 .77 0,30 2.56 133 - 340 1.2
7075 AL . 101 70000 10,3 90 12.9 6.9 102 - 725 4750
Nickel . 321 20600 30.0 34.4 7.4 4,65 93.5 435 40
440 CRES .280 60000 29.0 14 5.6 2.5 104 260 445

Table 4-6. Mirror Candidate Materials



Eliminating the dynamic problems leads to the conclusion that the principal lens
material property selection criterion should be thermal stability, The four most
critical lens tolerances are:

a. Radius + 0. 001 in.

b. Out of roundness 0. 5 microinches.

c. Concentricity = 0. 0015 in.

d. Longitudinal contour = 5/7 microinch/in.

The radius growth or shrinkage can be compensated for in manufacturing if the
flight temperature is known.
HEAT FLUX
AR = oATR Uniform; heating
T AR max. = 1/204TR with linear uniform
- distribution

oa
v

R

On 15 in. radius, the increase in T which will cause a 0. 001 in. change in radius
.001 = 10.45°,
6.4x10°° x 15

If the segment is heated unsymmetrically, the total circumferential growth is only
1/2, and therefore, requires a AT of 20° to effect a 0. 001 radial growth. This change
is large and can probably be reduced considerably. The effect of AT on out of
roundness and concentricity is probably far more serious.

As shown previously, the t%mperéture across the lens (from an infinite point radia-
tion source) = AT = K D™ . (Reference 11)
tk

and longitudinal displacements = Y = ozATLZ . (Reference 12)
D4
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For the 30 in. diameter, 45 in. long, 1/4 in. thick geometry, the equations become:
AT = (30)2 (450 x .05 x 1)

. 25K (96)
AT = 844
Y K
__ 1] Y=0AT _(45%) = 16.8 AT
@ x 30)
t Or
Y=168x844 (o)  =14150 _o
(K) K

Considering the maximum deviation from theoretical contour tolerance of 5 micro-
inch/7 in. length, assume half of the total tolerance is allowed for thermal tolerance
equals 5/7 x 45 = 32. 2 microinches/2 = 16. 1 microinch. Under solar heating the
materials would have the following deviations:

ATOF Y(microinches)
Beryllium 844/87 = 9. 70 1000
Fused Silica 844/.77 = 1090° 5500
Aluminum 844/90 = 9. 35° 2000
Titanium 844/3. 8 = 222° 17000

The foregoing distortions are obviously unsatisfactory. Beryllium the lowest, is
some 1000/16. 1 = 62 times greater than allowed; i. e., the maximum permissible
for beryllium AT = 16.1x 1076 = 0.15°.

16.8x 6.4 x 1070

For fused silica, this AT maximum becomes 0. 15x 6.4 = 3,20,
.3

This value is becoming reasonable, however, as shown above, the conductivity of
fused silica is too low to permit distribution of heating due to solar radiation. The
implication is clear that an active thermal control system may well be required,
possibly using thermostat controlled louver doors similar to the image capsule
system.,

4.1.3.4 Image Capsule Assembly. The image capsule shown in Figure 4-20

is the prime reference base for the orbiting vehicle. It contains the mission
scientific receiving equipment, the navigating equipment, power conditioning,
command/control and telemetering equipment and docking provisions. The capsule
is temperature controlled, but is not pressurized.
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Geometrical Arrangement - The basic
capsule diameter is 54 in., the length is
48 in. Insulation is added outboard of
these basic dimensions along with four
full length access doors having integral
temperature controlled louvers. (See
Figure 4-21)

The structural arrangement consists of
cross and vertical beams, walls, and
tension straps. Double cruciform beams,
three in. deep and spread 15 in. apart
from bulkheads at the forward and aft

ends of the module. Side wall beams join
the top and bottom beams with a shear web
spanning the 15 in. separation of the ver-
tical beams. The bulkheads have external
metal webs. Diagonal tension straps inter -
connect the forward and aft bulkheads at
three of the four apexes formed by the Figure 4-21. Image Capsule
double cruciform. The fourth apex is

the pivot axis for the x-ray receiving equipment turret. The primary construction
material is 2024 aluminum alloy.

The tabular truss attaching the image capsule to the main truss assembly picks
up the eight vertical beams at their juncture with the bulkhead beams. (See
Figure 4-22)

Figure 4-22. Support Truss
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The double cruciform shape essentially creates an eight bay geometry. Four of
these bays are flat sided at the 15 in. width between beams. The other four bays
are on the 54 in, diameter and are enclosed with the access doors. All internal
equipment and walls are accessible through the access doors by a space suited
astronaut. The equipment mounting arrangement is designed especially to provide
this accessibility. Most equipment is immediately inside the access doors on swing-
out racks. Thus, both sides of the equipment are immediately at hand. The
swingout feature permits access to additional equipment further inside and also
allows approach to internal equipment from more than one access door. This

design approach creates some difficulty in harness wiring, but offers considerable
latitude in terms of servicing. The four access bays designated Bay I, Bay II,

Bay III and Bay IV feature particular subsystem equipment. Much refinement is
required to resolve the trade-offs of weight and balance, optimum operating character -
istics, heat balance, service prierities and volumetric efficiency which are beyond
the scope of this study.

Bay I contains the x-ray receiving instruments mounted on a turret. Related electronic
equipment is mounted on two walls formed by the separated vertical beams. The
turret is located at an apex of the cruciform beams and spans between the forward

and aft bulkheads. During the boost phase and prior to operational checkout, the
turret structure is secured to both bulkheads. Following the deployment phase,

the turret boost restraints are disconnected from the aft bulkhead by the astronaut.

The turret contains seven instrument stations. Station 1 contains an image signa-
ture package consisting of the equipment discussed in Section 4.9. Station 2 is

left empty for purposes of an "add-on" instrument at a later date by resupply.
Station 3 is a polarization measuring instrument. The instrument of Station 4

is a crystal spectrometer. Station 5 duplicates 1, Station 6 is left empty and Station
7 duplicates Station 3.

Bay II is the power section. Most identifiable equipment, including the batteries
are mounted on a swing out rack. Access to the wall-mounted electronic accessory
equipment of Bay I is gained through this bay by swinging out the rack. Access
through this bay can be made to the telemetry equipment mounted on the wall be-
tween Bays II and III, and to the inertial platform mounted on the forward bulkhead
cross beams, and the navigation panel. The latter two items are located between
Bays II and IIl. It may be advisable to remove the batteries from the swingout

rack because of their weight and the associated heavy cabling that must be swung
around the pivot. Available space exists on the cross beams of the forward bulk -
head. This bay contains considerable unused volume.
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Bay III primarily contains navigation equipment. The yaw inertia wheel (84 ft/lb/sec)
is mounted in the forward portion of the bay and navigation equipment is located on
the swingout rack. Access through this bay can be made to the wall-mounted
telemetry equipment between Bays II and IIl. Also, accessible and located between
Bays II and III, are the inertial platform and the navigation panel. The roll inertia
wheel is located on the cross beams of the forward bulkhead between Bays IIl and IV
and is accessible from Bays IIl and IV. Certain wall mounted navigation equipment
is mounted between Bays III and IV and accessible from either bay.

Bay IV contains navigation and command/control equipment, The forward portion of
the bay is spanned by an 84 ft/lb/sec pitch inertia wheel. The aft portion has the
equipment mounted on a swingout rack. With the rack swung out, access is gained
to other equipment between Bays III and IV as previously mentioned. In addition,
access is gained to electronic equipment mounted on the perimeter wall between
Bays IV and L.

Instrument Turret - The use of a rotating turret to place multiple instrument packages
in the prime focal plane makes certain assumptions with regard to axial alignment
accuracies. The proposed design utilizes several complete instrument packages;
i.e., the imaging package, the spectroscopy package, etc. Each package will have
the components located (on the ground) with respect to the other elements to the
required tolerance. The instrument package is then attached to the turret which
fixes the package location with respect to the prime focus. The only tolerance or
variable inherent in the design is the axial turret bearing tolerance and this can

be reduced to less than 0. 010 in. by preloading the bearing against its forward
reference plane. Some of the current x-ray lenses in production are being built

to specified focal lengths within 0. 25% of focal length, this value is 0. 90 in. for

the nominal telescope design. The lens assembly design contains provisions for
adjusting focal length after deployment, however, it is not anticipated that the focal
length would be changed after initial adjustment. The axial growth of the structure
from thermal heating may change the focal length 0. 5 in. Considering the previous
variables, the small turret bearing tolerance is probably insignificant. The rota-
tional positioning accuracy of the turret is one arc minute (46 x 10 -6 revolutions)
which is adequate for any package considered here.

The instrument turret rotates through 315 degrees. By limiting the rotation to

less than 350 degrees, it is possible to wire all units to stationary mounted acces-
sory equipment, thereby eliminating slip rings. Station 4 is at receiving position
during launch. As other stations are indexed to the receiving position, the station
opposite is placed at the access door for servicing or removal. The turret is

not connected at the aft bulkhead so that any distortion of the structure has a minimum
effect on the turret. It is driven by an actuator incorporating a special application

of the basic harmonic drive principal by combining the functions of a prime mover
(electric motor) with a speed reducer in a single compact and mechanically

simple unit. In this special application, the wave generation is performed by
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a rotating magnetic field. As a result, the inertia, and wear of a high speed

rotor are avoided. The prime mover is a stepping motor incorporating a stator
assembly having salient poles that are sequentially energized in diametrically
opposite pairs giving precise resolution. The position indication is derived from
an encoder driven directly by the ring gear. The actuator and encoder are mounted
on the stationary base of the turret and are immediately accessible at the access
door. Attachments are provided for unit replacement by the astronaut. The
actuator drives a 13. 5 in. pitch diameter spring-loaded, anti-backlash, split ring
gear located just above the turret bearings and under the turret equipment mounting
base. Due to the relatively large inertia of the turret and equipment, the actuator
stepping motor must be limited to under 200 steps per second resulting in station
to next station positioning time of 13. 5 seconds minimum.

The main rotation bearings of the turret are eight in. inside diameter. The cur-
rent design is based on these bearings sharing the launch induced loads in conjuntion
with the points of attachment of turret to the aft bulkhead. These bearings may be
subject to brinelling, especially for metal balls, It may be necessary to completely
relieve the launch loads from the bearings to insure long life since they are not
replaceable, However, the present design considers non-metallic balls such as
teflon in a composition. The resilient nature of such a bearing eliminates brinel -
ling, Three bearings are used in the turret. Two bearings back-to-back (or double
row) take all of the longitudinal thrust. All three bearings support radial loads.
The double row bearings and the slip bearing are axial and separated by seven in.

In the operating mode, any torsional eccentricities or distortion of the capsule
structure will not impose loads onto the turret rotational mechanisms., Securing
the bearings axially at the double row bearing removes the influence by manufactur -
ing or assembly tolerances, hence will not have built-in stresses and is essentially
a no-play combination. This will insure repeatability, smooth operation and long
life for the turret installation.

The true image point is 10 in. inside the forward face of the forward bulkhead.

A truncated cone structure is located along the 10 in. length. At its aftend, a
teflon coated annulus-shaped spring seals the face of each instrument as it is
rotated into receiving position. The imaging equipment volumes used in the image
capsule design (base line) and the maximum available volumes are shown on
Figure 4-23. The image capsule design may be modified to accommodate larger
equipment packages.

Image Capsule Access Doors - These doors feature provisions to enhance the
servicing of the module by the astronaut. The doors are not load carrying members
of the primary structure. The door is single piece, molded fiberglass and extends
approximately the full length of the capsule (48 in.). Cross bulkheads add stiffness.
Temperature control louvers are mounted in the door for approximately three-
quarters of its length. The beaded edges are teflon coated and slide in teflon
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coated ways of the strut pick-up longerons. These longerons are fiberglass with
local bosses for strut attachment at forward and aft ends and thermally isolate

the image capsule from the truss structure. Imbedded metallic inserts (aluminum)
locally reinforce the bosses at high stress areas.

Each door has foot stirrups at the forward end allowing the astronaut to mount the
door. Lugs along each side receive a restraint harness. The aft right hand corner
of each door has a plug-in receptacle for an astronaut portable rotary power tool.
This is approximately at the waist level of the astronaut. The receptacle contains

a reducer, torque limiting clutch, a 90° bevel gear drive, torque shaft and a capstan.
The capstan is located on the interior of the door. Energizing the power tool causes
the capstan to traverse along a cable stretched full length of the capsule. Stops
prevent the door opening more than 37 in. The astronaut can position himself at
any height, the portable tool serves as a brake. Hand latches at the aft end of

the capsule secure the door in the closed position, but are primarily needed only
during the boost phase. Manual opening may be possible if sufficient force is
exerted to overcome the edge friction and the mechanical drag of the capstan and
reducer.
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The temperature control louvers are actuated by bimetallic devices to regulate
the position of the louvers in response to internal heat loads, allowing radiation
to space.

Insulation - The forward and aft lulkheads and the flat sections between the designated
bays are covered externally with separated layers of aluminized mylar. Certain
equipment such as the star trackers and antenna project through this insulation.

4,1.3.5 Docking Assembly. The x-ray telescope is equipped with provisions to
dock with an Apollo CSM for the following conditions:

a. Initial stabilized telescope separation from the SLA.

b. Attachment to and stabilization by CSM for final orbit corrections.
c. (AV) if required, and for control and monitoring of telescope deployment by
CSM crew.

d. Attachment to CSM for scheduled post deployment and operational checkout
EVA tasks.

e. Attachment to CSM for scheduled resupply and refurbishment and any un-
scheduled repair or replacement.

The initial separation from the launch vehicle may be accomplished without docking
by spring loaded or jet ejection of the stowed x-ray package; however, the satellite
has no attitude control until the solar/ACS booms are deployed and unsymmetrical
ejection loads might result in tumbling rates high enough to damage or jam the
booms during deployment.

Requirements - The design requirements for the docking assembly are established
by the initial docking on the packaged satellite, at which time the light weight x-ray
structure is loaded by the momentum of the CSM and rigidly reacted by the 20, 000
1b. spent S-IVB stage. The initial beryllium truss designs exhibited excessive
stiffness and required that the LEM docking adaptor be soft mounted on the image
capsule, (See Section 5, 1.1). The axial compressive stiffness of the truss structure
is reduced by a factor of 3. 3 by using 2 in. titanium tubes in place of the 2.5 in.
beryllium tubes (maintaining constant wall thickness). The titanium structure
stiffness is then 15.9 x 10“ 1b, /ft. This value is still more than 2. 5 times as stiff
as required to permit the CSM final velocity of 0, 15 ft/sec defined in the docking
specification without over stressing the structure,
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Structural/Mechanical - The necessary
reduction in stiffness for docking is
achieved - by incorporating spring loaded,
friction damping snubbers into the 8 struts
supporting the docking cone on the image
capsule, See Figure 4-24.

The strut stiffness model is shown below:

M1
= K, Docking Support
K; (Structure)
[M2]  =715.9x 10° Ib/tt.
M1

K3= 6,0 x 10° 1b/ft.

Figure 4-24, Docking Cone

Setting the deflection (A) under impact of the compound. spring equal to the single
spring (ideal structure)
Al + Az = As

If the resisting force of the two systems is equal

P=A3K3=AK1 =AK

1 272

Solving for Kg; Ky = Kg ( Al + 1)
a2
or K, = K3 = 9,65x 10° 1b/ft.

( - K3 )

Ky
Therefore each strut is required to have a spring constant of 10, 000 1b/in., which
is a spring system sufficiently stiff to permit attitude control of the docked vehicles
without excessive vibrations, ' It is preferable to a dashpot design which may

require a clamp-up mechanism to provide a solid attachment during maneuvering;
i.e., an additional active system.,




4,1.3.6 Solar Panel/ACS Support Boom Assemhly. The telescope solar panel/
ACS boom assembly consists of four "A" frame tube trusses which are hinged on

the primary SLA support frame. The ACS jet modules (including tanks, regulators,
etc. ) are mounted on the apex of the booms. The solar cell panels are hinged to

the "A"frame by an auxiliary brace which rotates the solar panels 45° from the
deployed "A" frame which is normal to the telescope centerline. The solar panels
and ACS jets are boom mounted to increase the vehicle roll moment of inertia,

reduce structure shadowing and increase the ACS jet moment arm. (See Figure 4-25)

Deployment Mechanism - The initial boom deployment system design utilized a
single operating constant force spring powered system with hydraulic snubbers.
The original intent was to provide the simplest, most reliable system for automatic
deployment of the panels and ACS jets. Recent analysis of EVA maintainability and
replaceability point to the support booms as a problem area, because the assemblies,
as designed deploy the ACS jets and solar panels to positions which are relatively
inaccessible to the EVA astronaut. However, a well stabilized AMU used as a
platform would permit the astronaut to hover precisely stabilized while making
repairs and/or replacements. The foregoing "Humming Bird" represents a solution
to the problems of EVA locomotion and stabilization around and on large structures;
however, the concept also involves risks to the astronaut and for this reason an
alternate method of panel and jet module replacement has been considered here.

Since the telescope attitude control system is inoperative during resupply and re-

furbishment, it is possible to design the boom assemblies to be partially retracted
to permit EVA access to the solar panels and jet modules by an astronaut secured
to the primary truss. The proposed retraction system is a reversible run-around
cable system consisting of electric motors with reduction gear boxes, which drive
cable capstans similar to the primary lens deployment system.

Figure 4-25. Solar Panel/ACS Assembly
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After manually releasing the extension locks, the EVA astronaut remotely energizes
the boom retraction system for each boom individually as required. It may be
possible to eliminate the extension locks depending on cable tension to prevent

boom oscillations, thereby simplifying the astronauts task. With a fully reversible
system on the booms, the astronaut can retract the panels as necessary to bring
them within reach of a secure work position. The astronaut will be required to
work on the inside of the primary truss to change the two inward facing solar panels.

The solar area can be increased approximately 20% by increasing the panel dimensions.
Additional increased area can be provided by adding solar cell panels on the back

(with an appropriate air space) of the present array. The back side panels will

be slightly shadowed by the truss work in some sun orientations, but the open

nature of the truss prevents serious shadowing. This method of increasing area

is preferred for mechanical simplicity to alternate designs using side hinging

or folding panels because the panel shadowing of the primary structure is not increased.

EVA Replacement Features - In addition to the retractable boom mechanism
discussed previously, there are several other EVA design considerations incor-
porated into the solar cell/ACS assembly. The solar cell panels are designed

with roll up capability by mounting the rigid cells on a flexible cell substrate or
using thin film flexible cells, The design simplifies two major problems - reduced
storage space requirements on the resupply vehicle and ease of handling for the
EVA crewman. Since the deployed panels are 76 in, x 96 in,, it is not desirable

to require the astronaut to locomote from the SM to the telescope booms with a
large panel. Furthermore, the possibility of damage to the cells is minimized by
the protective "window shade" canister.

The solar cell canister size for an entire panel is approximately 10 in. in diameter
and 8 ft. long. While this is considerably easier to handle than the deployed flat
panel, it may be desirable to reduce the packaged size further. The canister length
may be halved by adding a structural longeron member along the centerline of the
panel frame. This requires that two additional solar panel edges be secured, but
reduces the resupply vehicle stowage and EVA handling and transportation problems
considerably, The weight penalty for this modification would be negligible, The
new canister will be secured to the original container and the cells unrolled over
the existing cells. The end and free edges are then secured and the required
electrical connections changed. The overlay philosophy assumes that the new
active cell performance will not be affected by the decrease in backside radiation.
If this is not satisfactory, the original cell panel will be unsecured on the bottom
and edges and retracted into the container, the new cells will then be deployed and
connected. The "overlay" philosophy is also used on the ACS jet modules. To
simplify the resupply or replacement, the astronaut disconnects the electrical
connections to the expended or failed unit and secures the new module on the out-
board end of the old unit. Two opposing overcenter locking levers provide tension
on a ring clamp which secures the flange halves, as shown by Figure 4-26.
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Figure 4-26. "Add-On" EVA Feature

4,1.3.7 Launch Support and Separation System. In addition to the four primary
SLA reaction points, the x-ray.telescope design includes provisions to support the
following assemblies during the boost phase:

a. Forward Truss

b. ACS/Solar Panel Booms

C. Grazing Incidence Lens Segments
d. Image Capsule Equipment Turret

Launch Loads - The Saturn IB launch vehicle accelerations from Reference 5 are
listed below:

Acceleration (g units) Maximum

Lift Off 1.3
1st Stage Burnout 4,15
2nd Stage Burnout 3.1

The acoustic noise time history, sound pressure level, power spectral density and
acceleration vs. frequency are shown in Volume II, Appendix B.
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Launch Support - The packaged x-ray telescope is securely restrained by the hold
downs on the forward truss, ACS/solar panel booms, lens segments, and image
capsule turret. The existing structure is adequate to permit normal handling,
transportation or hoisting operations without damage.

Separation Systems - The four separation systems required for the telescope
experiment utilize redundant pyrotechnic devices for the primary release mode.
The separation command will be provided by the CSM crew; no provision for ground
release is required as all separation and deployment functions are performed when
the CSM is docked to the experiment. For maximum reliability and safety all
separation signals will be transmitted from the CSM to the experiment using the
umbilical which is connected by the CSM crew subsequent to the initial docking.
This hard wire connector will simplify the command system and reduce the possi-
bility of premature separation.

SLA to Experiment - The stowed experiment is supported within the SLA on the
four standard LEM pyrotechnic attachment fittings. This is the only structural
interface between the experiment and the launch vehicle. As mentioned previously,
the telescope truss geometry was designed to integrate the launch support and struc-
ture with the deployed orbital structure, and therefore, no additional reinforcement
or auxiliary bracing is required to withstand launch loads.

When the proper orbit has been achieved, the CSM will separate from the SLA, turn
around and dock on the telescope after the adapter petals are deployed. When the
docking maneuver, cinch up and umbilical connections are complete, the CSM will
command the release of the primary hold down bolts and extract the experiment
from the adapter., No additional jettison springs or propulsion devices are neces-
sary for the separation as the CSM attitude engines provide adequate thrust and
orientation control for the maneuver. The separation includes disconnecting um-
bilicals between the experiment and the adapter.

Lens Support Structure Extension - The sliding lens support truss is clamped to
the primary truss by four pyrotechnic bolts, (one on each track) through machined
tension splice fittings. One side of the bath tub fittings are located on the lower
end of the track slider, the other side is attached to tracks adjacent to the extension
system drive support plates, Consideration has been given to the possible require -
ment for additional transverse structural supports on the lens assembly during the
boost phase, because the lens is cantilevered approximately 13 ft. below the launch
hold-down fittings.

The maximum axial loading is 4. 1 g at first stage burnout. The critical transverse
load consists of approximately 0. 5 g steady state acceleration and superimposed
random vibratory inputs of small amplitude (=0. 07 in. in the 5-16 cps range, the
range of the structure natural first mode frequency).
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An analysis of the critical launch load indicates additional forward truss supports
are not required because of the high structural rigidity and the random nature of

the applied load. A more detailed analysis of the structure subjected to the launch
vibration specification will be required before precise structural response can be
determined. Additional supports in this area are undesirable as they would require
additional separation devices and retraction mechanisms or EVA participation in the
initial phase of deployment,

Lens Extension - In the packaged launch configuration, the mirror assembly is
positioned approximately 5 in. aft of the mirror operating position relative to the
forward truss and secured to a support ring by four pyrotechnic bolts. The support
ring is strut mounted on the forward end of the gimbal support cylinder. This provi-
sion is included to isolate the lens gimbals from launch loads. The telescope gimbal
system is a high precision assembly requiring angular positioning and read-out

to less than 10 arc sec. accuracy, therefore, it is necessary to unload the gimbals
during launch., Although the present mirror support ring does not include attachment
for the individual mirror elements, the feasibility of accomplishing this should be
examined in further design studies. The present design requires a mirror suspension
system which will transmit the axial launch loads from the inner elements outboard
to the support ring, While it appears that this is feasible, a more desirable design
would include additional launch supports to react the axial inertia of each mirror
segment individually. The difficulty of automating this function is in removing the
supports from the lens path after separation. This task can be accomplished by EVA
if required,

Image Capsule - The recommended image capsule design includes structural
restraints on the equipment turret, the restraints react the inertia of the equip-

ment and the turret during launch and minimize the danger of brinelling the turret
bearings. The turret bearings are a critical aspect of the telescope design philosophy
as they are not replaceable and must be designed to operate for up to 4 years. The
observational mission would be seriously impaired if the turret were disabled since
the imaging equipment could not be interchanged. The turret restraints removal is
difficult to automate and the risk of interference is high, therefore, EVA was

selected to remove them. This also permits manned inspection of the image capsule
to guarantee that no interferences or loose wires exist.

Consideration has been given to including a clutch in the turret mechanism to permit
the astronaut to rotate the turret during his inspection of the capsule. This pro-
cedure while not mandatory is desirable due to the large number of instruments
packaged in the image capsule and their proximity to the rotating turret.
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4,2 SUBSYSTEM DESIGN,

The following subsystems were synthesized for the x-ray telescope spacecraft
in order to develop a realistic predesign regarding over -all weight, volume and
power requirements in addition to investigating subsystem feasibility.

The scientific guidelines, subsystem concepts, and hardware sizes for the telescope
instrumentation and optical drift correction systems were developed through
consultation with American Science and Engineering, Inc.

The other subsystem concepts were developed by Convair.

4,2,1 Lens Alignment System. The requirement for lens alignment was establish-
ed by analysis of the truss structure distortions resulting from orbital solar heating,
The redundancy of the truss structure and the large combination of sun angles during
observations complicates the determination of precise distortion values, and without
detailed mission observational profiles, the worst case sun angles can not be
determined. Inspection of the structure geometry shows that maximum strut
absolute temperature differentials occur when the sun is oriented 18° from the
telescope centerline, The struts pointed away from the sun cool to 330°R, while

the opposing struts stabilize at 490°R (based on silver-plated tubing). A high
emissivity white paint reduces the maximum to 350°R, thereby reducing the total
possible excursion to 20° (160° at subsolar point). The probability of observing

at the 18° sun angle is quite remote, particularly considering the wide range of
source locations. Therefore, a sun angle of 30° to the telescope centerline was
selected as a design criteria, with the telescope at the subsolar point in the orbit.
This assumes a longer lens shade than shown to provide additional shielding. In

any event, a necessity is indicated for either: reduction of the distortions by
thermal control techniques, or a method of compensating for the distortions.

4.2,1.1 Reduction of Thermal Gradients. It appears that use of the "heat pipe"
thermal control could drastically reduce the temperature gradients in the truss
structure with a very small weight penalty. The "heat pipe' system involves the
use of a fluid such as Freon or alcohol in a closed container (pipe) with a "wick"
on the internal container surfaces to assure that a fluid film covers the surfaces.
The remaining volume in the container is filled with the vapor of the fluid; other
gases are excluded. In operation, the heated areas evaporate fluid which causes
condensation in cooler areas. This provides a rapid heat transfer system since
the evaporation of the fluid absorbs heat and the condensation evolves heat. The
process is continuous since the capillary flow in the wick continually returns the
fluid to the surface from which it was evaporated. In representative examples,
thermal gradients can be reduced to around 2% of their original temperature
difference.
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The heat pipe system was invented at L.os Alamos and has recently been receiving
considerable attention., An excellent general discussion of heat pipes was presented
by Dr. Samuel Katzoff at the AIAA Thermophysics Specialists Conference in New
Orleans in April of this year (1967 - Paper No. 67-310). Heat pipe systems are
currently being investigated within the Aerospace Industry and specifically by
General Dynamics Convair and General Atomic,

The application of the heat pipe thermal control system to the x-ray telescope is
envisioned as follows: The ends of the titanium tubes in the truss structure would
be interconnected forming one continuous chamber sealed from the outside. Thus,
each truss structure would be a heat pipe system. The inner surfaces of the tubes
and the connectors would be covered with a very lightweight mesh screen, plastic
or other material suitably bonded to provide the capillary attraction. The system
would be evacuated and the proper amount of a working fluid would be introduced,

It is impractical to interconnect the two truss assemblies; i.e,, the forward

lens truss and the primary truss, so there would be two heat pipe systems involved.
The elimination of the temperature gradients in each structure eliminates the dis-
tortions in the positioning of the image even though a small temperature differential
existed between the two structures, In actuality, the thermal gradient can not be
completely eliminated, but the reduction to about 2% of the uncompensated value
might eliminate the necessity for an active alignment system. Until a detailed
analysis of the use of a "heat pipe" system is made, the necessity for an active
lens realignment system is assumed.

4,2,1.2 Compensation Techniques., Consideration was given to increasing the
size of the image plane equipment (orthicon, image intensifier, etc.) to compensate
for image shifts. This increases the image scan and associated telemetry require-
ments in proportion to the area increase,

A more significant problem resulting from changes in the lens reference coordinates
is the effect on the vehicle pointing accuracy. The preliminary mission design
criteria require the navigation system to point and hold the telescope to any given
celestial coordinates within a 1 arc sec., error circle. This limits the field of

the image motion compensator to reasonable values.

Distortions of the truss structure change the lens optical axis with respect to the
star trackers adding to the tracker error. The anticipated structure distortions
alone exceed the 0. 5 sec. accuracy pointing requirement,

For the above reasons, a lens compensation system is required and several concepts
were considered. The alignment accuracy required is approximated by subtracting
the star tracker tolerance of + 15-22 arc sec. (from Reference 6 and 7) from the

+ 30 arc sec. pointing goal, or + 8-15 arc sec. tolerance.
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Regardless of the lens alignment system used, it is necessary to provide Z & Y
axis error signals to the navigation computer to account for changes in lens center -
line with respect to star tracker reference coordinates (). (See Figure 4-27)
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Figure 4-27. Lens Alignment Geometry

4.2.1.3 Equipment, Several system concepts have been considered for determining
and compensating for the lens misalignment, one of the most promising is a laser
electro-optical assembly.

The assembly consists of two mirrors, one plane and one corner cube reflector
mounted on the lens capsule, a laser beam splitter, and two photo detector sensors
mounted on the image capsule.

The plane mirror rotates a relfected light beam, an angle twice the mirror rotation,
Mirror translation does not affect this beam. A corner cube reflector always
returns the light beam parallel to the incident beam, and small angular rotations

of the reflector have no effect on the beam. Lateral translation of the reflector

by X displaces the return beam by 2X. Thus, the combined corner reflector

and plan mirror can independently measure both the structure and lens assembly
rotations and translations necessary to realign the optical axis with the image
capsule.

Gallium Arsenide Infrared Lasers are a good choice to minimize system electrical
power requirements. Power will be reduced further by pulsing the laser approxi-
mately once every second. The laser filament power of 5 watts must be supplied
continuously to eliminate heat up time, but the additional operating power of 20 watts
is reduced to 2 watts average by a maximum 10% duty cycle factor. The precise
pulse timing would be established by the response time of the gimbal system in order
to close the loop and eliminate "hunting".
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The alignment system discussed here utilizes state-of ~the-art equipment; lasers,
sensors, electronics, etc., no long development articles are anticipated. Convair
optical laboratory estimates a working model could be operating in 2 months and

a flight hardware prototype ready for testing 6 months after go-ahead. A schematic
of the proposed alignment system is shown in Figure 4-28.

4.2.2 Electrical Power and Distribution System. The electrical power subsystem
for the x-ray telescope consists of an omnidirectional color cell array, batteries,
conditioning, and distribution equipment, The system block diagram and a summary
of the components are shown in Figure 4-29.

4.2.2,1 Power Profile. The power requirements for the spacecraft are based on
a viewing time of up to 100% and an average ground station contact of 5 minutes
per orbit. The sunlight time of the 28, 5° orbit will average about 65%.

The average power to supply the various systems will be about 260 watts and the
peak power imay be as high as 450 watts. A sample power profile is shown in
Figure 4-30.

A battery source takes care of peak power requirements and dark portions of
orbit, The solar array supplies the required average power plus the power

lost in the battery conversion. The solar cell power will only be supplied during
the sunlight time or 65% of orbit. The solar array power requirement is:

P(solar) = P(ave) + L(watt) = 260 + 20 = 430 watt/orbit
.65 .65

4,2,2,2 Solar Cell System. The solar array is designed to meet the load re-
quirements under the various constraints of the orbital conditions and to replenish
the battery in the 63 -minute light period. Typical characterisitics of available
solar cells are summarized as follows:

1967 1972
~ ' ~ . N\ 4 A ™)
Conven-Dendri- Thin- Projected -
tional tic Film Non- Performance X-Ray
Silicon Silicon Silicon Thin-Film  Design
Cells Cells Cells Cells Values
Watts/1b (gross area) 6.5 12.0 20.0
Watts/sq. ft. (net area) 9.8 8.3 4.5 15 13.5
Cell Conversion Efficiency 12, 0% 10. 5% 5. 0%
Area Utilization Efficiency 90.0% 95.0%  75.0% 95 92.5

Space Exposure Efficiency(2 yr) 50.0% 60.0% 80.0%

Radiation Resistance Fair Fair Good
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SYSTEM TOTAL COMPONENT PEAK POWER *

POWER -~ watts watts

NAVIGATION 241 226
TELESCOPE INSTRUMENTATION 130 70
DATA, TIM, AND COMMUNICATIONS 90 59
ATTITUDE CONTROL 57 57
OPTICAL DRIFT CORRECTION 24 24
COMMAND 15 12
LENS ALIGNMENT 9 9
566 467

* Peak power equals total component power minus redundant items, the
peak power is never achieved, as many components do not operate con-
tinuously. The average power drain is 57% of peak power.
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Figure 4-30. Electrical Power Summary
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The solar cell performance parameters used to size the x-ray telescope array
are slightly more conservative than industry-anticipated performance for the
1972 time period. The roll-up array is capable of being designed with flexible
cells or rigid cells on a flexible substrate. The thin film cells are more suitable
for the two years without replacement assumption because of reduced degradation
in the space environment and high resistance to handling damage.

The solar array design shown has not been optimized for final area configuration
since this is dependent upon a correspondingly high degree of optimization within

all systems affecting the power generation, The basic concept, however, possesses
sufficient design flexibility to cope with increased power requirements by moderate
changes to the solar panel or support truss geometry.

Of these, the conventional solar cells are most readily available and are the only
ones with demonstrated flight performance. The cells are mounted on four flat
panels arranged for random orientation relative to the sun. The 140 sq. ft, array
provides 13, 5 watts/sq. ft. for a total capability of approximately 1.9 KW. However,
the configuration is arranged for a long-term average aspect ratio of 1/7 or

600 watts, A sufficient margin is allowed for less-than-average aspect ratio or
radiation degradation.

Energy Storage - Batteries are generally used in spacecraft for storing electrical
energy. Typical characteristics of appropriate systems are shown below:

Battery Cell W-Hr., W-Hr. Shelf
Type Volts Per Lb. Cu. In, Life
Nickel-

Cadmium 1.1 15 1.7 a. 25% Drain 10, 000 5 year
Silver- 1.08 25 1.5 a. 25% Drain 6, 000 3 year
Cadmium b. 50% Drain 2, 000

Silver-Zinc 1.5 50 2,5 a. 25% Drain 1, 000 2 year
(Sealed) b. 50% Drain 400

Zinc-

Oxygen 1.3 70 5.0 Primary 5 year

For the x-ray telescope application, the nickel -cadmium type of battery offers the
advantages of good energy density, adequate cycle life and good shelf life. Battery
sizing is based on providing 350 watts for the duration of the orbital dark period,
as follows:
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(350 watts) x (0. S hours)
175 watt-hours

Battery Discharge

At a 30% depth of drain,
the required capacity is: 175 = 583 watt-hours
0.3

Battery characteristicsare:

1. Capacity - 583 watt-hours
2. Rating - 20 amp, hours
3. Weight - 36 pounds

Three such batteries are included to enhance system reliability through redundancy.

4,2,2,3 Power Conditioning And Distribution. A control system will turn the
solar array charging current "off" and "on". Voltage monitors will switch the
charge current from the selected level to the trickle charge level with a fixed time
return. Temperature sensing devices reduce charging rate when battery tempera-
ture approaches a dangerous value. Failure protection allows reduced operation
on one battery or on solar array only.

Regulation - Pulse width modulation techniques provide regulated D-C voltage

& 1/2%) at efficiencies in excess of 90%. If required, a boost feature can be
added to extend the range of input voltage over which the unit provides good regula-
tion.

Chargers - Several techniques are available for controlling the state of charge of
spacecraft batteries, Currently, the optimum systems relate to nickel -cadmium
batteries which have been used most extensively in space programs to date. The
near -optimum Amp-Gate charging system was developed by Mallory Company

for nickel -cadmium batteries. This device is connected to the cell terminals so
that conduction starts when the end-of -charge voltage is reached. Current flow
causes a temperature rise in the diode which decreases its resistance, thereby
allowing more current to flow through the diode. Within a few minutes almost all
of the current is flowing through the diode while a small trickle is flowing through
the cell. The cell is then protected from excessive charging rates. It is anticipated
that this technique will be available for the x-ray telescope.

Distributors - The distribution of electrical power is controlled by means of relay
switching. Appropriate division of loads is made for experiment and support sub-
systems.

4.2,3 Command Systems. Many operating functions of the telescope will be
remote controlled from another spacecraft or a ground station. Many of the
telescope deployment operations described in Section 4. 2 will be controlled by
remote commands. After the vehicle is deployed, orbit and attitude commands
will position vehicle. Pointing commands will locate x-ray sources with the
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telescope. Sun shields, lens covers, gratings, crystals and spectrometry devices
‘will also have command controls. Power to various systems and/or devices

will use radio control signals., Modes of operation of data storage equipment

and multiplexing equipment will be switched by command codes,

The main functions to be controlled by the command system include the following
groups: external relays, internal relays, guidance computer, central timing
up-dating, test messages, and reset command, These groups have several
individual functions to be addressed.

About 100 remote command functions will be used to control and operate the space-
craft and associated equipment. A block diagram of the vehicle command control
system and equipment list are shown in Figure 4-31.

The received signal will be demodulated and decoded; the commands and instruction
words with the necessary synchronization signals will be fed to the proper space-
craft systems. A command verification will be provided to ensure command
reliability.

Specifications -~ The command system receives digital data from the ground
station, verified it, determines the system and function to which it is addressed,
and routes it to the function. The command system consists of two command
receivers, a signal selector, a detector-~-decoder, and interface and buffer
storage, relay drivers, and a relay assembly.

V4

COMMAND TONE BACK-UP
RECEIVER DECODER [ = COMMANDS
SIGNAL
COMBINER >{ SEL
COMMAND PCM EQUIPMENT PARAMETERS
RECEIVER DECODER e 1ix® lins lweres
] COMM RCVRS (2) [.65° | 85 |4 4
~209°
eI I L
PROGRAMMER |~ SYSTEMS
S TROL PCM DECODER " 38 |2 3
COMMAND PROGRAM | 70 |5 5
HARNESSES , BRKTS 5
DATA SYSTEM

Figure 4-31. Command System
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A digital command format, compatible with the ground station network, will be
demodulated from the FSK modulated carrier. A pseudo-random noise code will

establish bit synchronization with a phase-lock loop. A decoder programmer
will route the command instructions to the various sytems and functions.

The programmed codes will operate relays, reload or up-date computer instruc=-
tions, up-date timing generator with time words, reset relay groups, and test
system.

The received command word will be checked and returned on telemetry link for
verification. If errors occur, retransmission will be requested. If verification
is made, an execute command is transmitted from grou ad to spacecraft.

A tone decoder provides for back-up and emergency operation.

Discrete bit signals will be generated and transmitted on the telemetry link to
give position verification of execution.

4,2,4 Optical Drift Exror Signal System, To simplify the imaging of x-ray
sources to an accuracy of one arc sec. an image motion compensating device
is considered desirable to maintain the image forming photons in the correct
positions (+ 0. 5 arc sec. ) while the image is generated on the film or vidicon.

The drift correction system uses a star tracking optical telescope, which is
coaligned to the x-ray mirror assembly. By observing a star field, the vehicle
drift is determined and generates error correction signals used in the image
motion compensator. The system blockdiagram and typical equipment parameters
are shown in Figure 4-32.

4.2.4,1 Function. The drift tracking system will be capable of generating signals
that will maintain an image accuracy of one arc sec. during the image integration
time although the'x-ray telescope drift rates may be as high as five arc sec. per
sec. The vehicle and x-ray telescope pointing coordinates will be stabilized in
pitch and yaw within + 30 arc sec. and roll will be maintained to + 5 arc min.
accuracy. With the roll of the vehicle maintained within 10 arc min, the image
error from roll alone would be well within tolerance.

Since the x-ray source to be investigated can not be assumed to have a visible
counterpart, or its visible counterpart is faint, brighter nearby stars must be
used for guidance. Further, since the telescope is coaligned with the x-ray
telescope, not gimballed, a field of view is selected which assures that a star of
some minimum brightness will be visible during pointing to sky coordinates. A
plot of star population per square degree (see Figure 4-33) shows that a field of
view of 2° will gurantee the presence of one or more stars of the tenth apparent
magnitude for the worst case of looking toward the galactic poles, and at least
one of eighth magnitude when looking at the galactic equator.
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Figure 4-32. Optical Drift Correction System

/ V4
100 / ////'
S
foq ‘
5
&
10
1.0
0.1
.0l -
0 4 6 10 12 14. 16

APPARENT STAR MAGNITUDE

Figure 4-33.

4-58

Star Population Density



The location of one or more stars will be recorded by the optical system vidicon

at vehicle lock -on time; any changes in the reference star positions will be converted
to positioning signals by the error generator and relayed to the x-ray image motion
compensator to maintain the x-ray image within one arc sec, of original position
atlock-on. A maximum drift correction of one arc min., will be required for the
drift error system.

4.2.4.2 Specifications. The optical drift tracking system uses an optical telescope
with a field of view of 29, An image intensifier and scan magnifier will assure
less than one arc sec, position determining accuracy.

A typical vidicon could have a 1000 line scan at 5 times per sec. To obtain a

one arc sec. resolution accuracy the maximum vidicon field would be 17 min.
Therefore, a 2° telescope field requires a magnification of about 2 x 60 = 7 times
to obtain a resolution less than one arc, sec. 17

The image intensifier positions the star location on the vidicon screen. The
coarse scan will be used without the magnifier to locate the star coordinates
with respect to the vehicle coordinates, Signals will be generated to position
the star in the center of the vidicon scan field. Once the star is centered on the
vidicon it will remain within the vidicon field since the vehicle pointing is held
within one arc min. An automatic control will switch the magnifier out when
the reference star is not within the vidicon field,

A computer will determine the star coordinates and compute the offset values
required to position the star in the center of the vidicon field view. It will also
determine the mode of the magnifier. The guidance control computer may be
used for this function,

The signals generated for the x-ray image position compensator will be entered
into the data format for telemetering to a ground station and later checked for
accuracy, when compared to the other pointing reference readout.

4,2,5 Navigation System. The necessity of avoiding equipment duplication
and unnecessary software results in the location of all sensor and computer
functions in one integrated system. This navigation system is discussed here.
A major portion is ground based.

4.2,5.1 Function. The functions which the satellite integrated sensor and computer
system performs are minimized to improve reliability, Ground based sensor and
computer facilities are more easily maintained, and functions will be performed

on the ground where possible,

A basic disadvantage of ground basing is the quantity of information which must

be sent up to the satellite, Further, continuous contact is not available, For

this particular experiment, the information which must be transmitted is relatively
small, and continuous satellite contact is not required.
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Approximately once each orbit, the vehicle will be provided with the coordinates

of the next source. If it is necessary to shift one or both of the star tracker's
reference stars, the information for performing this change will also be transferred.
The vehicle attitude control system will then maneuver to the source, lock-on,.

and conduct the observation. Experimental results will be sent down and the

next source pointing data will be sent up. Since it may not always be convenient

to transfer this information between each observation, the vehicle system will

be capable of storing data for several observations.

The ground based functions include:
a, Orbit determination - estimation of orbit.

b, Orbit integration - continuous estimate of satellite orbital position,
velocity, and altitude.

c. Programming - selection of sources and providing source coordinates
to satellite.

d. Star tracker pointing - data necessary for acquisition of a different
stellar reference,

€. Control of drag velocity loss correction.
The vehicle based functions include:

a, Calcilation of vehicle rotational rates from star tracker position
data,

b. Autopilot control of each channel.

C. Logic for inertia wheel unloading.

d. Failure detection logic.

e. Switching redundant jet valves.
4.2.5.2 Specification. Since the vehicle is to be pointed to + 0. 5 arc min,
star trackers must be utilized as the sensors. The vehicle orientation must be

determined by the computer from star tracker data well within the position specifi-
cation of + 0.5 arc min.

An additional orientation reference is necessary to provide stabilization while a
star tracker is being switched between stellar references. The tolerance on it
will be determined by the star tracker operation rather than vehicle pointing.
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The computer will have a small load and will be relatively small physically. How-
ever, a considerable amount of redundancy will be used for longer life,

4,.2.5.3 Equipment, The equipment list and block diagram for sensor instru-
mentation and computing is shown in Figure 4-34, and power and weight estimates
are included. An additional star tracker is included for redundancy, so there

are three. The additional orientation reference will be an inertial unit, Further,
a solar sensor is included as an aid to initial orientation and for vehicle stabiliza-
tion should two star trackers fail.

COMMUNICATION

o ———— e
| PITCH ) INERIIAC LINK
ROLL ¢ yrieLs
Y yaw : :
L - . ].. PR |
ELECTRONICS
T )
(3) Sgﬁgns ELECTRONICS COMPUTER
TRACKE ) SIGNAL
PROCESSOR
SOLAR ) INERTIAL
SENSOR ELECTRONICS UNIT

ELECTRONICS

[ ——

[ brac ' BACK-UP | "_JETS (4) _:

! correcTioN! | DOCKING | . BQUIPMENT PARAMETERS P

| ger 1 s | LBS WATTS
INERTIAL UNIT 30 100
STAR TRACKER (3) 3000 30 . 45
SOLAR SENSOR 0 1 1
COMPUTER 700 35 75
SIGNAL PROCESSOR 700 18 10
PHASOLVER 210 78 2

SENSOR SIGNAL PROCESSOR(P&Y) 300 10 5
SENSOR SIGNAL PROCESSOR(ROLL) 180 6 3

Figure 4-34, Navigation System

Preliminary specifications for the Star Trackers and Computer:

STAR TRACKER (Kollsman solid state tracker)

General
Solid state electronics.
Two-position gimbals, torque motors respond to digital commands from external

computer,
Point telescope within 120° cone angle.
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sttem Size Tracker Electronics

Volume <1000 in, 3 <100 in. 3
<10 1b, <51b.
Power <15 watts
Reliability Designed for one-year operation in space.
Performance
Accuracy 15 arc sec. per axis (20).
Recognition - Acquire and track stars of +1. 1 silicon magnitude and
brighter.
Acquisition Rate 0.5%sec. (acquire star for apparent velocity).
Sun/Earth Impingement Unimpaired accuracy: as close 25° to sun; 1° to earth.
Environmental
Temperature 0°F to 150°F
Acceleration 11, 3 g (all axes) duration 4. 5 min, /axis

DIGITAL COMPUTER (Preliminary, similar to IBM 4m)

General ‘

General purpose, stored program, binary operated airborne computer,
Memory: random access, parallel readout,

Parallel processing.

Redundancy: parts redundancy.

Arithmetic: parallel processing

Size

Volume <700 in. 3

Weight < 35 1b.

Power <75 watts (see notes)
Reliability >5000 hours, MTBF (see note 2)
Performance

Word Length: (may be decreased) See Note a.
. Instruction: (32 bit instruction words)
, Data: orbit data word
Instruction Times: (further speed-up with current micro=-circuits)

Add/Subtract <500 M sec.

Multiply < 10 Hsec.

Divide < 15 psec.
Memory

Access Time 1.0psec.



Notes:

a. Computer specification covering speed, capacity, word length, and power
should be finalized only after total computational tasks have been defined;
also required accuracy and operating periods.

b. It is assumed that during some periods, the computer can be shut off.

C. Power indicated is an average estimate made by evaluating Saturn, Apollo,
IBM4111 and micro-electronic 1224 computers. This estimate should decrease
at a future date.

4,2,6 Data, TLM And Communications Systems, The information collected by the
focusing x-ray telescope spacecraft will be furnished to the ground for use in scientific
studies. To avoid the risk of losing the information by storing the data and re-
trieving physically, a telemetry system is planned. Immediate results of the
measurements are then possible so that corrections or alterations in the operations
can be tried.

The types of information to be collected lends itself more readily to a digital

type data system. Therefore, a PCM telemetry system is considered for this
vehicle. A block diagram of the system and equipment list with sizing parameters
is shown in Figure 4-35.
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1
| TAPE
( MACHINE EQUIPMENT PARAMETERS
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P oc__ |in® | iBg| warrs
weavour 1! (e P ROGRAMN SIGNAL CONDITION -20° | 48 | 2 10
conTroL | ! |cENERATORM CONTROL ANALOG/DIGITIAL CONV [+65° | 32 | 2 6
\ INPUT SELECTOR " 32 |2 1
; DIGITAL FORMATER " 50 | 5 8
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‘ PRE-MOD PROCESSOR " 50 {2 [7.3-1.5
l X-MITTER & ANTENNA(2) " Ji92 | 6 20
MULTIPLIER n 48 | 2.5 5
PRE-MODUL FILTERS " 7 .5 1
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Figure 4-35. Data, TLM & Communications
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Assumptions for Data Collection:

Locating source and determing structural nature -

a, Maximum time 60 min. (1 min, minimum)
b. Image resolution to 1 arc sec.

C. One source in field

d. Maximum sourse size: 2 arc min,

e. Eight levels of intensity (3 data bits)

Measuring intensity vs. wavelength -

a. Bandwidth 2 & - 60 & (Possibly 3000 &)

b, Resolution 0. 25 K (240 band measurements)

C. Intensity levels (10© 5 x 104 counts) (14 bit word)

d. Ten bands per orbit (Slitless spectrometer)

e. Maximum time per band 150 min. (10 min. minimum)

Determining Polarization -
a. Maximum time per test 60 min, (5 min. minimum)

4.2.6.1 Data Handling Parametric Studies. First analysis indicated that the data
load for the x-ray astronomy telexcope could be rather large.

A calculation was made assuming the use of a memory tube of some type (such
as an Astracon) for accumulating the x-ray image and using a scanning

device to convert the image to a telemetry signal for storage and transmission
to ground stations. ’

A resolution of one sec, in a 30 min. field requires at least 1800 lines per frame
assuming 8 levels of intensity (3 bits).

Bits per frame = 3 x 1800 x 1800 = 9. 72 x 10° bits/frame.
A frame per min.

9.72 x 100 = 162 kbps
60
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Additional data such as: drift error, position coordinates and such, could increase
rate by possibly 10% or about 178 kbps.

Since ground coverage is limited to about 5 - 10 min. per orbit, it is necessary to
store data and transmit to ground station at an increased rate of approximately
90 = 18\-say 16 to 1.

5

The maxjmum data handling rate of magnetic tape machines is between 106 and
1.5x 10~ bits per sec. This is either by using a continuous data envelope on
one track or by using parallel digital on multiple tracks. The over-all difference
is not appreciable,

Record rate for a 16 to 1 speedup is 1.2 x lO6 = 75 x 103 bits per sec.
16

This is too low a rate for an image scan of once per min. Therefore, the data

load must be reduced or the storage capacity increased. The scan interval could

be reduced to once per 2.5 min. which reduces the data load so that one tape recorder
would record data for one orbit and playback during a six min, ground station
coverage,

Another solution would be touse 3 tape recorders to record sequentially and then
playback to ground station simultaneously. This method requires a wider trans-
mission bandwidth because of the larger data load.

Data Reduction - Methods can be used to reduce the data load when only a certain
part or parts of the image is of interest, It is necessary now to label the scan
positions of interest. When all points of the scan were sequential the points of
interest are positioned in time from the starting point., When unwanted points are
eliminated, the time pattern has discontinuties.

Because of the discontinuties of time, an additional 22 bits (for a resolution of 1800)
per point of image must be used. The field of interest must be less than 1/12
of the total field to effect a data saving (3 bit resolution). See Figure 4-36.

1 min. x 1 min. section = 86,4 K bits per frame; 37. 5:1 saving.

Considerable saving could be obtained by retaining only the slices of the image
containing the points of interest. In this case, only 11 additional bits are required
for each scan line having points of interest (0.2% increase in bits). Saving is
almost directly proportional to the slice width. (1 min. slice; 30:1 saving)

The data compression requires additional equipment, A buffer storage is required
to compress the data and generate an evenly time sequenced data rate, The data

must be arranged in a multiplexed format with the necessary information for retrieval
and reconstruction,
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Figure 4-36, Compressed Image Data

A device for recognizing the area of interest in the image field is necessary. This
analyzer determines whether the image point and its location should be retained.
The image point value (intensity) and its location must be held until the analyzer
makes a decision. If the decision is "yes", the values are transferred to the
buffer storage. The buffer storage accumulates the image information in digital
form for one frame scan. These values are transferred under control of multi-
plexer to the magnetic tape.

Locating Source and Mapping Structural Nature - Telescope is pointed within
+ 0.5 min. of source. Use star-tracker to determine error to+ 15 arc sec.
Image compensator used to correct image position to 1 arc sec, per sec.

An x-ray image intensifier tube (phospher plate) converts the x-ray photons to
visible light photons. An accumulator/storage tube will be used to integrate the
image for a period of time, A storage time of 45 to 60 min. may be desirable.
This probably can not be done with electronic scanned tubes because the smearing
degrades the resolution.
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Therefore, it may be necessary to scan the tube at short time intervals (25 or

30 sec. ) or use film as a collector. As calculated above, one full frame would

consist of about 9. 75 x 10" kilobits, Assuming a field of interest of about 2 arc

min. the data can be reduced to 650 kilobits per scan. With a scan every 30 sec.

for a 60 min. test, 650 x 103 bits x 60 min. = 7.8 x 10" bits per orbit would result.
0. 5 min,

Assumirg an average 6 min ground coverage, the playback rate is:

7.8 x 1()6 = 260 kilobits per sec.

The housekeeping data would not be recorded (or only at a very low rate) and would
be transmitted on a separate subcarrier while over a ground station.

An intensity monitor would be used to control the scan rate and the mapping time.
With high intensity, the scan rate would increase to prevent over -exposure and loss
of intensity (gray level) resolution. The high intensity sources would require less
time for mapping and, therefore, the data load would be maintained at a reasonable
level. The tape recorder capability would be increased or a buffer storage would
be used so that only one scan out of a number of scans (depending on intensity)
would be recorded.

If film was used, this same monitor would prevent saturation. With film, the image
would be collected for the time necessary to sensitize the film. A frame per sec.
would be necessary to map some sources. The exposure time would be recorded

on film and other data, such as position of telescope and image compensator, would
be recorded on tape for transmission.

At time of this flight, it will probably be feasible to use a satellite communications
network for continuous coverage. Therefore, the results will not depend upon the
reliability of the magnetic tape machine which is probably the weakest link in the
system.

Calibration of the image compensator will be required at regular intervals.

Measuring Intensity Vs, Wavelength - Measurements of spectral distribution

will be made with the slitless spectrometer, a focusing crystal (Bragg) spectrometer,
and a concave grating spectrometer. Only one type of measurement will be made

at a time,

The slitless spectrometer uses different gratings to cover the x-ray spectrum,

One grating will be used to cover the range from two to approximately 10 R, The
integration time varies according to the source strength and should be in the range
from 150 - 1000 min, For a source strength of 1. 8§ x 10° photon/sec,, the lock-on
time to obtain 0,025 & resolution in a 10 f spectrum would approach 10, 000 sec.
Since this integration time is greater than an orbit time, the x-ray source would be
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in a direction perpendicular to the plane of orbit, or else the spectral bar image
must be stored during occultation time. This also requires blocking out the imaging
equipment during occultation so that extraneous sources would not contribute to

the measurement.

Since it is difficult to store the electronic energy such a long periof of time, the
spectral image will be scanned at a short interval (5 min.) and the recreated image
will be integrated at a ground based station.

Computations for a 20, 000 line per cm grating shows a resolution of 0. 025 K and
an image size extending 4 cm on each side of a center point. For a spectral band
of 10 the image scan would require 400 lines per 4 cm or 10 lines per mm.
Therefore, the same scan resolution (20 lines per mm) used with the image
definition phase would suffice for the slitless spectrometer.

The image plane are of interest in the spectrometer test is greater in the vertical
direction than the image definition measurement, but only a thin strip of the horizontal
direction is required. Assuming a telescope stability of one arc min.,, a spectral
image strip one min. wide should recover the spectral intensity points, See

diagram:

A resolution of 20 lines per mm gives
1800 lines in vertical for the 30 min.
field which is somewhat greater than
the 8 cm required for the 0. 025
spectral resolution. In the horizontal
v direction, 60 points would cover the
1 min. area allowed for drift. The

Raster

/ Spectral image

£ WL N O

total number of image points would be
1! 60 x 1800 = 108, 000. When digitized
N — to 32 levels (5 bits), the data rate
o 307> would be 540, 000 bits per scan. The
(9 cm) additional data required to give coordin-

] ates, time, operating modes, etc.
Field probably requires a total rate of 600
kilobits per scan. For a scan rate of
once per min., the data rate would then
be 10 kilobits per sec. Allowing a speed up of 16 to 1 for playing back stored data
over a ground station the playback data rate would be 160 Kbps.

After completion of the 2 Rto10 ?&.measurement, a different grating will be installed
for the spectral measurement in the 10 Rew2s4 region.

Focusing Crystal Spectrometer Measurement - The grating and imaging electronics
are moved out of the focal point by rotating the turret and the crystal spectrometer
and pulse counter are positioned. Spectral lines of 0.1 A resolution will be measured
between 2 and 10 £ . These measurements will probably take from 10 to 150 min.,
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each using the electron counter to record the intensity over some time interval.
The data readout for these measurements could be controlled by the counter load
as well as time interval. For high intensities, the counter will fill fast and will
be read out before an overflow occurs. The time will be read out with each data
value, The data rate for this measurement will probably vary between 50 bits
and 50, 000 bits per sec. The rates are within the capability of the data system
required for the image definition phase,

Polarimeter Measurements - The polarimeter will be moved into position to

replace the spectrometers. . The polarimeter measures polarization in four directions
by using four separate pulse counters. The measurement time will probably be

long and the data rate low. The data system provided to handle the other measure-
ments will be capable of handling the data from these measurements.

4,2.6.2 Data Transmission. Using a data transmissiqgl rate of 260 kilobits
per sec. as determined above and bit error probability (Pe ) of one bit in 100 the
transmitter power requirements are obtained.

2

Assume Peb =1x10
EAN/B) = 4.3 db signed energy from

Peb = 1/2 [l - erf\/E/(N/B)] or from curves

Data rate R = 1 = 260 kbps
T
T = E/(N/B) - S/(N/B)
T=1x 10_3 =3.85x 10“6 sec.
T = 55. 85 db
S/(N/B) = 4.3 + 55. 85 = 60 db

Free-space loss (2000 mi. slant range)
LS = 32.45 + 20 log 2200 + 20 log 3200
32.45+ 66, 84 + 70. 10 = 169.39 db

Transmitter power of 10 watts
3 watts in sidebands
P =10 log 3000 = 34.77 dbm
Antenna gain = 0 db

Receiver noise level Sn = -186. 6 dbm/cps (40°K) -173.4 dbm/cycle KTB
Antenna G = 44.0db
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Miscellaneous loss 8 db
S/(N/B) = 35 + 44,00 + 175 - 8.00 = 76 dbm/cps

P +G_~KTB - Ls - Lm
s R

Operating margin = 76 - 60 = 16 db

4,2,6.3 Data Storage. For a 260 mi. orbit, the average transmission time to
a ground station is about 5 to 6 min. per orbit. Therefore, the data transmission
rate must have about a 16 to 1 increase over the acquisition rate to transmit the
data accumulated during a complete orbit. Previously, the transmission data rate
was deter mined to be approximately 260 Kbps. A magnetic tape machine could

be used to store the data during the uncovered part of orbit and playback when over
a ground station. The total storage capacity is about 8 million bits. This could be
handled by one tape machine, with a second machine as back-up.

Special Equipment - In compressing the amount of scan data, special equipment
will be necessary. A sensing device is needed to determine the intensity of an
area of the scan field. The device determines whether the point in the scan field
should be retained as data or should be discarded. Special multiplying equipment
may be necessary to rearrange the discontinuities in time sequence of retained
data values into a continuous time multiplex for transmission,

Timing Equipment - The timing system will be used as the basic clock for the data
handling system. It provides the synchronization signals, and will code and store
time information. The system will time-correlate stored data. The time generator
will be reset or up-dated by a command or time word sent on the command link.

4,2,7 X-Ray Telescope Scientific Instrumentation System. The telescope instru-
mentation is the primary mission equipment used to fulfill the scientific flight
objectives. The required measurements and performance goals are discussed in
Section 3. 0 This section summarizes the equipment in the same format as the vehicle
oriented subsystems. The simplified system block diagram and equipment physcial
specifications are shown by Figure 4-37. - All telescope instrumentation (except

some auxiliary electronics packages) is mounted on the image capsule turret

as each of the various measurements (imaging, spectrographic, and polarization)
must be performed at the telescope focal plane.

4.2.7.1 Imaging. With the turret position aligned to the imaging station and the
telescope pointed to an x-ray source within one arc min., x-ray photons are converted
to visible photons by an x-ray image intensifier tube. This tube consists of an

image screen, a phosphor screen coupled to a photocathode stageg and an electron
intensifier. See Figure 4-38. The tube also includes beam forming and focusing
elements. A beam positioning device will be used in the second stage for image
motion compensation using converted error signals from drift components detected

by the optical tel escope system.
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The output image of the image intensifier will be coupled to a vidicon storage tube
since long integration times of 10 to 30 min. can not be accomplished with the
image intensifier. The image will be read into the storage tube with a fast scan
(one per sec.) and the readout will take place as necessary, or upon reaching
maximum memory (one per min. to one per 30 min.). The scan rate may be
controlled by an intensity monitor.

The actual source images of interest will be much less than the x-ray telescope
field of view and the amount of data required to telemeter an image will, therefore,
be reduced considerably by making the output image a small part of the telescope
field or by telemetering only those elements that registered incoming photons.,

4,2,7.2 Spectroscopy. The slitless spectrometer uses the same image intensifier
as used for imaging. The image motion compensator may be turned off. The
vidicon and/or storage tube will record the spectral line image. The total image
would be 0. 5 cm on each side of center or a total of 1 cm. The image size will be
adjusted to fit the imaging screen.

Another turret position will move a focusing crystal spectrometer instrument into
alignment with the x~ray telescope. A collimating slit must be placed at the focal
point. One or more crystals will be used behind the slit to focus x-ray energy

of a particular range on to detectors. Only one spectral line at a time can be
registered for any one crystal, Different lines are obtained by rotating the
crystal, or moving the detectors, or both,

Another turret position will move the concave grating spectrometer instrumentation
into alignment with the x-ray telescope. A collimating slit is located at the focal
point and the concave types diffraction grating would occupy a space relatively far
behind the slit. The diffracted spectral lines will be registered on a long bent surface
or on counters.

4.2.7.3 Polarimetry. The turret position containing the polarimeter instrumenta-
tion will have a collimating slit at the focal point; a scattering crystal, and perhaps
proportional counters on the four lateral sides. A light element crystal will be
used to scatter the incoming photons in differing directions depending on their
polarization. This instrument can be largely frequency-independent and, therefore,
one crystal can be used for the entire bandwidth to be investigated.

4.2.8 Attitude Control System., The attitude control system selected for the x-ray
telescope utilizes inertia wheels for precision pointing control during source
observations. Hydrogen peroxide jets unload the wheels and correct for aerodynamic
drag velocity loss. There is a separate open loop Ny system which will be used to
stabilize the vehicle for docking should the primary ACS system fail. Pointing
specifications require star trackers for the attitude sensors. The integrated sensor
instrumentation and computer system (navigation) are discussed in Section 4. 2. 5.
The attitude control system as designed satisfies the mission design criteria and
performs all operational functions.
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With respect to reliability, the weakestlink is the inertia wheel system, further
reliability studies may indicate the desirability of providing a redundant set.

The total weight of the 2 year attitude control system, including the actuator system
and the navigation system, will be 570 1b, and the navigation system 191 1b.

4,2,8.1 Functions and Specifications. The vehicle attitude control pointing ac-
curacy specifications are + 0. 5 arc_min. and + 1.0 arc sec. per sec. drift rate.
One arc sec. per sec. is 4, 83 x 10 ~ radians per sec. The jitter specifications are
+ 1.0 arc sec. Jitter refers to the vehicle non rigid characteristics, which include
structural vibrations, load deformations, and thermal distortions.

Attitude control of a rigid body satellite is sensor limited, assuming no detrimental
restrictions on actuator selection. Since the pointing specifications are well within
the capability of state-of-the-art sensors, and the actuators are adequate, there is
no problem in meeting the desired specifications. The ACS predesign involves
many considerations and trade -offs.

Long term orbital reliability is a questionable area on any new system comprised
of part or all new components. However, the risks of obtaining the long mission
durations can be considerably reduced with man in the system to effect emergency
procedures and make repairs. The proposed telescope design includes an emergency
back-up ACS system which would be controlled visually by a rendezvousing CSM
crew bypassing the telescope inertial reference system. The back-up ACS uses
highly reliable cold Ny gas for fuel and is capable of stabilizing the telescope to
permit the CSM to dock in the event of a primary ACS failure which resulted in
high vehicle tumbling rates. The back-up system is only required if both the HyOg
coarse jet system and the fine inertia wheel system fail, or the inertial reference
system fails to provide the proper stabilization signals.

Structural vibrations are examined in Section 5. 1. 4 and it is shown that the jitter
specifications are met.

The attitude control system maneuvers the telescope to a source, and locks on. It
then limits cycles about the source, maintaining the desired tolerance of + 0. 5 arc
min. while correcting for the environment disturbances. Aerodynamic drag causes
significant orbital velocity losses at 260 n. mi., and the attitude control system

is required to correct for this loss,

There is no exact specification on orbit trajectory. Therefore, the ACS does not

have to provide velocity corrections (except for drag loss), small vehicle velocity
changes due to attitude control operations will not degrade the mission.
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The impulse functions which the actuation devices must provide include:

a, Environmental disturbances
b. Manuevering

c.  Limit cycle operation

d. Drag velocity loss correction

e. Back-up ACS for docking

These functions necessitate control of three axes rotation and capability of introduc-
ing a linear velocity change in the desired direction.

4.2.8.2 Selected System Concept, The selected system uses HyO9 jets and inertia
wheels to provide coarse and fine attitude control. Drag velocity correction is
provided by a single H,O, jet. Star trackers are the sensors. A simple back-up
ACS for docking uses Igl propellant, The considerations involved in these selections
are now discussed. See Figure 4-39.
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Figure 4-39. Attitude Control System
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The ACS actuators are selected for the nominal mission, which has a source lock-on
for one orbit, no thermal blanket, and a 1975 launch. Maximum vehicle surface

area would be increased by 250% if a complete thermal blanket is introduced into

the design. Atmospheric density varies with solar conditions, the density is minimum
in the year 1975. Maximum air density at 260 n. mi. is twenty times greater than

the minimum.

The attitude control actuator selection is dominated by two conflicting requirements.
The close pointing specifications dictate small rotational torques, while the total
mission impulse is large, due principally to the environmental gravity gradient
torque and long mission time, '

The usual micro thrusters would meet the pointing specifications, but the total
propellant weight would be high, Electric propulsion microthrusters, which have
low propellant consumption, were not considered because they are still in the
development phase. The momentum storage devices are required to satisfy the
pointing specifications and are state-of-the-art, additionally, they conserve
propellant since a substantial portion of the rotational impulse requirements are
cyclic. Jet reliability is improved by decreasing jet operation frequency. Therefore,
momentum storage devices are selected to control the vehicle during source lock -on.
Since the position specification is + 0. 5 arc min., only one set is required.

The OAO position specification is on the order of arc sec, much more severe than
the x-ray telescope; this required both coarse and fine wheels which are not neces-
sary here.

Jets provide rotational control about all three axes, their primary use being
momentum device unloading since the jets are not fired during source lock-on.
There are four groups of three jets each, each group having a single propellant
tank.

The vehicle will rotate to point the drag velocity thruster in the direction required
for the correction.

The system sizing of the momentum storage devices were determined for the
environment disturbances compensation, maneuvering, and limit cycle operation
functions,

Significant environmental disturbances are gravity gradient and aerodynamic
drag, the maximum torques are 0. 0403 and 0. 000343 ft-lbs., respectively.

In limit cycle operation, one must ensure that the momentum device can meet the
specifications. A conservative estimate of the minimum momentum change is

one ~thousandth of the rated capacity. This is 0. 084 ft, -1b. -sec., and the corres-
ponding velocity change is 3.28 x 107" radian per sec. This conservative estimate
of velocity error is slightly less than the specification., The time elapsed in
drifting through the position pointing specification at this velocity would be 89 sec.
Therefore, the limit cycle operation will be within the pointing specifications.
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For a one orbit inertial hold (i.e., source lock-on), the momentum storage devices
must provide capacities of 36. 6 ft-lb-sec in pitch and 76. 3 ft-lb-sec in yaw due

to gravity gradient. They must provide 0. 6 ft-lb-sec in either pitch or yaw due

to drag. Roll torque and momentum capacity will be smaller.

Maneuvering to new sources is assumed to be at a velocity of one radian per hour,
requiring a momentum capacity of 7.2 ft-lb-sec in both pitch and yaw. The torque
must be 0, 12 ft-1b in order for the manuevering momentum exchange to occur in
sixty sec. |

The requirements of the momentum device is shown below, Since the vehicle is
symmetric, a device may at any given time be controlling either the pitch channel
or the yaw channel, the roll requirements are smaller. It would take 525 sec. for
the capacity to be exchanged using the required torque. It may be desirable to
“specify a high torque to shorten this time.

Momentum Device, Pitch/Yaw

Momentum Torque
ft-lb-sec lb-sec
76.3  (gravity gradient) 0. 0403
0.6 (aerodynamic drag) 0. 0003
7.1 (maneuvering) 0. 12
Total 84.0 0.16

These requirements are best supplied by inertia reaction wheels, Control moment
gyros are more efficient for larger momentum requirements, The physical character -
istics of the inertia wheels are listed below:

Inertia Wheel Characteristics

Roll Pitch or Yaw (each wheel)
Momentum, ft-lb-sec 10. 84.
Torque, ft-lb 0. 02 0. 16
Weight, 1b. 25. 80.
Maximum Power, watts 35. 150
Average Power, watts 3.5 15.

The attitude control impulse requirements are determined as follows. Since the
nominal vehicle operation is in inertial hold, the aerodynamic torque is largely
cyclic. The pitch gravity gradient is cyclic and the yaw gravity gradient is a

steady bias. It is assumed that the average yaw torque is 0. 707 of maximum and 50%
is included for roll, other motions, and contingencies. Thus, the jets must supply
4.44 x 10° ft-lb-sec each year, and noting that the arm is 19 ft., this is 2, 34 x 10
lb-sec each year.



The aerodynamic drag results in an impulse of 2170 lb-sec each year. If uncorrected,
the satellite velocity loss would be 38, 8 ft/sec each year and the orbit altitude would
decrease more than 10 n. mi. Thus, for the nominal mission, about 10% of the
impulse requirement is required for drag correction.

The weight of the system which meets these requirements is highly dependent on the
propellant selection and the mission duration. Propellants evaluated were N, and
HZO .

2

The system weight vs, time is shown on Figure 4-40. The nominal SIB payload
capacity is 6700 1b,, and the satellite weight, excluding the attitude control system,
is 21251b. Either propellant will result in a total satellite weight within the payload
capability. However, the use of N, substantially decreases the weight available

for additional payloads. The effects of resupply on over-all weight is observable
from the Figure,
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Propellant weight is increased for launch years past 1975, for which the air density
will be higher, the weight advantages of HyO9 are more striking for later launches.

Hydrogen peroxide is selected as the propellant on the basis of these weight con-
siderations. The thrust level of the jets is 0. 5 lb. for the twelve used for attitude
control and 10 1b. for the single jet used for velocity correction.

The jet reliability is subject to the following facts. Since valves are the dominant
failure cause, each jet will have redundant valves and a selector to increase re-
liability and prevent catastrophic valve open failures. The reliability of this
particular vehicle is greatly enhanced by the absence of restrictive velocity
specifications. Consequently, if one of the two jets providing a couple fails, the
vehicle can still be rotated and the associated velocity change is not catastrophic.
The major use of the attitude control jets is wheel unloading., A jet pair will,
therefore, be operated several hundred times a year. Failure of the drag correction
jet would result in orbital altitude decrease. This jet will be operated perhaps

ten times a year,

~ The back-up attitude control which stabilizes the vehicle for docking is a minimal
system consisting of No jets and an RF receiver., When the CSM approaches the
tumbling vehicle, the crew will control the back-up system open loop, using visual
observations.

The attitude control actuator system shown in the table below is for a one year
mission. Section 5. 3 lists the ACS weight for the nominal 2-year resupply mission.

Attitude Control Actuator System, One-Year Resupply

Function Hardware Weight(lb. )
Attitude Control Twleve jets in four groups of three,

Hp0,, T = 0.5 lbs. 171
Attitude Control Three inertia wheels, P/y 84 ft-lb-sec,

0. 16 ft-1b, Roll 10 ft-lb-sec, 185

0.02 ft-1b.
Drag Velocity Correction One jet, HyO,y, T = 101b. 16
Back-up ACS for Docking Six jets, N2, T = 0.51b. 20

Total Weight 392

Operational conditions other than nominal will be briefly discussed, noting their
effects on the actuator selection. These conditions are: different launch years,
use of thermal blanket, and source lock-on for five hours, Nominal one orbit
lock-on is 90 minutes. The launch year and blanket conditions can increase
aerodynamic drag and torque up to a factor of 50. The changes in wheel capacity
will be an increase of up to 30 ft-lb-sec, but does not constitute a problem. The
effects on drag velocity correction have already been discussed.
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A cursory analysis of the effects of increasing vehicle lock -on time capability
from the 90 minute design proposed to 5 hours resulted in the following conclusions
(assuming source occultation is by proper source selection):

1. The pitch and yaw momentum capacity must be increased from 84 to 336
ft-lb-sec.

2, The roll momentum capacity must be increased from 10 to 40 lt-lb-sec.

3. The ACS system weight will increase approximately 205 lb.

4, The electrical power required will increase forcing a solar panel size/weight
increase.

S. The pitch and yaw wheels increase in diameter from 21 in, to 28 in.

6. The image capsule diameter incfeased from 54 in. to 64 in. which increased

shadowing and decreases astronaut access to interior.

7. The larger pitch and yaw momentum requirements may dictate a shift to
control moment gyros for optimum performance.
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SECTION 5
ANALYSIS

5.1 DYNAMICS, The dynamic behavior of .the designed structure is satisfactory.

The deflections of the lens and the structure assembly are within tolerance. Separation
and deployment are simple controllable operations for this vehicle and no problems are
anticipated,

The practice of using very conservative analytical techniques to bound magnitudes of
dynamic response has been used extensively in this study. This approach is particu-
larly desirable when configurations are only defined to the feasibility demonstration
level. As the design details become more firmly established; it will be appropriate
to use more exact analysis tools. Rigid body mass parameters, control system char-
acteristics and elastic response and structural feedback should all be integrated into a
detailed mathematical simulation. In support of this simulation and loads evaluation,
it will be necessary to compute the three dimensional model properties.

Docking, separation and deployment loading can be determined using model response
methods; however, the complexity of the docking probe-drogue mechanism interaction
makes the ultimate use of a hybrid (i.e., docking hardware coupled to simulated
vehicles) simulation desirable. Limits on pointing and tracking performance can be
established from a combination of simulation amd model response analysis.

5.1.1 DOCKING., The dynamic analysis of initial dock-
ing drogue support truss requires shock attenuation
additions. The necessary change in stiffness is feasible
and can be introduced in redesign. Orbital docking
dynamics will then be satisfactory by a wide margin.
Initial docking occurs while the telescope is attached + r/
to the SLA and SIVB. Prior to contact, the CSM at M;

mass Mj has a velocity of Vj, relative to the tele-
scope, SLA and SIVB which are mass Mg. From con- A
servation of linear momentum, MjF; = (M1 + M) V2. K

The energy cha121 will be AE = 1/2 (M1V;2) - 1/2 \'“@(

[(Ml + Mg) Vo gr Using the momentum relation: SI=Em—

(1/2) M2V, 2 My
AE = (1/2)M;V;2 - =
M]. + MZ
2
- WMV [ —
1+ o
My
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The minus sign indicates an energy loss which must ultimately be dissipated in the
docked assemblage of structures.

The docking mechanism will absorb some part of this energy prior to latching, but
the remainder will appear for a time as strain energy in the telescope truss structure.
i the docking mechanism has reduced the initial velocity by some AV at latching, the
equation for AE is still valid except that V) is now the original V; minus AV and the
truss structure will be stressed by some load L1 as an initial condition.

Assuming a spring constant for the structure of K, the change in stored energy due
to a deflection X is:

PE = L;X + (1/2) KX2 which is also equal to AE.

The total load will be LT = Lj; + KX. Solving the enérgy expression for X and sub-
stituting into the expression for L yields:

M
- 1
Ly * \ﬁ12+v121<(1+ - 2)

This expression is used to obtain the parameter Vlz K as a function of the initial load
L1. The limit load value, L, is 3000 Ib., M; is 685 slugs, and M2 is 800 slugs.
The relationship is shown in Figure 5-1.

30,000 |

20,000 1
LT = 3000 1b,
M, = 685 slugs

v’k 1 &

M, = 800 slugs

10,000 T

0 + ) ‘ !

0 1000 2000 3000

L ~1b,

Figure 5-1. Parameter (V12 K) Versus Lj, Initial Load
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The maximum possible value of V,; which would not cause damage is obtained. It will
be associated with zero initial load, for which V12 K is 24,500, The value of K for
the original beryllium structure as designed is 52.3 x 10° 1b/ft, restricting Vi to

0. 069 ft/sec.

The velocity subsequent to latching is expected to be as high as 0. 15 ft/sec, and the
initial load will be greater than zero. Therefore, the current design will fail in
initial docking.

Damage will be prevented by reducing the structural stiffness to more efficiently
absorb the energy. Determination of the redesign is obtained from the Figure

using conditions of 0. 15 ft/sec for Vj and 2000 1b for Lj. This results in K = 6.0 x
10° 1b per ft, which is a factor of approximately 2.5 below the current titanium design.

This reduction in stiffness could be achieved via a general reduction in the satellite
stiffness, if such a change did not compromise other areas of performance. The area
which is most likely to be degraded to unacceptable level is dynamic vibration with
respect to the jitter specification. This is investigated in Section 5.1.4.2, and a
conservative estimate yielded a safety factor of four. The proposed approach is to
provide local reductions in stiffness at the docking drogue support truss. It is clearly
feasible to obtain the necessary changes.

The orbital docking loads will be considerably less than for initial docking because the
satellite is not restrained by the SLA and SIVB. Consequently, once the initial docking
dynamics are acceptable, orbital docking loads may be neglected.

5.1.2 Separation. The satellite will be separated from the SIVB by the CSM. This
procedure provides positive human control for the separation operation, which should
eliminate the possibility of problems. Therefore, satellite separation is not an
operation posing design feasibility questions.

5.1.3 Deployment. Deployment of this vehicle entails two simple operations. The
solar panel arrays and ACS support boom assemblies are extended and the vehicle
is expanded to its full length. No problems are anticipated.

5.1.4 Structural Dynamics. The dynamic response of the lens and of the structure
assembly are of primary concern in operating within the design criteria. Examination
of the operation uses simple conservative analyses to estimate upper bounds on the
dynamic motion., These estimated motions-are smaller than the requirements.

The solar panels and the ACS support boom assembly will be required to have enough
strength to preclude coupling problems. Since the jets will not be fired during source
observations, no difficulties are anticipated.

5.1.4.1 Lens. To bound the vibration response of the x-ray lens elements to control
perturbations, simplifying, but conservative assumptions, have been made:

a. The element is, for small vibration amplitudes, unrestrained by the edge
support system,

b. Any loads are reacted into the element in a manner which will excite maximum
response.
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The outermost cylinder of the lens assembly was selected for analysis since it will
have the largest response to an impulsive disturbance. A close approximation to the
first radial vibration mode of a cylinder is the deformation shape assumed under static
point loading: The deformation is distributed around the cylinder according to Scos 2.

3
From shell theory: &= j]j-sl;-i—-

3
D:- —@m@
12 (1-72)

)
"

load 1b.

a = radius = 15.0in

1 = cylinder half length = 15,0 in.

E = Young's Modulus = 42,0 x 100 1n/in2
h = thickness = 0.18 in.

Y = Poisson's ratio

The force P moves through the distance 23. Thence, the equivalent spring constant
at the point of load application is K = P/28 or 667 1b/in.

For a mode of the prescribed shape the equivalent mass M (considering a unit deflec-
tion at the load point) is 0.5 of the actual mass. From the equivalent or generalized
spring rate and mass the frequency of vibration is £ = 1/27,/K/M = 38 cps.

If a step input of load is assumed, the total response of the element will be 7 =
2.08 or 2.0 P/K. The load P is due to inertia reaction to the lateral component of
acceleration experienced as the satellite undergoes rotational acceleration. (i.e.,
o = 6 mass of element/K, or

17 1b.Y S
5% 386.4x 667 o/~ 0T,

x 10-6 it follows that ¥ < .075 in/sec? or that with
2.9 x 10™* rad/sec2,

(X3

Since it is required that § < 5.0
an arm to the cg of 260 in., o <

Using a moment of inértia of 25,6 x 108 slug ft2 the step torque permitted is less than
88 in. 1b., however, the maximum inertia wheel torque will be 1.8 in. 1b.

It is concluded then that vibratory response of the x-ray lens elements will be well
below the allowable 5.0 x 107" inches.
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5.1.4.2 Structure Assembly. As with the lens element analysis the procedure
followed is intended to bound the response rather than to define it in detail by a more
rigorous mathematical model. The anticipated vibration mode shape and frequency is
the free-free satellite mode. A cantilever mode will have lower natural frequency and
display larger responses to disturbances, thus, yielding conservative results.

The structure was assumed cantilevered with the heavier lens capsule end mass free
and the truss structure mass distributed uniformly along the satellite length, this is a
valid assumption since the remaining mass is almost entirely located within the image
capsule (fixed end).

From a detailed structural analysis of the beryllium satellite frame, it was determined
that the cantilevered truss had a bending stiffness, as measured at its end, of 2,34 x
104 1h/ft. A generalized mass of 24,3 slugs was computed for a unit deflection at the
free end giving rise to a frequency of 15.6 cps. The free-free configuration will have
a frequency of 20 to 25 cps. This relative proximity of the satellite first mode fre-
quency and the lens element frequency (38 cps) implies that some amplification factor,
greater than 1, but less than 2, should be used in computing lens element response to
control torques. Two disturbance sources have been considered:

a. Two (0.5) lb.reaction motors firing as a pair to create a pure couple.
b, Inertia wheels torquing at a maximum of 0. 16 ft-1b,

In the first case the motors act on a 19,0 ft.arm to produce a torque of 2 x 0.5 x 19 =
19 ft-1b. This level of torque will induce an end to end vibratory angular deflection of
1,03 x 10-4° (using an amplification factor of 2.0). The comparable deflection for
the second case is 8.67 x 1077, These results are 0.371 and 0. 00312 arc seconds
respectively.

Comparisons of these values with the jitter specification requiring amplitudes less
than 1 arc sec.clearly indicate the dynamic response of the structure is satisfactory.

5.2 THERMODYNAMICS. The influence of the orbital thermal environment was
investigated for the major assemblies of the x-ray telescope; structure, lens and
image capsule. Temperature transients resulting from passage through the earth's
shadow and spacecraft re-orientation affects the design of each of these assemblies,
while non-uniform heating primarily affects the structure and lens designs.

Orbital Environment. Transient heating in the 260 n. mi. altitude circular orbit
primarily depends on the percent of exposure to the sun. Initial studies were made
on the basis of a 50° inclination which was later changed to 28.5° inclination. The
lower inclination angle results in a maximum sun exposure of about 81%. This change
would effect only the image capsule analysis and would result in reduced louver area.
This percent is a function of the angle between the earth-sun vector and orbit plane.
For the 50° inclination, this angle,, can be between 0° and 73.5° (inclination angle
plus angle between earth's equator and ecliptic plane) depending on the time of year
and the right ascension of the ascending node. The minimum percent sun occurs at
0° angle between earth-sun vector and orbit plane and is computed to be about 62%.

The minimum angle 7 at which 100% sun exposure occurs is computed to be 68, 5°
which is less than the maximum possible of 73. 5°, Thus, the 100% sun condition can
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occur for 50° inclination at least twice a year and sometimes 3 or 4 times a year,
depending on the right ascension of the ascending node.

Yearly average heatmg rates can be obtained from the above orbltal conditions and
are: solar, Qg = 442.4 BTU/ft2 hr; albedo, Q 57 BTU/ft2 hr. (based on a reflect-
ance of 0.4); and earth thermal, QT = 66.4 BTU/ft hr., In early July, solar and
albedo heat rates are about 3, 5% less, and in early January about 3. 3% more than

~ the average values.

The heat balance on the spacecraft depends on both the geometric factor between the
vehicle surface and the radiant heat source, and on the thermal radiation properties
- of the surface. In the following analysis of the thermal behavior of the major space-
craft assemblies, limiting cases have been studied to establish extremes of orbital
environment to which they will be exposed.

5.2.1 Structure,

Tubular Structure. The spacecraft structure is composed of tubular elements
joined to provide a framework to which the other assemblies may be attached.
Radiation heating of these members will caus€ both a temperature gradient to be
established across the diameter of the tube and an increase in the average tube
temperature, The gradient results in non-uniform expansion of the leading face and
the trailing face and, thus, thermal distortion, i.e. bending. An increase in average
temperature results in a finite lengthening of the members which causes deflection

of the structure as a unit,

Temperature gradients and temperatures can be controlled by the choice of materials
and the choice of thermal radiation properties for the surface. They are calculated

by

D2
AThax © Tk~ %s s
where
ATy 5x = diametrical temperature gradient
D = tube diameter
t = material thickness
k = material thermal conductivity
as = surface solar absorptance
Is = solar constant, 442.4 BTU/ft. 2 hr.

This formula is based on the tube axis at 90° to the spacecraft-sun vector and that
the albedo and earth thermal can be neglected. In most cases consideration of
albedo and earth thermal radiation would be in opposition to the solar heating and
result in lower gradients, Only beyond 90° past the sub-solar point is this not true.
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However, in this region the albedo becomes zero and the thermal is small, growing
to a maximum of about 20 BTU/ft. 2 hr. before the spacecraft enters the umbra.

Temperature gradients were calculated for aluminum and beryllium tubes varying the
wall thickness and the surface treatment. Figures 5-2 and 5-3 show the results.
Silver plating reduces the gradient by about three times contrasted to white paint.
Decreasing the tube diameter from 3.5 in. to 2,0 in. yields another factor of about

3 reduction in gradient. Since the gradient is an inverse function of the wall thickness,
diminishing benefits are quickly reached,

Typical deflections resulting from the thermal gradients were computed for a 2 in.
diameter tube, for various lengths assuming a wall thickness of 0.02 inc. The

governing equation is

6 - Elz AT
2D
where
& = tip deflection { = member length

€ coefficient of thermal expansion
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This formula assumes that the member is unrestrained and, thus, able to deflect
freely. The unrestrained values are approximately 5 times greater than actual

since the truss members have fixed ends. Figure 5-4 gives the computed values

for aluminum and beryllium solid tubes and for copper-invar wire mesh tube having
no seam and the properties shown. Although, about one order of magnitude improve-
ment results when the mesh is used, it cannot be considered structurally adequate
for this application until detailed analyses of EVA loads are evaluated for mesh tubes.
The variation of deflection with member diameter is given in Figure 5-5,

Since the structural members are not aligned each one will be oriented at a different
attitude with respect to the sun. The effect of other orientations on the temperature
gradient was evaluated by assuming that as the solar angle decreased from 90° the
projected area exposed to earth thermal radiation increased until the full value of
66 BTU/ft. 2 hr. was reached when the solar angle became 0°, Furthermore, it
was assumed that these fluxes were both incident on the same face of the tube and
additive; this could occur at an orbital position 90° away from the subsolar point.
The gradient variation computed is shown in Figure 5-6, Corresponding average
tube temperatures are given in Figure 5-7 and were calculated by assuming that the
actual temperature gradient was small, The apparent benefit of white paint in
minimizing both the gradient variation and temperature variation is a consequence
of this particular orbital position and tube orientation. In the earth's shadow the
white paint causes larger gradients and a greater variation with angle than would
the silver plate. At the subsolar point the white paint could again provide benefits
in minimizing the temperature gradient variation. A transient heating analysis
incorporating a variety of orientations with respect to the sun and earth would be
necessary to compare the performance of different surface treatments and provide
criteria for thermal radiation property selection.

Time required to warm-up a tubular member upon emerging from the earth's shadow
and time to cool-down upon entering the shadow were calculated. A 2.5 in. diameter
beryllium tube painted white was used in the analysis. Temperature just prior to
emerging from the shadow was computed to be 321°R. The orientation was taken to
be a solar angle of 90° when exposed to the sunlight, thus resulting in the largest
heating rates and the longest warm-up time. For this condition the calculated time
is 7.37 min.,

The reverse of this condition was taken for calculation of the cool-down time. For
this case the initial temperature was 470°R upon entering the earth's shadow. The
continually reducing radiation heat loss with reduced tube temperature results in a
long cool-down time of about 24.3 min. This is shorter than the maximum shadow
time of about 33 min., and complete cool-down can result.

Shell Structure. An alternate structure design consisting of closed conical shells
was studied to evaluate the maximum temperature gradient across the diameter.

As with the individual tubes, the maximum gradient would occur when the space-
craft axis was 90° to the sun-spacecraft vector and 0° to the earth-spacecraft vector.

For this analysis, the opposing surfaces of the shell were idealized as finite flat.
plates having a radiation interchange factor of 0.2, Radiation heat transfer is the
only significant mode due to the long high resistance conduction path through the
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shell. The inside surfaces were considered painted black having an emittance of
0.97. Two different surface treatments were considered for the exterior: polished
aluminum (ag = 0.245 and € = 0,05) and white paint (g = 0.186 and € = 0,92),
Resulting steady state temperatures and temperature gradients are shown below.

Shell Structure Temperatures

Solar Angle = 900

Black Paint Interior

Surface Treatment Sunlig1_1t Side Shade Side AT
Polished Aluminum 913°R 862°R 51°R
White Paint 456°R 296°R 160°R

5.2.2 Lens. The lens assembly is sensitive to thermal distortion effecting segment
radius growth, circularity, and concentricity., Each of these possible effects derive
from temperature gradients along or around the lens segment or temperature excur-
sions which cause temperature differences between segments, Thermal control of
the lens assembly is required to do the following:

a. Reduce temperature gradients,

b. Reduce temperature excursions between illuminated and dark portions
of the shadowed oxbit.

C. Maintain fairly constant temperature as orbital heating rates change from
62% sun to 100% sun condition., .

Items a.and b.can be accomplished with external insulation which is in turn covered

by a shield having appropriate surface treatment and thermal capacity. In addition,
the internal components must be thermally coupled by affording high conduction and
radiation heat transfer paths. High conductivity material (copper, aluminum,

tungsten, beryllium) should be used to minimize temperature gradients, An

estimate of insulation requirements was made by calculating the relative heat

transfer through the insulation compared to heat transfer within an internal

cylindrical aluminum structural housing.” A multi-layered aluminized mylar
insulation, Superfloc, developed by Convair for space applications was considered

due to its extremely low apparent thermal conductivity, k 8 2,6 x 10~ BTU/ft. -hr-©R.

The heat transfer comparison was made by calculating the thermal resistance to heat
being admitted through the insulation and a similar thermal resistance to heat transfer
along the aluminum structure, For side heating, the projected area of the insulation
was used to calculate its thermal resistance while the thickness was varied., This
was compared to circumferential conduction within the structure using one-fourth

the circumference as the conduction path while varying the thickness., For end
heating, similar calculations were made using the lens cylinder end area and the
complete cylinder length,

The insulation thermal resistance was set at 100 times that of the structure thermal
resistance, and corresponding insulation and structure thicknesses were computed.
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Figure 5-8 shows the results, This data means that for each 100 hundred degree
temperature gradient through the insulation, for a given thickness, there will be only
1° temperature gradient through the structure, at the corresponding thickness.

The maximum anticipated AT which may be imposed on the insulation can be obtained
by comparing the maximum steady state surface temperatures when in the sun to
those in the shade. These are given in below for both white paint and polished alumi-
num,

Maximum Steady State
Surface Temperatures

In Sun In Shade AT
White Paint  470°R 292°R 178°R
Aluminum  1060°R 659°R 400°R

This indicates the advantage of using low o /e coatings, such as white paint, to
minimize the temperature excursions. Applying this gradient, AT = 178°R, with
Flgure 5-8 the insulation thickness necessary to limit gradients within the structure
to 1° can be computed. If the structure were 0,02 thick, then about 1.9 in. would be
required for the side and about 0.5 in. on the ends.

The use of Superfloc insulation may also be effective in controlling the absolute tem-
perature of the lens assembly within close limits., Initial calculations show that the
total heat loss through the insulation while in the shade is less than 1 BTU/hr., based
on the insulation thicknesses, structure thickness and temperature gradients given
above. This could result in only a few degrees temperature change of the lens
assembly., A detailed thermal analysis employing transient calculation techniques,
internal radiation/conduction heat transfer and including losses through insulation
penetrations and structure attachment points needs to be done before a completely
passive thermal control system can be evaluated. If resulting temperature extremes
are too great using just insula-

tion and surface coatings, then

active COntrOl SyStemS Such as INSULATION: SUPERFLOC, K = 2,6 X 10~ d B/FT HROR

HOUSING: ALUMINUM, K = 71 B/FT HROR
heaters or louvers would have

. CONDITION : INSULATION THERMAL RESISTANCE * 100 X STRUCTURE THERMAL
to be considered. RESISTANCE

INSULATION STRUCTURE

5.2.3 Image Capsule. Inci-
dent heating throughout the
orbit was evaluated for 4.5 ft.
diameter, 4.0 ft. length image
capsule cylinder. This was
done by applying the average
yearly heat rates of solar,
albedo and earth thermal in
combination with geometric
factors for the convex portion 1.01
and the ends. In addition, it

was assumed that no significant
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craft. Both the hottest case,
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Figure 5-8, Insulation of Lens Assembly
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100% sun, and the coldest case, maximum shadow, were calculated and are shown
in Figure 5-9 and 5-10, respectively.
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Figure 5-10. Incident Heat Flux to Image Capsule - Maximum Shadow

Variation of the total incident albedo and thermal radiation with orientation was

for a cylinder of L/D = 0,9 at 260 n. mi. altitude. An appreciable orienta-
tion effect was obtained for the total incident solar radiation as shown. Orbital
average heating conditions were calculated for these cases and are given below.
Heating for the maximum sun exposure of 81% with a 28. 59 inclination will be about
25% lower then the 100% exposure hot case,

5-13



Average Orbital Heating of
Image Capsule

Hottest Case Coldest Case
Incident Solar 10, 500 BTU/hr. 4, 360 BTU/hr.
Incident Thermal 1, 880 1,880
Incident Albedo 606 1,570

By using the average orbital heating, the average image capsule temperature was
calculated for a range of ag/e values and is shown in Figure 5-11. These results are
based on no-power dissipation since the power level was not precisely

known. Internal power dissipation slightly increases the temperature level and
reduces the temperature excursions, Typical examples are shown below.

Image Capsule Average Temperature With
Power Dissipated

Hot Case Cold Case
100 Watts 175 Watts 100 Watts 175 Watts
o /e 0.75 0.75 1.07 1.07
Tave 63°F 72°F 45°F 21°F
AT due to power  13°F 22°F 59°F 35°F

To limit temperature excursions during passage through the earth's shadow, surface
coatings with a very low emittance, €, are required. Polished aluminum has a lowe
(0. 045) but the ag/e ratio is too high (5.45) to minimize the temperature excursions
between the hot case and the cold case. A lower value of ag/e ratio may be obtained
with only a small variation in the percent of polished aluminum used, as shown in

Figure 5-12.
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Maintenance of internal equipment case temperatures of 70°F * 5° may be difficult
to achieve depending on individual component sizes and power dissipations. The 15°F
is not presently required by the equipment considered, As previously shown the
average temperatures could be designed for 70°F +45° with no active thermal control
system. Anagg of about 1,10 would be required for this case and could be obtained
with about 80% polished aluminum and 20% white paint,

An active system using heaters does not appear practical for this application. With

this system, the hot, 100% sun, case would require an ag/e of about 0.95 to limit the
average orbital temperature to 75°F, During the cold case, heater power on the

order of about 350 watts would be necessary to maintain the average orbital temperature
at the operating range. '

The use of louvers to control temperatures appears feasible. An agfe of about 1.6
would maintain an orbital average temperature of about 65°F during the cold case,
This would be obtained with 88% polished aluminum on the image capsule surface.
Additional heat rejection is required for the hot case and an ag/ ratio of about 0.95
is again necessary. This can be obtained with a louver coverage of about 30%, i.e.

27 sq. ft. The louver area could be decreased if non-operating temperatures were
allowed to exceed 75°F and if operation of the spacecraft were limited to orbits having
a maximum of 81% sun time, for example, the reduction would be about 25%.

The effect of the image capsule structure consisting of a double skin shell, 0.75 in.
overall thickness, on the thermal balance was investigated, This design has foam
between the skins for micrometeroid protection. Internal power dissipation with
consideration of component duty cycle requires that the internal equipment be
thermally connected to the external surface. The use of foam between the skins would
not interfere with the thermal performance as long as the stiffepers }'oining the inner
and outer skins provide good conduction paths. About 2.5 x 103 ft, 2 of conduction
area would be required for each sq. ft. of surface area. Bonding compounds should
be used to limit contact resistance at the joints between the stiffeners and the skins.

Actual equipment operating temperatures depend on a detailed radiation/conduction
analysis of the heat flow between internal components and the image capsule structure,
This type of analysis would employ transient techniques and depend on specific infor-
mation as to component arrangement, heat output, surface conditioning, mounting,
etc., and could not be realistically modeled at this time.

5.3 MASS PROPERTIES. This section summarizes the mass properties of the x-ray
telescope spacecrait design with titanium primary structure and a 30 in. maximum
lens diameter. The total vehicle weight with a lightweight beryllium mirror assembly
is 2700 1b, This weight is expected to increase to 2570 lb, with a fused silica or low
coefficient glass mirror assembly. The nature of this study has not permitted an
optimization of materials, therefore, the variation is shown to illustrate the effect

of the lens material selection on the total vehicle, The total weights include a contin~-
gency and growth factor of 10% as shown in Table 5-1.

The most recent Saturn IB payload information received from NASA/MSFC in
February 1967 indicates that for a 260 n. mi, altitude and a 28, 5° inclination, using
a Hohmann transfer trajectory, the increase in payload capability is approximately
4000 1b. Therefore, without a Hohmann transfer, this design could be placed in

the desired orbit with a 14 day CSM; with a Hohmann transfer, a CSM of more than
45 days and less than 90 days could be used,
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Table 5-1, Weight Summary

Nominal 30 in. diameter
3 mirror system, F/D = 12

UNIT WEIGHT SUBTOTALS

STRUCTURE & MECHANISMS 661
Truss ' 297 -
Solar Panel Support Structure 33
Lens Support Structure 16
Lens Shade 16
Lens Aligning Mechanism 83
Lens Capsule Shell 41
Image Capsule Shell 75
Docking Structure (LEM) 50
Deployment Mechanism 50
REFLECTING LENS ASSEMBLY 292 (1085)
Mirror Assembly 162 (955) :
Optical Telescope/Optical Orthicon & ,

Imc Generating Element 100
Slitless Spectrometer Grating & Mechanism 30
ATTITUDE CONTROL (2 Year Mission) © 575
Reaction Wheels 185 -
Primary Jet System 328
Drag Velocity Correction System 32
Back-up ACS Docking System 30
COMMAND/CONTROL 11.5
Command Receivers 2
Signal Combiner 1
PCM Decoder 2
Command Programmer 5
Tone Decoder 1.5
TELEMETRY 44.0
Signal Conditioners 2
Analog to Digital Converter 1
Input Selector 1
Digital \Logic Assembler 5
PCM Multiplexer 5
Time Generator 2
Tape Recorder w/series to parrallel,

parallel to series Converter 10
Pre-modulation Processor 2
Transmitter and Antenna 3
Buffer Storage 2.5
Pre-modulation Filters .5
Harnesses and Brackets 10
NAVIGATION 191
Star Trackers (3) 30
Signal Processor 18
Phasolver 7.5
Signal Processor (Pitch & Yaw) 10
Sensor Processor (Roll) 6
Wheel & Jet Controller (Pitch & Yaw) 12,5
Wheel & Jet Controller (Roll) 11
Computer 35
Digitizer Logic Unit 30
Inertial Unit 30
Solar Sensor 1.0
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Table 5-1.

Weight Summary, Contd.

Nominal 30 in. diameter

3 mirror system, F/D = 12

UNIT WEIGHT

SUBTOTALS

POWER SYSTEM

Solar Arrays

Batteries

Battery Charger & Regulator
Main Power Distributor
Auxiliary Power Distributor
Voltage Booster

Voltage Limiter

Low Voltage Sensor

LENS ALIGNMENT ERROR SENSING
He Laser & Electronics

Beam Splitter

Sensor

Sensor Electronics

Sensor Shroud Tube

SCIENTIFIC INSTRUMENTATION
Instrument Package A (2 provided)
Image Intensifier
Image Motion Compensator
X-ray Imaging Orthicon
Electronics
Instrument Package B (2 provided)
Slit
Crystal Spectrometer
Photomultipliers
Electronics
Instrument Package C (1 provided)
- Slit
H2 Polarimeter/Cryogenic System
Photomultipliers
Electronics

Sub Tota]
Contingency & Growth (10%)

Total Vehicle

(1) Beryllium Mirror Assembly
(2) Fused Silica Mirror Assembly

173
108

= U100 U100

Ut = U1

120

40

200

2,454 3,247

246 323

2,700(1) 3, 571(2)
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5.3.1 Vehicle Inertias, 'The first iteration vehicle mass moments of inertia
were computed for the beryllium octagonal truss structure with a 40 in. lens
diameter. These were: 2

2

25600 Slug ft.
3000 Slug ft.

Pitch and Yaw
Roll

The attitude control systen environmental torques and propellant requirements
shown previously were based on these values., Mass moments of inertia were
calculated for the final vehicle configuration with the titanium square secuon
truss and a 30in. maximum lens diameter. These were:
113800 Slug ft. 22 Pitch and Yaw
2500 Slug ft. Roll

The study schedule did not permit a final attitude control system iteration; there-
fore, the propellant weights shown are conservative for the 30 in. design.

5.4 STRESS ANALYSIS., Two programs for the structural analysis of the x-ray
telescope truss by use of a digital computer were applied. (Both of these have
been in use at Convair division for more tlan three years). These programs are
based upon analyses of the well-known displacement type. (Reference 23)

5.4.1 The Analysis Models. Two analysis models were used: one assumed
completely rigid joints and the other assumed pinned joints,

A portion of the stiff jointed model was analyzed, by use of the principle of
symmetry and anti-symmetry, (The octagonal configuartion was considered, )

All truss memebers were taken to be 2.5 in. OD by 0,020 beryllium tubes, excep-
ting the mutually parallel memebers which guide the traveling truss assembly;
these were 3 in. OD by 0.030 tubes., The housing for the lens» was regarded as
very rigid, and the cylindrical element was replaced by plate elements, Output
from this program consists of (1) deflections at each joint: three translations

in the direction of three orthogonal axes, and three rotations about these axes;

(2) internal loads, or stress resultants: an axial load, two transverse shears in
the direction of and two bending moments about the principal axes of inertia, and
torsion about the centroidal axis.

A planar truss model, considered to be a simplified version of the actual structure
was devised, and was analyzed by the pinjointed program. Output here consists
only of translations at the joints and axial loads in the members.

5.4.2 Loading Conditions. Four loading conditions were applied to the stiff
jointed model; all were in extended configuration. There were:

a. Unit shear lead

b. Unit moment

c. 45° Thermal Gradient
d. Docking

Loading Condition a. consisted of a 400 1b. load in the X direétion, while Loading
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Condition b, was a 400 in.lb. moment
about Y. Both were applied at the node
marked "28" in Figure 5-13, These
loads were applied to obtain influence
coefficients for the calculation of natural
frequencies. Loading Condition d. con-
sisted of 1 g transverse and axial loads
applied at the grazing incidence lens
assembly; no damping was considered.

Loading Conditim c. is shown in Figure

“ 5-14. The premise was that while the
members could be at a steady state
temperature, each member would ex-
hibit a thermal gradient through its thick-
ness as shown in Figure 5-15, '

Such a gradient induces a moment, con-
stant over the tube length (see Appendix
I1I) given by

4

g (Ty - T &, -1

M. 4

X )
Accordingly, M, was computed for the
truss members, = These were then re-
versed, summed at each node, and
applied as a pseudo external force vec-
tor,

It is of interest to note that

M - . o)
Tx - 4,41b. in,/ F for Be
MTX = 2,01b. in. /°F for A

A single loading condition was applied
to the pin jointed model shown in Figure
5-16.

In this case, it was postulated that each
member would reach an equilibrium
temperature based upon the orientation
of its centroidal axis with respect to

the sun's line of action. With an average
temperature known for each member, the
program proceeds in the standard man-
ner for thermal stress analysis: fixing
forces (= AEa A T) for each member
are calculated, reversed, summed over
the nodes, and applied as an external
force vector, This constitutes a relaxa-
tion, and displacements are found, from

IMAGING CAPSULE ASSEMBLY

3" X 0.30 WALL TUBING
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Figure 5-13. Simplified Telescope
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Figure 5-14, Loading Condition c.
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Ty,

Figure 5-15. Tube Thermal Gradient
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Figure 5-16. Pin Jointed Analysis Model

which actual element internal loads may be computed.

5.4.3 The Results of the Analysis, Since the first two loading conditions on the
fixed joint model are unit loadings, they are not considered further in this section.

First consider internal loads, which are of less importance than the deflections.
Scanning output shows that in general member loads are higher by two or more
orders of magnitude than the loads under the thermal condition. Search shows

the highest absolute axial load value is 628 1b, and the highest compressive load
value is 592 1b, (These are in truss members indicated by a circled A on Figure
5-13.

The compressively loaded member has an area of 0,156 in. 2. The compressive
stress then is 3800 psi. The member is 99 in. long, and its moment of inertia
is 0.12, Assuming pinned ends, which gives the lowest value for the buckling
load, P

cr

= #%Bl1  _ 0.12x4.2x10’ #2 . 5,000 1b.

2 104

The maximum bending moment is found in a member of the type indicated by a
circled B on Figure 5-13. The bending stress is

ch=MC = 1,395x1.25. = 14,500 psi
I 0.12

The stress levels shown by the preceding calculations are low enough to be neglected,

and these are ten to one hundred times as high as the average stresses in the struc-
ture,

The displacements shown in Figure 5-17 typify the behavior of the grazing incidence
lens assembly (top) and the imaging capsule assembly during Loading Condition c.

-5:

6, = 3.95573 - 2. 18410 _ 10 0.885 x 10~0 rad.

20
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o, = 0818064 3'20'817709 x 1075 = 0,001 x 1070 raq.

9. = 2.1841 - 0.8187 -5 . -6
3 ST X 107 = 0,033 X 107° rad,

Tt U= 2184 x 1075

20 |
3 ¢ U= 395573 x 1072
61
415 ——— (180' (l’)
63 65
1 {U - 818664 x 1076
32
= 8,17709 x 10-6

-‘L¥—o U

Figure 5-17, Displacement During Loading Condition C

The divergence angle is measured by

Y= (0.885 + 0,001 + 0.033)x 10°% = 0.92 x 1076 rad.

¥= 0,19 sec.

Figure 5-18 shows the deflections in the titanium pin jointed structure.

Schematically, the misalignment angle, ¢ = 0 + 69

-

gz 0.174 | 0.006

383 50 (.511 +.12) x 1073 rad.

Y= .631 x 1073 rad.= 130 arc sec.

Comparison of the divergence angles calculated above strongly indicates that the
thermal moment mechanism is so much less effective than the thermal axial
growth mechanism that it may be disregarded for structures such as the orbiting
telescope. (This situation has been found to prevail for various antenna dishes,
in orbit and on the ground, which have been analyzed at Convair division,
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Figure 5-18. Pin Jointed Structure Deflections
In cases such as arise here where a structure is built entirely of one material,
scaling laws can be stated which permit the calculation of deflections and internal
loads if all material were changed (Section 5.4.5). These laws are given where
subscripts B and A indicate beryllium and aluminum respectively.

5.4.4 Scaling Laws. In the case of mechanical loads, if a structure of material
"i'" has been analyzed, and the deflection vector for material "j" is

] = B

The internal loads on each element are alike whether material i or j is used. If
thermal loads were applied, to find the deflections for material j,

=5 b '*

To find the internal loads in any element, lPai j in the structure of material j,
compute the thermal load vector for the member as made of material i

el = 25,0y

Subtract this from the final load vector for the element, from the computer run,
this gives the elastic loading on the element,
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{Pea} i . lPa‘ i i} {Pta‘i
Find the elastic loading on the element of material j,
kb, - hle]
Compute
lPta‘. = AE@_ (AT)
J
then the final load is

P ]+ e

Note that in the preceding discussion it was assumed that the temperatures of all
members were alike, independent of material.

Also note if all elements are of the same cross-sectional area and a pin jointed
analysis was run, a change of area, from Aj to Ajjaffects the deflection vectors,

"ul = %111_ "

5.5 RELIABILITY.

5.5.1 Scientific Mission Reliability., As defined by NASA the x-ray telescope has
three primary flight objectives as were brought forth earlier in this report, Thus

by definition the x-ray telescope is a manned space flight experiment, Itis of
interest however to look at a reliability analysis as though the telescope were an
unmanned satellite and to compare the results. The first two flight objectives of the
telescope could not be fulfilled by flying the telescope in an unmanned mode, however,
the astronomy mission, could, to a large degree still be accomplished., The results
of a fairly brief analysis from this viewpoint is presented.

5.5.1.1 Reliability in Design. To assure operation over a maximum portion of the
total time in orbit, the x-ray telescope must be designed for long unattended operating
periods. Although every effort has been made to design the spacecraft with sufficient
maintainability to recover from most failure modes by EVA, frequent failures will
cause.prolonged times in a failed state prior to the accomplishment of the repair
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mission. The prolonged down times result in fewer observations being taken in a
given time period, seriously reducing the effectiveness of the system. Also, certain
failure modes preclude the possibility of restoration to normal operation, regardless
of maintainability features.

Parts and components used for these satellites will be mostly within the

art for the 1970-75 period. No large-scale component development for this program
is anticipated. Reliability must be achieved by careful minimization of critical
failure modes. Certain failure modes affecting the operation of the attitude control
system (ACS) are most critical for the system. Any mode that causes uncontrollable
thrusting from one or more reaction jets results in loss of attitude stability of the
satellite. In that case, a CM could not dock to the telescope, unless the telescope
can be stabilized by remote control. Possible failure modes resulting in uncontrolled
thrusting include an open failure of a thruster valve or a spurious command to thrust
from a jet controller, Such a command could be generated in the ACS electronic con-
trol subsystem or in the navigation system. The valve open failures can be virtually
eliminated by redundant design. One solution would require the addition of an addi-
tional shut off valve between each thruster chamber and the normal control valve,
The shut off valve could be energized by the spacecraft computer after sensing
higher than normal vehicle accelerations.

The tube crimper-cutters used on Gemini can also be used to completely sever and
seal the propellant tank from the thruster in the event of a valve open failure.

The back-up docking ACS is particularly important since the resupply crew can repair
most failures but they are first required to dock the CSM to the telescope. The back-
up system is not coupled to the x-ray navigation system and would be actuated by the
rendezvousing CSM crew from a safe distance.

Part and component redundancies are being employed in design to reduce system
failure rates. Some redundancy is inherent among the attitude control thrusters.
Solar arrays are designed for over capacity, so that the electrical system can
tolerate a number of cell failures. It is certain that detailed design of electronic
subsystems, including instrumentation, communications, navigation and control,
will probably be available for use in most applications in this satellite. Not only
does their small size and low cost make redundancy attractive, but also single-chip
reliability is continuously increasing as experience is gained in quality improvement.

Finally, wide operating tolerances are employed whenever feasible. In this manner
the system remains operable in spite of normal drift of part values. For example,
an image position restorer is provided in the experiment packages, to relax the
tolerance requirements for the lens drive and control subsystem. In turn, the lens
angle can be changed to relax tolerance requirements on the ACS and navigation
system. Initially and periodically these subsystems will be adjusted for maximum
accuracy or precision. However, the image can still be focussed even after some
degradation of the performance of these subsystems.

5.5.1.2 Unmanned System Reliability. An initial reliability prediction was performed
for a completely unattended satellite, so that the effects of astronaut participation on
probability of mission success ‘could be evaluated., The prediction includes the effects
of launch into orbit but does not include the launch system, upper stage or ground
systems. The results are summarized for a two-year period by subsystem and by
mission phase in Table 5-2. The figures can be applied only to the third flight
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Table 5-2. X-ray Telescope - Cummulative Unmanned Reliability

SUBSYSTEM DEPLOYMENT M?)S. Mgs.;- YEAR  YEARS
Electrical Power . 999947 . 9952 . 9905 . 981 .960
X-ray Mirror System &

Experimental Equipment .9983 . 937 .878 .773 .995
Data, TLM, & Comm. &

Housekeeping ~1.0 .99990  ,99979 .99920  .9968
Attitude Control .99970 .9901 .980 .959 .912
Command & Control ~1.0 .999962 .99986 .99947  ,9978
Deployment . 9989 .9989 . 9989 . 9989 . 9989
Total Spacecraft . 9969 .922 .851 .725 .517

objective of the structure (scientific mission) since by definition the vehicle requires
man to accomplish the other two flight objectives.

Structural components are not included, since sufficient margins of safety are
incorporated to assure their integrity for the duration of the mission. Component
failure rates are based primarily on those in the Failure Rate Data Handbook
(FARADA), published by the U, S. Navy, FMSAEG, Corona, California. Electrical
power component data were taken from the paper, "An Evaluation and Comparison

of Power Systems for Long Duration Manned Space Vehicles", by J. G. Krisilas

and H. ]. Killian of the Aerospace Corp., presented at the Intersociety Energy
Conversion Engineering Conference of AIAA, ASME, IEEE AND AICE, 26 to 28
September 1966. Data for most of the ACS and navigation components were derived
from the G.E. report. "Satellite Orientation with OAO Developed Control Componets’,

The failure rates were adjusted to ground laboratory conditions as required, to make
them equivalent to rates in orbital environment, The ground rates were divided by
two as a conservative allowance for improvement in state-of-the-art reliability.

For the orbital launch phase the adjusted ground rates were multiplied by 80, in
accordance with MIL-STD-756A. Most electrical and electronic components were
assumed to contain part and circuit redundancy, the effect of which is equivalent

to redundancy at the component level, The results of redundancy on the reliability
analysis is an "aging" effect, due to the mixed exponential distribution of system
times between failures. The effect simulates not only redundancy, but system
degradation due to drift of operating parameters.

The predictions in Table 5-2 indicate that the major portion of system unreliability

is in the x-ray mirror system and experiment equipment. Volume of the proposed
design would not allow complete redundancy at the component level, The experimental
package turret has room for two each of Packages "A'" and "C", which are provided,
These packages are complex, implying relatively high failure rates. The laser
alignment subsystem, being non-redundant, has relatively low reliability. Finally,
the mechanical drives in the system, some of which require precise control,
significantly reduce system reliability. These drives inclued the turret, grating,

sun shield, and lens drive assemblies.
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One factor which was not considered in the prediction is the degradation of the

grating due to impact of particles on its surface. Evaluation of this problem requires
a definition of the amount of degradation that is tolerable. However, in detailed
design, means of countering the problem must be considered, such as protected
excess surface to be exposed in steps as the previously exposed surface becomes
excessively degraded,

The attitude control system reliability is reduced by the inertia wheels which are

not redundant in the proposed design. Adequate volume exists in the image capsule

to provide a redundant set of wheels, the weight penalty being approximately 200 1b.

To an extent the function of a failed wheel could be assumed by the reaction subsystem.
However, satellite pointing accuracy would be marginal at best, and then only with
high propellant rates.

5.5.2 Man's Impact on Mission Reliability. Man contributes in a very valuable
way to the mission by maintaining and up-dating the telescope instrumentation as
well as any facility subsystems. Man extends the useful life time and improves the
scientific quality of the telescope through the addition of new and more sophisticated
modules.

Design criteria include features for maintainability in an EVA environment, such
as modules for replaceable units, large knobs and handles for clamping or making
adjustments, handholds and belt attachments for astronaut restraint and access
doors to components, Safety provisions include flexible antennas and soft coatings
on sharp corners to avoid snagging or tearing a pressure suit or astronaut tether.

Since the design is not sufficiently detailed to determine all componet failures which
can be corrected by maintenance, it is assumed for analysis that the astronauts will
repair 90% of all failures occurring between each rendezvous period. Such repairs
include actions to restore the system to its peak operating condition, whether or
not complete system failure has occurred. Failures resulting in the loss of sate-
1lite attitude stability would preclude posibility of repair, unless stability can first
be restored by remote control,

Figure 5-19 depicts the contribution of man to the system reliability at various
times during a three-year stay in orbit for the satellite, The effects of scheduled
manned visits very three months, six months and one year are compared with
satellite reliability over a two-year period. All repair schedules are begun with
manned checkout and repair at the beginning of the satellite mission. Since the
figure consists of plots of probability vs. time, the area under the probability curve
between any two times is expected time that the satellite is operable. The area
between the curve and the horizontal lin.e for probability of one is, therefore,
expected down time, The figure shows that more frequent visits result in less
satellite inoperable time because of the greater number of recovery peaks.

Reduction in expected down time with increasing frequency of scheduled repair
missions is shown in greater detail in Figure 5-20. This figures shows, for a given
repair schedule, cumulative expected satellite down times for comparison with the
totally unmanned case, Since expected down time is represented by the area above
the reliability curve, its value during satellite orbital time ty - tj is
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E (t,) - f b - R@| a
1

where R(t} is the system reliability function, Due to discontinuities of R (t) at
periods of potential repair, the integral is evaluated for each period between repairs.
The resulting down times are then accumulated. With the many component redun-
“dancies the actual R(t) is a function which requires lengthy calculations to 1ntegrate.
However, it can be approximated reasonably between tj and t3 as R(t) = t
where is the average system failure rate during the period (t2 - tj) and Ps is the
probability of system operation at time t;. Since R(t) is not continuous over a

period longer than (t3 - t;), zero can be substituted for t) as the lower limit and

(t2 - tp) for ty as the upper limit of the integral,

Thus the expected down time per internal between rendezvous periods is expressed
as

240 p (1-e” Mtz - 1)
i} “At] dt Tty -t - —S
E (ty) -f [l - Pe ] 2 -1 N

0

For the purposes of the study all systems were assumed to be of equal value to the
overall mission. While this allows a gross estimate of the effect of man on system
reliability the shortcomings must be recognized,

A more accurate reliability assessment of the system would require assigning a
criticality number to each system. The critical number might represent what
percent of the mission the system must function i.e., the ACS, and electrical
power criticality would be 100% since the mission would be terminated until the
system was repaired. Other subsystems such as the sunshade mechanism for
example, might only be required 10% of the mission. Once the criticality values
were assigned (assuming the failure rates known) the total vehicle would then be
"flown" by "Monte Carlo" computer simulation, a large number of flights - perhaps
100. The time to critical system failure could then be analyzed. Man's ability to
extend the mission effectiveness could better be evaluated as the specific failures
would be identified. In most cases the EVA astronaut would be able to return the
critical systems to 100% operating specifications - whereas the simplified analysis
model used 90%. A

In summary the reliability analysis assumptions used to generate Figures 5-15 and
5-16 are:

a. 1970-75 state-of-the-art parts and components.

b. Complimnetary operating tolerances (Image motion compensator relaxes
lens drive and control tolerances - lens drive tolerances relax ACS etc.)

c. Part and component redundancies reduce system failure rates.
d. Repair capability is 90% of peak operating system.
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SECTION 6
CREW SYSTEMS

As discussed earlier in this report, the x-ray telescope has three primary flight
objectives to fulfill, One has to do with man's capability in space ("EVA"),

another has to do with space structures technology, and thirdly the provision of an
operational astronomical instrument in space. Man's role in the x~ray telescope thus
plays two concurrent roles: He is the subject of the experiment (that is to say, while
doing EVA he is learning to do EVA, evaluating procedures and equipment) and con-
currently the astronaut is performing operational maintenance and repair type
activities. Thus man satisfies both major objectives concurrently. FEither of two
approaches could have been pursued: Man could have been utilized to do virtually
everything (even in some cases where automating would have been easy) or man could
have been used only where it appeared to be optimum through a man vs. automation
tradeoff and best judgment. The latter approach was used.

The basic "man' philosophy has been that man (including the launch of manned vehicles)
will be available for resupply (repair) to support the telescope as required.

6.1 CREW SYSTEMS CAPABILITIES. The description of an extravehicular astronaut's
performance capabilities as a function of the equipment available for EVA operations is
covered in the NASA/MSC "Baseline Astronaut for 1968-1972' document reproduced in -
Volume II of this report. In addition, coordination meetings with Mr. N. Belasco

of MSC and with the NAA/S&ID study of Extra Vehicular Engineering Activities have
helped to establish crew capabilities. Two presentation/meetings were held at MSC.

At the mid-term meeting, astronauts M. Collins, G. Cernan, and O. Garriott pro-
vided a critique of the Convair approach. The orbiting x-ray telescope described in
Section 4. 0 was designed for compatibility with the baseline astronaut capability and
therefore does not require additional or unusual capabilities.

The scheduled operational phases of the mission require various degrees of manned
participation; deployment, checkout, resupply and refurbishment have been analyzed in
sufficient detail to ascertain that the design is compatible with the requirements of the
EVA astronaut. |

The initial EVA philosophy used to generate the proposed design is summarized by the
following:

a. CSM docked at image capsule for all EVA activities.
b. Utilization of a 50 ft. tether at all times.

c. EVA locomotion by hand using truss structure, handrails as required, and hand
gun as alternate.
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d. Equipment large enough to be unwieldy or impair astronaut's mobility would be
transferred by '"clothesline'.

e. All equipment to be replaced or secured by gross clamping motions, no nut or
bolt attachments.

f. No pneumatic or hydraulic lines would be disassembled or assembled. ACS units
to be separate integral modules requiring only structural and electrical interface
mating,

g. Life support provided by PLSS,
h. Automate all functions where practical. Do not use man except where necessary.

i. Design all automatic systems with manual over-ride capability for backup where
practical.

The tubular truss design of the telescope structure provides the EVA astronaut vir-
tually unlimited handholds and accessibility to all equipment external to the image
capsule. In addition, the open nature of the structure allows the EVA astronaut con-
siderable mobility while remaining in visual contact with the CSM crew. This is an
important safety factor which permits the rescue crewman to remain in the CSM and
observe the EVA crew.

The initial structure design was based on the use of beryllium for lightweight and
stiffness, but further analysis proved beryllium to be a poor choice for the long slender
tubes primarily from an astronaut safety aspect; the beryllium has low impact resis-
tance because of its relatively low yield stress and high elastic modules.

Titanium appears to be the best overall tube material, particularly as it exhibits
excellent impact resistance. The tube size proposed is capable of resisting astro-
naut loads far in excess of anticipated.

Early in the study phase, it became readily apparent that the manned interfaces must
be evaluated for each system to arrive at compatible compromises. Some of the
features which were included as design constraints to assist the EVA astronaut in his
required task are:

a. Astronaut command retractable solar cell/ACS booms instead of single deploying
structure. '

b. Astronaut controlled (reversible) primary truss extension system to prevent
damage during extension from unforeseen causes.

c. Roll-up solar panels to simplify stowing, transporting, and installing new panels
by EVA, -
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6.2 OBJECTIVES OF EVA, ' The ob-
jectives of planned EVA on the x-ray
telescope are four-fold.

a‘.

b.

C.

d'

Add-on ACS modules - eliminates
problem of removal, stowage, etc.

Built-in restraints for astronaut on
the 4 image capsule doors providing
them with an ideal work platform
for access to all the internal
systems, See Figure 6-1.

Develop confidence in man's

5

ability to perform the tasks neces- i ?«i" '

sary to support a useful scientific S M{‘;.-j;;’ ?3

mission, ' }g;?‘/ e~
&r

e

/)

Achieve the highest deployment
reliability to guarantee the effec-
tive initiation of the scientific
mission,

Figure 6-1. EVA Image Capsule Maintenan
Extend the useful lifetime of 1gure age Lapsuie Mal ce

the system beyond the normal component and subsystem lifetimes by repair,
replacement, and resupply of critical items.

Update the experiment capability with the latest equipment designs to deter obsol-
escence,

The following paragraphs describe astronaut participation in the x-ray telescope mission.

6.2.1 Deployment,

a,

b.

c.

dv

Predeployment status check (IVA).

Initiate and control deployment of solar cell frames and ACS booms and check
lock indicators (IVA),

Test solar panel and ACS operation (IVA).
Initiate and control extension of lens capsule (IVA) (manned observation of the

extension can assure safe deployment by stopping operation if binding occurs--
then requires EVA to correct malfunction).



Separate lens capsule from launch support ring (IVA) (the optimum focal length
adjustment may require the CSM crew to monitor the image screen, with a re-
peater scope, while setting the lens focal length within the + 5-in. adjustment).

Subsequent to proper deployment - when lens extension indicates locked (8 places),
release extension system cable tension (electro-pyrotechnic 4 places) IVA,

Check lens shade tubes locked (4 places) IVA,

Egress CSM, locomote to image capsule, open all four access doors, remove
launch supports on turret and inspect for wire bundle interferences, etc. Free
wheel turret by hand full travel (270°) to verify clearances, energize master
turret switch (EVA),

Cycle turret with local control, switch to auto control, and observe ground
control operation (EVA).

Operational Checkout

a.

b.

C.

Actuate spectrometer grating and observe, slew lens gimbal motors and observe
correction made by lens alignment system - check visual alignment indicators -
return to CSM (EVA).

Monitor ground-controlled systems check of all x-ray systems (EVA).

Compare x-ray pointing coordinates with Apollo navigation system (IVA).

6.2.2 Resupply. Tentative scheduled resupply of ACS expendables and solar panels
is two years after launch. Resupply prior to this would be for purposes of updating
any equipment or replacement due to life of less than two years or failures and is con-
sidered unscheduled resupply.

EVA tasks on resupply missions are as follows:

a,

C.

Installation of equipment in image capsule. The turret is designed for 7 stations,
Three are occupied by primary packages A, B and C capable of four separate
observations. Two more stations contain duplications of packages A and C. Two
stations are therefore available for addition on resupply. Add-on is preferred to
replacement; however, all packages are removable by EVA astronaut and will fit
into CM for earth return, if desired. For failure analysis, etc., sufficient

volume and strength exists on the structure to stow expended equipment.

The ACS and solar panels are replaceable by the astronaut., Each ACS unit con-

tains jets, valves and tanks, has a single mechanical attachment collar and an
electrical connector. The solar panels are flexible roll-out type contained in a
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cylindrical dispenser. The astronaut secures himself to the ACS deployment
frame to replace the ACS units or solar panel.

c. Battery replacement will likely occur coincident with solar panel replacemeht.
These batteries are located in a sector of the image capsule.

6.2.3 Refurbishment, Refurbishment'consists of replacement of certain items as per
the normal resupply except additional equipment will be replaced to prolong the useful
life of the facility. Also, new and probably different types of mission equipment will
be added to broaden the scope of the facility investigations. The total number or
specific items to be replaced are not completely known, Those identified here can be
considered typical, EVA will be required extensively to perform some of these tasks:

a, Image capsule mission equipment.

b. Image capsule operational systems (momentum wheels, turret motor/gear box,
laser receiver system, electronic modules, batteries, star tracker, etc.).

c. Lens capsule operational systems (focal length drive mbtors, gimbal motors,
spectrometer grating and/or motors, lens shade patching, telescope electronics
package laser beam generator package, filter discus, ete.).

d. ACS units.
e. Solar panel units.

6.3 CREW TASKS AND TIME LINE ANALYSIS. A summary of planned crew activities
is contained in the following tables, 6-I and 6-II. These tables, based on preliminary
functional analysis of mission operations, reflect the general requirements for crew
participation in the initial deployment operations and resupply operations. The re-
maining operation of refurbishment was only analyzed briefly because of study time
limits. Task analysis work sheets were initiated, but not refined (see appendix).

The refurbishment tasks consist of the previously outlined resupply tasks, and in
addition include replacement of such items as noted in Section 6.2.3. The scope of
analysis to determine the exact items likely to require replacement on refurbish-

ment is extensive and goes beyond the time budget of this study. It is estimated that the
orbital refurbishment task will require a minimum of double the time and effort neces-
sary for the resupply mission,
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Table 6-1. Time Line Analysis

X-ray Telescope Initial Deployment to Operational Status

Final orbit altitude achieved (260 n.mi.). Crew is in ‘CM in spacesuits.
CSM has transpositioned, SLA panels have deployed and CSM is docked

onto Image Capsule drogue. This is point of beginning,

y EVA .
EVENT JACCUM JACCUM
EVENT EVENT AND TASKS TIME TIME TIME
NO. (MIN) (MIN) (MIN)
1 Time starts at point of beginning 0.0 0.0
2 Crewman equalizes pressure in drogue. Removes forward 30,0 30.0
hatch and stows. Latches the 12 manual latches. Connects
electrical umbilical to X~-Ray Telescope system
3 Crew initiates separation of pyro bolts at 4 SLA hard 5.0 35,0
points. CSM maneuvered to extract telescope from SLA. -
4 CSM maneuverad to correct orbit parameters and gain sepa- 30,0 65.0
ration distance from S-IVB.
5 Orbit circularized (assume occurs at half orbit period). 45,0 105.0
This period is also used to conduct spacecraft housekeeping
and biomedical checks. Shirtsleeve atmosphere.
6 All recording systems checked relative to strain gauge dataj 15.0 120.0
temperature, ICSD, etc.
7 Status for go is established through critique with ground 5.0 125.0
coatrol.
8 Crew initiates signal to release #l ACS/solar frame. Pyro 0.1 125.1
bolt release. Elect indicator,
9 Crew operates momentary switch to deploy. Other crew mem- 0.5 125.6
bers observe deployment via windows and/or periscope. Frame
rotates 103° and locks. Solar panel is automatically
unlockéd with extension of frame and is automatically sig-
naled to extend within last quarter of frame travel. Solar
panel extends and locks. Frame extension time 25 sec.and
panel extension time 10 sec,with a 5 sec,overlap.
Total = 30 sec. Switches indicate lock-up of both.
10 Crew observes deployment. Verifies deployment in conjunc- 0.5 126.1
with lights. Decision to proceed.
11 #2 ACS/solar frame deployed, observed 1.0 127.1
12 #3 ACS/solar frame deployed, observed 1.0 128.1
13 #4 ACS/solar frame deployed, observed 1.0] 129.1
14 Crew critique. Re-check of all systems. Decision to 5.0 134.1
proceed.
15 Signal energizing X-Ray Telescope power generating system. 15.0 149.1

output of each solar panel monitored. Electrical charac-
teristics at buses monitored.
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Table 6-1. Time Line Analysis (cont'd.)

EVA
EVENT ACCUM | ACCUM
EVENT EVENT AND TASKS | TIME TIME TIME
NO.. (MIN) | (MIN) | (MIN)
16. Individual signals to fire each ACS jet. Verification 15.0 164.1
that each operates, (CSM readout). Note: Attitude control
is still maintained by CSM. Telescope ACS system is not
fully activated. :
17 Critique by crew. Ground critique. Decision making. Go 5.0 169.1
ahead. '
18 Signal to release lens lateral restraints. Pyro tape 0.4 169.5
cutters sever tapes (or cables). Tapes retract into "
cases. Indicator lights verify completion.
19 Crew initiates signal to release lens capsule truss 0.5 170.0
carriage hold-down bots. Pyro release. Signal indication
of release.
20 Crew initiates signhal to truss extension motor system. 5.0 175.0
Run-around cable system extends truss. Lens shade is
extended as part of cycle.
21 Two-stage locks engage at end of stroke. Second stage 0.1 175.1
pyro locks automatically initiated; extension system
terminated. Electrical indication of lock..
22 Crew initiates signal to release cable tension by retrac- 0.5 175.6
tion of pulley. Pyro or solenoid actuation. Strain
gauges on tracks indicate release.
23 Crew initiates signal to energize lens capsule separation 0.4 176.0
bolts. Indicator lights show release.
24 Crew initiates signal to advance lens capsule to mid- 1.0 177.0
position. Capsule travels to position. Encoder relays
position information. '
25 Crew initiates individual override signals to both axis of] 5.0 182.0
gimbals for trial run. Readout system also checked for
data output.
26 Crew critique. Rest period. Meal. 90.0 272.0
27 Crew dons spacesuits, suit checkout, PLSS check, etc. 120.0 392.0
28 Depressurize CM 4.0] 396.0
29 One crew member opens hatch and exits CM (Hatch left open) 30.0 426 .0 34.0
30 Crew member travels to image capsule (tether). Bay #1 5.0 431.0 39.0
31 EV astronaut engages feet in door stirrups and engages 4.0 435.0 43.0
waist restraint onto door.
32 Astronaut plugs portable power tool into door receptacle 1.0 436.0 44.0
and retracts door. (Approximately 3/4 open)
33 Rest period. Flood lights in capsule on. 2.0 438,0 46.0




Table 6-1. Time Line Analysis (cont'd.)

EVA -~
‘EVENT | ACCUM | ACCUM
EVENT r TIME TIME TIME
EVENT AND TASKS
NO. ' (MIN) | (MIN) | (MIN)
34 EV astronaut actuates switch on interior panel energizing 10.0 448.0 36,0
the laser alignment system. Beam impinges on target. A
search mode is assumed to obtain target. Gimbal motors
can bhe given override commands by astronaut. Astronaut
must detach himself from door to make visual check on
gross miss of target.
35 Rest period 2,0 450,0 58.0
37 Completion of laser alignment. Ground check. 5.0 1470.0 63.0
33 EV astronaut checks for clearances around turret. All 2.0 472.0 55.0
harnesses checked and any losse items secured.
39 EV astronaut disengages launch restraint pins at top of 10,0 482.0 75.0
turret. Duplex thrust bearing glange cinched up. Drive
motor clutch is checked for disengagement. (Actually dis-
engaged prior to lauach.)
41 Rest period 2.0 484.0 77.0
42 EV astronaut slowly hand rotates free-wheeling turret. 5.0 439.0} 32.0
Turret elec power is off. All scientific packages checked
for securing to turret and wire harness receptacles
engaged.
43 EV astronaut engages drive clutch. Switches on turret 5.0 189.0 87.0
power and rotates turret through all seven stations. This
is override control., Position indicators note turret
position. Scientific instruments are "off", Limit
switches prevent over-travel.
44 Turret rotation control switched to ground control and 7.0 496.0 94.0
cycling repeated. EV astronaut stands by as observer.
Turret left at Statioun #1 (image signature). . Rest for
EV astronaut.
45 EV astrnaut actuates power tool and closes doox. 1.0 497.0 99,0
46 Astronaut disengages from door and returns to CM. 9.0} 306.0] 108.0
47 Hatch is closed. CM pressurized. 30.0 536.0 § 138.0
3
48 Astronauts doff space suits. PLSS regenerates, etc. 60.0 596,0
49 Repressurize CM 5.0 601.0
50 Complete check of all systems, strain gauges, temperature 60,0 561.0
sensors, etc. Ground to spacecraft critique.
51 CSM ACS switched "off". X-Ray ACS system "on". Inertial 1.0 662.0
piatform "on'.
52 Attitude control system check. 15.0 677.0
Sleep; personal time, hygiene, awake, eat. ’ 480.0 {1157.0

53
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Table 6-1. Time Line Analysis (cont'd.)

EVA
EVENT ACCUM § ACCUM
EVENT TIME TIME | TIME

NO EVENT AND TASKS (MIN) (MIN) | (MIN)

54 All systems check especially CM housekeeping. Ground to 60.0 11217.0
spacecraft critique.

55 Attitude of spacecraft altered relative to sun and laser 45.0 11252,.0
alignment system monitored to reveal compensatioan capabil-
ity. Repealed minimum 3 times to gain assurance of per-
formance.

56 All X-ray systems energized, CSM ACS and navigation "off", 5.0 11267.0
Telescope inertial platform "on'". Scientific equipment
"On"u >

57 Ground control sends up-date information to navigation 5.0 {1272.0
system and commands pointing to particular sky coordinates.

(Prime X-ray reference source.) Telescope slows and locks
on.

58 Optical telescope locks on guide star. Verified at 1.0 {1273.0
ground station, '

59 Scientific instrument package at Station #l energized by 30.0 §1303.0
ground control. Held on target for approximately 24 min. '
Verifies instrument is receiving, IMC operating, control
system compensation. (Image signature) Pick-up and com-
munication time.

60 Station #3 commanded into receive position. Held 24 min 30.0 }1333.0
and pick-up and communications time.

61 Auxiliary tasks, housekeeping, systems checks until target 30.0 §1363.0
is again available.

62 Station #4 commanded into receive position. Held 24 min 30.0 fJ1393.0
and communications and pick-up time.

A

63 Station #5 commanded into receive position. Held 24 min 30,0 §1423.0
and communications and pick-up time.

64 Auxiliary tasks, housekeeping, systems check until target 30.0 §1453.0
is again available. Eat.

65 Station #7 commanded into receive position. Held 24 min 30.0 §1483.0
and communication and pick-up time.

66 Chack of all systems. Prepare for separation. Telescope 30.0 ] 1513.0
stabilized by reference to inertial platform. All systems
check~off.

67 Space suits donned. Suit systems checked. 120.0 | 1633.0

58 Docking manual latches disengaged. Pressure hatch installed} 60.0 | 1693.0

69 CSM undocks from x-ray telescope. CSM is flown around 90,0 ] 1783.0

telescope. Movies, stills, close observation., Formation

at approximately 200 feet distance.




Table 6-1. Time Line Analysis (cont'd.)

EVA
EVENT | ACCUM | ACCUM
EVENT TIME TIME TIME
NO. EVENT AND TASKS (MIN) | (uIN) | (MIN)
70 Rest, eat, exercise. 60.0 | 1843.0
71 Ground coatrol re-energizes scientific equipment. Referencef 180,0 ] 1923.0
Xx-ray source picked up. Instruments cycled through opera-
tional check similar to before except all accomplished in
2 orbits., Turret final cycle is at Station #l. CSM flies
formation during this check,
72 Telescope commanded to new source. 5.0 1928.0
73 CSM flys formation for 8 orbits (12 hours). This completed 720.0] 2648.0

normal preparation to operational status. .

Total time to operational status: 1 day, 20 hrs, 8 min,

Accunulated EVA time: 2 hrs, 18 min,
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Table 6-2, Time Line Analysis - Resupply

Rendezvous with telescope has been achieved and CSM has
docked onto the x-ray telescope image capéule dfogue.
This is point of beginning. Fbllowing EVA tasks include
approximately 2 min. rest for each 10 min. of moderate

to strenuous effort.

L EVA
EVENT | AccuM | ACCUM
TIME TIME | TIME
(MIN) (MIN) | (MIN)

EVENT
NO. EVENT AND TASKS

1 Point of beginning.  Crew in spacesuits. . ‘ 0.0 0.0

2 Crewman equalizes pressure in drogue. Removes forward hatch 34.0 34.0
and stows. Latches the 12 manual latches. Connects electrical
umbilical to x~-ray telescope system. Telescope systems de~

energized.

3 CM depressurized. Hatch opened. Tether rigged, etc. : 64,0 98.0

4 Astronaut "B" exits CM. Maneuvers to SM. Erects conveyor 46.0 114.0 | 46.0
line and transfers units to main truss center frame.

5 Retraction and installation of #1 ACS unit, 34.0 178.0 | 80.0

6 Retraction and installation of #2 ACS unit. Return to CM. 34.0 212.0 {114.0

7 CM hatch closed. CM pressurized. 35.0 247.0

8 Space suits doffed. PLSS regenerated. All systems check, 60.0 307.0
biomed checks. Crew and ground critique.

9 Eat, personal hygiene, housekeeping, biomed. 90.0 397.0

10 Space suits donned. Suit and PLSS check-out. 120.0 517.0

11 CM depressurized. EVA hatch opened. Tether rigged, etc. _ 64.0 581.0

12 Astronaut "'C" exits. Maneuvers to SM. ACS units #3 and 4 42,0 623.0 156.0
attached to conveyor and conveyed to truss center and secured.

13 Retraction and installation of #3 ACS unit. 34,0 } .657.0 |190.0

14 Retraction and installation of #4 ACS unit. Astronaut 'C" 39.0 696.0 {229.0

returns to SM.

15 Astronaut "C" attaches #l and #2 solar panel units to conveyor., 32.0 728.0 | 261.0
Returns to CM.

16 Hatch closed. CM pressurized, 35.0 763.0

17 Space suits doffed. PLSS regenerated. All systems check, 60.0 823.0
biomed checks. Crew and ground critique.

18 Eat, personal hygiene, housekeeping. 60.0 883.0

19 Sleep. 480.0 1363.0
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Table 6-2. Time Line Analysis - Resupply (cont'd.)

EVA
EVENT EVENT | accuM | AccuM
NO. EVENT AND TASKS TIME | TIME | TIME
(MIN) | (MIN) | (MIN)
20 Eat, personal hygiene, housekeeping, biomed checks. 60.0 |1423.0
21 Space suits donned. Suit and PLSS check-out. 120.0 {1543.0
22 CM depressurized. EVA hatch opened. Tether rigged, etc, 64.0 |1607.0
23 Astronaut "A" exits CM. Maneuvers to #l solar panel area, 50.0 |1657.0 311.0
Installs #1 solar panel. ’
24 Extension of #1 ACS/solar panel frame. 12,0 11669.0 323.0
25 Installation of #2 solar panel, 50.0 |1719.0 373.0
26 Extension of #2 ACS/solar panel frame. Returns to CM. 28.0 |1747.0 401.0
27 CM hatch closed. CM pressurized. 35.0 |1782.0
28 Space suits doffed. PLSS regenerated. All systems check, 60.0 [1842.0
biomed checks. Crew and ground critique. '
29 Eat, personal hygiene, housekeeping biomed. 0.0 |1932.0
30 Space suits donned. Suit and PLSS check=~out, 120.0 12052.0
31 CM depressurized. EVA hatch opened. Tether rigged. 64.0 12116.0
32 Astronaut '""B" exits and maneuvers to SM, removes and attaches 38.0 12154.0 439.0
solar panels #3 and #4 and conveys to center of main truss,
33 Installation of solar panel #3. 50.0 }2204,0 489.0
34 Extension of #3 ACS/solar panel frame. 12,0 }2216.0 501.0
35 Installation of solar panel #4. 50.0 }2266.0 551.0
36 Extension of #4 ACS/solar panel frame. Astronaut "B" returns 18.0 |2284.0 569.0
to CM.
37 CM side hatch closed. CM pressurized. 35.0 | 2319.0
38 Space suits doffed. PLSS regenerated. All systems check, 60.0 2379.0
biomed checks. Crew and ground critique.
39 Eat, personal hygiene, housekeeping, biomed. 60.0 | 2439.0
40 Operational check-out of power system. 30.0 2469.0
41 Operational check-out of ACS system., Telescope ACS "on'", 30.0 | 2499.0
CM ACS "off",.
42 Telescope ACS "off". CM ACS "on", 1.0 | 2500.0
43 Sleep., 480.0 | 2980.0
A Eat, personal hygiene, housekeeping, biomed. 60.0 | 3040.0
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Table 6-2. Time Line Analysis - Resupply (cont'd.)

EVENT
NO.

45
46

47

48

49

50

51
52
53

54

55

56

57

58

59
60
61
62
63
64
65

66

Station #4 scientific package to conveyer. Maneuvers to image

capsule Bay #I. Hauls cargo to capsule and secures.

6-13

, EVA
EVENT | ACCUM ACCUM
(MIN) | (MIN) (MIN)
Space suits donned. Suit and PLSS check-out. 120.0 | 3160.0
CM depressurized. EVA hatch opened. Tether rigged. 64.0 | 3224.0
Astronaut "'C" exits and maneuvers to SM, removes propulsion 24,0 | 3248.0] 593.0
" unit, straps to self. Maneuvers to image capsule and secures
unit to truss,
0ld propulsion unit removed, new unit installed, old unit 50.0 | 3298.0] 643.0
secured to truss, Returns to CM.
CM hatch closed., CM pressurized, 34.0 ) 3332.0
Suits doffed. PLSS regenerated. All systems checked. Biomed 60.0 | 3392.0
checks, Crew and ground critique.
Eat, personal hygiene, housekeeping, biomed, 90.0 | 3482.0
Space suits donned. Suit and PLSS check-out. 120.0 | 3602,0
CM depressurized. EVA hatch opened. Tether rigged. 64,0 | 3666.0
Astronaut "A" exits and maneuvers to SM, removes and attaches 44,0 | 3710.0f 687.0
Station #3 scientific package to conveyor. Maneuvers to main
truss center frame and alters location for accessibility to
image capsule., Bay I. Hauls cargo to capsule and secures.
"A" secures self to Bay I elevator door, engages portable power 10.0 | 3720.0f 697.0
tool and opens door, exposing turret area.
Turret Station #3 scientific package removed and temporarily 14,01 3734.0] 711.0
secured to nearby truss.
Turret Station #3 scientific package installed. Operates turret 32,0} 3766.0f 743.0
for clearance check. Turret left at #4 Station. Door re-
positioned,
Astronaut "A" disengages from door. Removes old package from 25.01 3791.0] 768,0
temporary stowage on strut and returns with package to CM (or SM).
CM side hatch closed. CM pressurized, 35.0] 3826.0
Space suits doffed. PLSS regerated. 60.0{ 3886.0
Eat, personal hygiene, housekeeping, biomed. 60.0 3946.0
Sleep. 480.0| 4426.0
Eat, personal hygiene, housekeeping, biomed. 60.0] 4486.0
Space suits donned. Suit and PLSS check-out, 120.0| 4606.0
CM depressurized. EVA hatch opened, Tether rigged. 64.0f 4670.0
Astronaut '"B" exits and maneuvers to SM, removes and attaches 44,01 4714.0 812.0



Table 6-2. Time Line Analysis - Resupply (cont'd.)

EVA
EVENT EVENT | ACCUM ACCUM ¥
NO, EVENT AND TASKS TIME |TIME TIME
) (MIN) | (MIN) (MIN)
67 "B" secures self to Bay I elevator door, engages portable power 10.0} 4724.0| 822.0
tool and opens door, exposing turret area.
68 Turret Station #4 scientific package removed and temporarily 14.0§ 4738.0] 836.0
secured to mearby truss.
69 Turret Station #4 scientific package installed. Operates turret 32.0{ 4770.0]{ 868.0
for clearance check. Turret left at #5 Station. Door reposi-
tioned. -
70 Astronaut "B'" disengages from door. Removes old package from 25.0f 4795.0{ 893.0
temporary stowage and returns with package to CM (or SM).
71 CM side hatch closed. CM pressurized. 35.0| 4830.0
72 Space suits doffed. PLSS regenerated. 160.0}] 4890.0
73 Eat, personal hygiene, housekeeping, biomed. 90.0} 4980.0
74 Space suits donned. Suit and PLSS check-out. 120.0] 5100.0
75 CM depressurized. EVA hatch opened. Tether rigged. 64,0 5164.0
76 Astronaut "C" maneuvers to SM, removes and attaches Station #5 44,0 5208.01 937.0
scientific package to conveyor. Maneuvers to image capsule
Bay 1. Hauls cargo to capsule and secures,
77 "C" secures self to Bay I door, engages portable power tool 10.0| 5218.0f 947.0
and opens door, exposing turret area.
78 Turret Station #5 scientific package removed and temporarily 14.0{ 5232.0] 961.0
secured to nearby truss,
79 Turre<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>