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This Nesearch Memorandm desaribes a fenlly of receniaissance sstallites which
would provide both osrly and contiming photogranhiec reconraissance capadbility
in augrentation of the W3-11TL progsram. 7Tha systems proposed differ subdstan-
tially froo the current 117L concept:

1. They would use a spin-stadilized payload stage.

2, They would use a trensverse ¢ camars of essentially cone

: veational design, fixod to spim with the final stage, vhich scans
! across ths lina of flight.

3. The entire payload stage vould be recovered,

The first mecher of this fazily would use a 12-in cazerz, carrying 500 feet

of S-in.-vide f{lm. The extremsly chort expcsure tims--1/5000 sec--¢li=inates
the need for precise altitude, exmet fummge-epeed synchronirzation, ete. Ths
system vould provide gharp photogrsphs of about 60-ft ground resclution. Bach
exposure, covering some 300 miles scross the lines of flight, would photograph
soms 18,000 sq mi. The 500-ft roll would cover almost half of the UESR end )
shov major targuts, sirflelds, lines of conrmnication, snd urban apd industrial
areas. Tob satellite, vhich should weigh sbouot 300 1b, could be placed in a
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This, the first proposed gystem, {e# the easiest to build of the several poesi-
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longer focsl-length caxmeras asd larger film loads. Availadility of the first

system jis Delieved to be adout one year from the data of coatract.

Tae ‘later’ systems could use 36 in. ard 120 in. lenses, as described {n this
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SUMMARY

A family of reconnaissance satellites 1s proposed which would provide
both early and continuing photogrsphic reconnaissance capability in augmen-
tation of the WS-1l1T7L program. The systems proposed differ substantially
from the current 117L concept:

1. The proposed systems use a spin-stabilized payload stage.
2. They use a transverse panoramic camera of essentially conventional
design, fixed to spin with the final stage, which scans across
the line of flight.
3., The entire payload stage 18 recovered.

The first member of this family uses a 12-in. camera, csarrying 500

feet of 5-in.-vide film. The extremely short exposure time--1/4LO00 sec--

eliminates the need for precise altitude, exact imsge-speed synchronization,

difficult vehicle-carmera performance, and extensive monitoring and adjusting

of the camera system. The system will provide sharp photographs of about

60-rt ground resolution. Each exposure; covering some 300 miles across the
line of flight, will photograph some 18,000 sq mi. The 500-ft roll will
cover some 4,000,000 3q mi (almost half of the U.S.8.R.)} and show major
targets, airfields, lines of commnication, and urban and industrial areas.
The satellite which should weigh about 300 lb could be placed in a polar
orbit at 142 + 47 miles altitude by a combination of rockets such as Thor,
plus a second-stage Vanguard, plus a third-stage small solid-rocket similar
to Vanguard's third stage. A one-day operation‘ia envigaged, with recovery
of the satellite by command firing of a braking rocket on the 16th pass,

so that it would impact in a predictable ocean area,
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This, the firat proposed sys: e, 13 the easiest to bulld of the several
possibilities; 1t could be followed by similar, but more sophisticated
systems using longer focal-lengtii cameras and larger film loads. Thege
advenced systems wvould provide puch more detailed reconnalssance over
larger areas than the early system, Availsbility of the first system is
believed @o be about one yesr from the date of contract.

The 'later' systems could utilize 36 in. and 120 in. lenses, as
described in this report. Based on experience with many other Regearch
and Development projects, it is suggested that these systems be built in
this order, for attempts to build the most sophisticated system would

require vuilding the simpler systems anyway and labeling them scale test
models.
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PREFACE

This research memoranduﬁ is the product of a feasibility study under-
taken by several members of the RAND technical ataff. The basic idea
of using a spin-stabilized panoramic camera in the manner described herein
wvas developed by M. E. Davies in the spring of 1957. Others who contri-
buted i{n their special technical fields are listed in the table of contents.

The study presents a concept of photographic reconnaissgnce for
vhich satellites appsar eminently euited, and a preliminary design of the
first member of this reconnaissance satellite system, based on hardware
now available or vhich could bte available in the near future. The choice
of specific design parameters and methods of operation must be determined
on the basis of further engineering studies. There 1s-nothing uni que or
limiting in the choices of lens fgcal lengths or film payloads. T

For the reason noted in the Summary (p. 1iv), desig; of the more
complicated systems has been largely ignored in thig report. EHowever,
optical and camera deaigns are available to meet the essentially conser-
vative specifications. Detailed design of advanced versions of the type
of satellite prorosed must be postponed until certain concepts have been
tested witk simpler systems.

For example, for purpc:ies of proposal and calculation, an interesting

alternate to the first system {the 12-in. focal length--40 lines/mm--
1/5000th sec--Plus X Aerecon combination) would start with an existing
Baker 2h-in. :/5.0 telephoto lens, easily capable of 100 Unes/rm on a

microfile cmulsion, with exposures at 1/1000 sec. These numbers, and

this system, vould yield a ground resolution five times better than the
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preceding 12-in. system--a ground resolution of 12 feet! Exercise of this
option, however, and exploration of this possibility with 1ts tighter
tolerances, should follow, not precede, testing of the simplest possible
system. ‘Por this resson; no further mention of this othervise intriguing
possibility 1s made in this report. There are other and important aspects
of any reconnaissance system which are not treated in this report, e.g.,
the required accompanying ground handling system, the way in vhich
meagurements can be made from panoramic photography, and related questions.
These are all legitimate topics for subsequent investigation end detailed
discussion.

Following many paragraphs in the body of the text, there are references

to various appendixes. These are intended to clarify or devplop specific

X $
remarks. Each appendix has, for editorial purposes, been treated ::p&rately;

bibliographical references and other supporting data are therefore glven
at the end of each appendix.
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i I. INTRODUCTION

This memorandum describes a reconnaissance satellite system that
would provide an early and contiruing photographic reconnajssance capa-
bility in a;xgmentation of the WS-117L program. Relatively simple in
operation, the system would use a camera of essentially conventional
design in a comparatively unsophisticated orbiting vehicle. A launching
date about one year f{rom the date of contract is contermplated., The
system will produce pictures of a scale amd resolution that will yield
valuable intelligence information akout large areas of the Soviet Union.

Sections II through VII below discuss the reconnaissance satellite
miséicn, the camera proposed for the system, the means for placing it in
orbit amd recovering the film, the intelligence payoff, and {inally, the
growth potential of this system considered as the first of a se_ries of

similar, but more advanced, reconnaissance satellites.
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II. RECONFAISSANCE: N-EDS AND MEARS

It is ecknowledged that there is a need for better military intel-
,ngénce on the USSR and that aerial photography is & preferred means of
collection. For one thing, the area occupied by the Soviet Union end
its political satellites 1s very large and, for ths most part, inacces—-
sible except by overflight. BSecondly, in the immediate future it will be
vital for us to know a great deal about the patterns of use, installation,
and concealment of Soviet ICEM's. Fipally, it 1s essential that we
bave detailed information from tim= to time on alrcralt-missile phasing
in the Soviet Union. We must know the character and composition of these
major threats to our lives and security.

In describing airborne photographic reconna.issa.nc-e systems, it is
convenient, by way of developing an cperational concept. to think in
terms of four levels of reconnaissance: A, B, C, and D.

level A provides large-area search, measured in millions of square
oiles. level B is limited-area search, measured in hundreds of thousands
of square miles. Level C, specific-point—objective photogrephy, is
measured in hundreds of sguare miles. And Level D, technical-intelligence—
objective photography, provides coverage in blocks tens of square miles
or less 1n size.

The reconnaissance satellite system proposed permits us to progress
systematically froz Level A towerd Level D in & series of system improve-
ments. The basic systems will enmable us to cover millions of square miles
of the Soviet Union giving us photograprhs of such a scale and resolution
that significant intelligence information can be obteined. Such missions

can be repeated from time to time %o reveal nev developments in the

SEERET-
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IIX. THE CAMERA

The camera proposed for this system is a transverse panorazie camera
containing & 12 in. focal-length, highly corrected £/3.5 lens which covers
a ra.ir.s.yAna.rrov angle of approximately ‘21 degrees. Wide-angle scanning is
accomplished by the expedient of moving the lens across ths field guring
the exposure timas.

For transverse scanning of the ground from a satellite, the camere
must rotate arournd the longitudinal axis of the vehicle. For this applica-
tion it 1s proposed to rotate the entire orbiting vehicle with the camera
firmly attaf:hed, thus generating a swveep across the line of flight. It
is not proposed to rotate the camera within its carrier.

Figures 1 and 2 show the gecmetry of the camera, lens, and focal
plane relationships. The lens is mounted perpendicular to the carrier's
roll axis behind a quartz window in the surface of ths carrier. Tha lens
images the ground on a fixed slit in front of the focal plane, the slit
servirgz, in effect, as a very fast shutter. When the film is moved
during the scan exposure, at a rate exactly matching the image motion
produced by passage of the carrier over the ground, a continous, sharp
photograph is produced ir the focal plane. During the portion of the
rotational period in which the lens does not "see®” ths ground, a measured
length of film is rolled off the supply spool in readiness for the
next exposure. At the same time, the last exposure 1s wound up on the
take-up spool. {Appendix B)

ATTITUDE STABILIZATION

Note that the transverse panoramic camera under discussion does not

require the usual kind of attitule stabilization necessary for camesras

SECREF-
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mounted in aircraft. The entire carrier rotates; this is en impartant
distinction between this proposal and other proposals for camera-carrying
satellites.

Spin is imparted to the payload stage to produce the &can necessary
for producing photographs across the line of flight. In eddition, spin
1mp§rted to the payload stuge stabilizes it in inertial space., That ls,
spinning the payload stage serves the twofold purpose of stabilizing the
attitude of the camera in space and scanning the ground at the proper rate.

The preferred orientation of the camera in space is determined
by the geography of the area to be surveyed (see Fig. 3). Although
the Soviet bloc occupies about 180° of longitude, its area is somevhat
compressed in latitude. Most of the territory of interest, from a re-
connaissance standpoint, lies between U0 degrees North and 70 degrees
North. This geographical fact turns out to be a very fortunate one as
regards attitude stabilization, for it means that if the payload vehicle
can be stabilized in sn attitude horizontai to the surface of the earth
at 55 degrees--1.e., midvay between the two latitudes--the camera will
produce acceptable pictures over the entire distance from 4O degrees North
to 70 degrees North. (The satellite is consid=red to be on a polar
orbit, as will be discussed below.) Note from Fig. 3 that, when the

payload stage is at 4O degrees North, the vertical. with respect to the
axis of the vehicle, is pointing back 15 degrees with respect to the
earth; at 70 degrees North, it points forward 15 degrees. These angles
result in very small errors in uncompensated image speed; 1n fact, they
can be completely disregarded when discussing the quality of the photo-

graphy. (Appendixes B and C)

~SEGRET—
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SHUTTER SPEED

Another important festure of the camera lies in the employment of a
very high effective shutter speed, or short exposure time. This allows us
to ignore ?airly substantial changes in altitude and uncompensated image
speed, changes in vehicle velocity over the surface of the earth, small
angular rates and displacements, and other such effects vhich, in any
customary reconnaissance vehicle, would certainly ruin photographic quality.

It sppears, at first sight, that taking photographs from a satellite
moving at about 18,000 miles per hour would be an extraordinarily difficult
Job because of image blurring, the lack of sharpness, the lack of defi-
nition, and hence thevlack of information-gathering capacity. This first
impression is not entirely erronecus. It is difficult to take pictures
from an object moving at high speed--but not impossible. It can be done
if the image motion during exposure is kept as small as possible, con-
sistent with the requirements for definition.

This satellite reconnaissance system 18 not intended to achieve
microscopic resolution at, say, levels of 100 lines/mmu The goal,
believed to be fairly easily attainable, is a modest 40 linee/mm of
film resolution. This is attained operationally with certain specialized
reconnaissance systems now in use.

A statistic commonly used in deseribing aerial reconnaissance systems
is ground resolution. Ground resolution is simply the ground dimension
that corresponds to one line of resolution in a focal plane. In this case
a 12-1in, focal-length lens and 40 lines/mm are being considered. Thus
l/hO mm projected through a 12-in. lens to the ground at a distance of

750,000 £t corresponds to a distance of &0 ft.

-SEGRET-
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The effective design shutter speed for this camers is l/kOOO second.
This speed is obteined by properly designing the slit described earlier,
in conjunction with the film speed and rate of scan, or vehicle rotation.
This exposure speed is consistent with the choice of film emulsion--called
Plus-X Aerecon--and the cholce of lens speed £/3.5. At the design
altitude, about 6 ft of forward motion are produced during the exposure
time of 1/4000 sec while the vehicle is moving at 25,000 ft/sec. This is
1/10 of the basic 60-ft resolution element, and can be tolersted, in fact
- ignored, for purposes of photo interpretation.

This extremely fast exposure iime makesg 1t possible to ignore forward
image motion; 4t also makes it possible to ignore altitude changes,
probable angular displacements, velocity variations, and eubstantial

variations in film rate, (Appendix B)
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IV. THE ORBIT

A polar orbit is preferred, with a firing south from Camp Cocke. A
design ;ltitude acceptable to the camera is 142 + 47 miles. If the
satellite went much above 200 miles, ground resolution would be degraded.
If altitudes much lover than 100 miles were used, the satellite would en-

counter undesirable serodynamic forces. (Appendix D)

GROUND COVERAGE

With respect to total time in orbit, a l-day operation is envisaged.
In one day the satellite will make about 16 revolutions arcucd the esrth,
8ix or seven of which would occur over the Soviet Union. The camera carries
500 feet of S5-inch-wide film which will permit 300 exposures at a film
speed of about 23 inches per second. The payload rotates at about 20
revolutions per minute, with the camera tizmed to make an exposure every
third revolution.

Each exposure will produce a picture covering some 18,000 square
miles on the ground. Each pass over the Soviet Union wvill cover about
3/l million-nquare miles on the ground. The total film load will photo-
graph some 4 m;llion square miles, or nearly half the total land area of
the Soviet Union. Fig. 4 18 a schematic representation of a l-day

operation. (Appendix B)

ASCENT TRAJECTORY

The povered-ascent trajectory 1is effected by the combination of the
Thor booster, with first-stage guidance preprogrammed for the autopilot,
snd the second-stage Vanguard using its autopilot in conjunction with

components of the G.E. radio system.

SECRET—
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During the period of coast to the design altitude of about 142 miles,
the second stage, containing the spin-up and separation mechanism, orients
and spins the third stage in preparation for the final velocity increment.
A typical ascent trajectory is shown schematically in Fig. 3. The orien-
produced hy the contrnl jeta (uaing reaidual heljum) in the second
stage, is to a pitch attitude such that the vehicle is parallel to the
earth's surface at 55 degrees South (or North) latitude, After orientation,
and before the third stage fires, the third stage aﬁd the payload are spun
around their roll axis to the angular velocity required to stabilize the
vehicle and provide the proper scan rate for the camera,
The firing of the third stage separates it from the second stage snd
imparts the final velccity increment required to maintain a circular
orbit. At third-stage turnout, a small separztion device is fired, sepa-
rating the payload and leaving it, properly oriented and spin-stabilized,

in free space. (Appendix E)




Fig. 4 — Ground coverage schematic
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V. THE VERICLE

PAYLOAD STAGE _

The veighf of the camera snd film installation is about 80 pounds,
A total payloed weight of 300 pounds has been selected, leaving sbout 220
pounds for payload structural cowponents, re-entry coeting, braking-rocket
propellants, batteries to operate the film mechenism, beacon and trans-
ponder, and for associated gear necessary to operate the cemera and recover
the package, It might be noted at this point that the power requirement
for the camera is comnservatively estimated at 100 watt-hours, which can
be provided by a few pounds of batterles, Tabla )l summarizes the payload-

stage weights,

- Table 1

Payload-Stage Weight Summary (1b)

Group A - Photographic Installation . « « « o o« o o o o o 8o
Camera .« o o o o o o s o v e » 38
Fi]—m L] . . L] . Ll . [ ] L] - * L] * L] 10
mvironment o o ¢ ¢ 0 0 0 0 0 s 7
Attitude Sensor , ., . 4« ¢« ¢ ¢ « « 10
Miscellaneous . o« ¢ o ¢ o o o o o 15

Group B = Structure . o« o o o ¢ o ¢ ¢ ¢ ¢ ¢ ¢ ¢ o s o o o 110
Shell ¢ o ¢ o ¢ o o o 9 s ¢ o o & 30
Fiberglas + o « « ¢« o s o o s « o B0

Group C = RECOVEry System ® &6 8 o ¢ 0 0 6 8 o ¢ s 0 e o 1o
Impulse Rocket . v o o o ¢ o o o« B85
Tracking Beacon « o o o o s o o o 16
Recovery Beacon . « ¢ ¢« ¢ ¢ ¢« o o« 9

Total Payload-Stage Weight . . & o ¢ ¢ o «
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The payload-stage configuretion chosen for this case is a double
conical shape with a maximm diameter of 35 inches (see Pig. 2). A
symmetrical body was chosen because of the desirability of minimizing

possible aerodynamic 1ift forces at the relatively low orbital altitude,

Skin material 1s assumed to be 0,050 magnesium slloy coated with a layer
of fiberglas-plestic combination on the forward end for heat protection,

The payload stage includes a braking rocket using about 70 1b of propellants,

BOOSTER CONFIGURATION ¢
The booster combination proposed for the early reconnaissance :
satellite 48 the Thor IRBM and the second stage of Vanguard, with a small i

solid rocket, similar ir principle to the third stage of Vanguard, to

provide a final orbital increment, The propulsion is thus provided by a

liquid-liquid-soiid combination, Table 2 13 & summary of vehicle weights, -

Table 2

Vehicle Weight Summary (1b)

e o 2 I PR AR Y e e

Or'bital paYIO&d e @ ¢ © ¢ & o ° o & =2 * O* & O o }m
Third stage (Boud) P 1
Second stage (Vanguard 2nd) o ¢ o 4 o o o « o ¥,730

Initial stage (TMOT) & ¢ ¢ ¢ o o o o « « o 110,892

From a preliminary structural investigation it eppears that the Thor
eirframe and its major components need not be modified for the satellite

mission., The Thor autopilot and control system can be used for firste

e

stage guldance, aithough there 1s some possibility that this system would .

Wby

SEGREF
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require some modification to offset the heavier load on the nose of the
Thor and the increased loads during the ascent trejectory. For the
patallite mission, the Thor inertial guidance system will pot be required,
The Yasic airframs of the Vanguard second stags need not be modified
for this applicetion, with the exception of the. aft interconnect structure,
vhich wil] have to be dasicned to mate the 32-in, die.meter Vanguard wvith
the 64-in, diemeter Thor nose cone, The guidance system of the second-
stage Vanguerd would be used in ccahmcticn with 6.2, {107A) sommonents,
The size of the third stage has not been optimized, However, the
Vanguard third stage is characteristic, in concept at least, of the type
of s011d propellant rocket that would be required for the present epplication.
_(Appendix P)
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The payload-stage configuration chosen for this case is a double
conical shepe with & maximm diameter of 35 inches (see Fig. 2). A
symmetrical body was chosen because of the desirability of minimizing
possible serodynamic 1if% fofces at the relatively low orbital altitude,
Skin m:terial 1s assumed to be 0,050 magnesium alloy coated with a layer
of fiberglas-plastic c&nbination on the forward end for heat protection,
The payload stagze includes a braking rocket uaing asbart 70 1b of propellanta,

BOOSTER CONFIGURATICN

The hogooter conbinaticn prce 2or the early reccunalssance
gsatellite is the Thor IRBM and the second stage of Venguard, with a small
solid rocket, similar in principle to the third stage of Vanguard, to
provide a final orbital increment. The propulsion is thus provided by a

liquid-liquid~solid combination, Table 2 is & surmary of vehicle weights,

Table 2
Vehicle Weight Summary (1b)
Orbitalpayload-;.......-......5@
Thirdstege(solid).............. 350

Second stage (Vanguerd 2nd) o o o ¢ o ¢ « o o 4,730
Initial stage (ThOr) + & ¢ o o o « = « o » 110,892

From a preliminary structural investigation it appears that the Thor
airframe and its major components need not be modified for the satellite
misaion, The Thor autopilot and control system can be used for first-

astage guidance, elthough there 1is some possibility that this system would

SECRET-
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< require some modification to offset the heavier load on ths nose of ike
Thor and the increased loceds during the ascent trajectory, For the
satellite mission, the Thor imertial guidence system will not be required,
The basic ailfrcme of the Vanguard second stage need not be modified
for this application, with ths exceptim of the aft interconnect structure,
which will have to be degigned to mate the 3Z-in, d.iameter Vanguard with
the 6i-in, diamater Thor nose ccne, The guidance system of the second-

stage Vangusrd would be used in conjunction with G.B, (107A) ccmponents,

The aize of tha‘ third stsge has not becn optimized, However, the
Yenguard third stege 1s characteristic, in concept at least, of the type
of solid propellant rocket that would be required for the present application.
{Appendix P)
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VI, TRACKING AND RECOVERY

Tracking will be required for essentially three reasons: to determine
the orbit accurately enough for coordination of photographic data; to
trigger the braking rocket at the proper time for the descent; and to
establish the descent path s¢ that the impact point can be located,

The number of trackers required and the spacing between them is
dictated partly by the guidance eccuracy, To insure egainst guidance
inaccuracies in launching, it is proposed that two or three trackers be
used in an arrangement which places them generally with about a 200-mi
separation on & line normal to the orvit,

A second factor that must be considered in determining the number and
spacing of trackers is the deterioration of tracking accuracy at low
angles above the horizon., It is highly important that the satellite pgas
close encugh to at least ome station so that sufficient tr{ic}flng data can
be obtained at angles of elevation greater than about 20 degrees, For a
nominal satellite altitude of 142 mi, this requires that ths satellite
pass within roughly 5 degrees of the station, or within & ground range of
about 350 mi, Again, two or three trackers at intervals of 200 mi normal
to the orbit are dictated,

Because the satellite is to be placed on a polar orbit, these
obJectives can be met by a small number of trackers near one of the poles,
It seems advisable to locate the tracking statians, say three of them,
at a high northern latitude such as in Alaska or Canada, Spacing should
. be about 200 mi in longitude.

Trecking data would be in the form of two angles and a range to

permit orbit prediction. The use of range information considerebly relaxes
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the requirement for angular accuracy. To obtain range, a transponder in
the satellite 1s required. (Appendix G)

Degcent from orbit is achieved by the command firing of a braking
rocket in the satellite. Assume that the gsatellite {s coming over the
pole, that it is picked up by trackers in the north, and that an impact
point in the Pacific is desired, The breking rocket is then fired forward
ard upward, imparting a downward and backvard velocity impulse super- i
impoaedvon the orbital velocity. The resulting velocity vector points

downward, 50 that the vehicle i3 effactively in e ballistic trajectory

comparable to the 'low-angle',i.e., lower-then-optimum, path of a

Cogen e e

long-range ballistic missilef
Tracking of the vehicle immediately efter the beginning of descent .
egtabli{shes a predicted vacuum path. This, together with predicted

atmospheric effects, makes 1t pnssible to predict the approximate impact

area. The vehicle is protected against re-entry heating by a coating of

suitable vaporizing material: B80 lb of fiberglass-reinforced plastie,

such as 18 used on advanced designs of the ICEM nose cone and on the

Jupiter nose cone, is suggested. Impact survival of the casing, film

load, batteries, and beacon is made feasible by the proper selection and
arrangement of structural components. Search aircraft are used to f£ind
and recover the payload. This means that the radio beacon must operate
after water impact, and possibly that some type of dye marker should be

released upon impact. (Appendix H)
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VII. INTELLIGENCE PAYOFFS

Photographs produced by the system just described should enable us

to do a useful reconnaissance Job at Level A, over areas measuring millions

of square miles. The scales and resolution that will be possible are

comparable to those obtained with certain kinds of photographic charting

equipnent standard on Air Force reconnasissance aircraft today. They will

make 1t posaiﬁle to i{dentify major railroads, highways, and canala. Urban

centers, industrial areas, airfields, naval facilities, seaport aress,

and the like can be seen. Very likely, defense missile sites of the sort

found eround the Moscow area will also be identifiable, Thus, with

repeated surveillance, it will be possible to find new major installations,
perhaps to learn something about patterns of use of Soviet ICEM systems,
and certainly to obtain clues for the direction of other, higher-resolution

systems that can provide more detailed, accurate identification.
B and J)

(Appendixes
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VIII. GRCWTH POTENTIAL

Clearly, the major emphasis of this memorandum is on the easiest
and eafliest recoverable photographic satellite system. This version,
the 12-in., f/).S camera using 500 f; of 5-in. film, and based on the
Thor booster, 1as seen as the first of a series of such systems. This
payload is capable of photography at Reconnaissance Level A in adequate
detail. As the system 1s proved out, as confidence is gained in satellils
operation, and as envirommental constraints and intelligence problems
become better understood, longer focal-length lenses can be introduced.
The first system would be followed by a 36-in. focal-length camera using
1500 £t of 9-in. film, Currently it appears that this payload can also
be put on orbit using a Thor-type booster, with a maximum peyload weight
of about 300 1b.

This second system should provide reconnaissance at Level B, giving
adequate detaill over areas of hundreds of thousands of square miles.
Eventually this system could evolve into cne ueing a 10-ft focal-length
lens and about 2500 ft of 18-in. film, btased no longer on the Thor but on
the Atlas booster, and doing a reconnaissance Job at Level C, or over
specific point objectives. The time phasing of the several projects
should be aboyt a8 follows: availability of the 12-in. system, one year
from date of contract; availability of the 36-in. system in 18 months;
and evailability of the 10-ft system 36 months after the start of the
program (Fig. 5). {Appendix K)

To conclude, it is believed that the type of system proposed here
will work, can be availabls quickly, and will f£{11 a vital military recon-

naissance need both in the near and in the distant future.
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Appendix A

INTELLIGENCE KEEDS AND MEANS

M. B. Davies and A. H. Kat:z

Assume that in the forthcaming era we will have a continuing need
for both national and military intelligence. It will suffice for present
purposes to note that national intelligence needs, though using in large
measure the eame kinds of information inputs required to satisfy militery
intelligence needs, are by and large tied to the formation of objectives
and policies, and to the supporting actions necessary to implement.these
objectives.

Military intelligence, on the other hand, finds its needs in the
requirements to plen defensive and offensive responses to enemy actions
end to ensure adequate development programs to meet estimated threats.

Military intelligence needs can be described under three major
categories:

1. Warning
2. stimate cf Cepedilities
3. Targeting Information

Warning is a problé.m of overriding priority. The requirement here

is to supply warning of imminence of hostilities.

The second category
of intelligence reguirements will, if met, answer the questions:
vhat does the enemy have, how does he use it, how good is he at using
i1t, where 18 it, and how many does ke have? 'i‘argeting information is
that information necessary for us to plan our military response to

attack. The reconnaissance system described in this report is inte_mled
to provide intelligence for categories (2) and (3).

~SEERET—
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Intelligence data can be supplied by many methods. Certainly a
major method is physical-objective reconnsissance using sensors such
as photography, radar, infrared, and the like, and airborne photographic
reconnaissance emerges as perhaps the principal reconnaissance tool
for collecting data about the Soviet Union. It 1is belleved that only

ictograghic reconnatasance can meet the requirements

higheresolutiss p
for detailed reconnaissance that will exist for the next fev yeara at
least.
In attempting to pick the kinds of systems which are preferred for
the Job of pre-hostilities aerial recoanaissance‘of the Soviet Union,
it 1s necessary to have an operational concept. It is conveniént to
define four levels of photograsphic reconnaissance: A, B, C, and D.
Reconnaisgsance Level A provides pioneer large-area gearch. This
calls for a system to be operated over areas measured in millions of
equare miles, and at a photographic scale of roughly 250,000 K (vhere
K 18 between 1/2 and 2) on Aero Super XX at approximately 10 lines/mm.
High altitude operations which have as their end the securing of
detail about small ground objects require resolutions which can perhaps
be measured in terms of feet, or dozens of feet, on the ground. It is
entirely useless to telk about scale without specifying the level of
definition or resolution, and the material on which it is obtained.
For this discussion of photographic performsnce we have chosen to make the
numbers consistent with nominal service-obtained resolution
(10-15 lines/mm) on standard Aero XX film. While this resolution is
often exceeded in practice, it is convenient to use as a reference

against which photographic performance is measured. Thus we should be

SEGRET—
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able to take this scale number (250,000 K) for pioneer large-area search
against m{llions of square miles, and investigate the usefulness of a
proposal at a different scale and at a different level of resolution. Very
roughly, resolution and scale are interchangeable over small excursions.
Thue & scale of 1,000,000 at 40 lines/mm should be approximately as good as
‘u scale of 250,000 at 10 lines/mm--but if a choice is available, the latter

18 certainly to be preferred.

Level B 18 entitled ‘limited area search,' proceeding at a scale

number five times smaller (scale therefore five times larger) of

50,000 X, useful egainst areas measured in hundreds of thousands of
square miles. At such a level of reconnaissance the character of

many major installations can be detected and identified, aircraft

o

&n be seen on airfields, minor lines of comrunication can be found

and plotted, and in general, those items found at Level A cen be

seen more satisfactorily.

Level C, 'specific point objective photography,' can be accomplished

at a scale level of 10,000 K, and 1s useful ageinst target areas measured

in terms of hundreds of square miles. At this level detailed analyses

of sites, airfields, industries, and activities can be made.

Level D, 'technical intelligence objective,' at a scale level of
2,000 K, is useful asgainst areas measured in tens of square miles or
less. It will serve many if not most of the needs of technical in-
telligence which can be met by photography at ali.

Air Force photography, in some {nstances, is at present carried

out at precisely the scales of Level A. An immediate reference is

available in the scale out near the middle of the photographs obtained

~SEEREF—
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by the oblique trimet charting instaliations standard cn mcst Alr Forece
reconnaissance aircraft. It is clear from studying this kind of photo-
graphy and the resolution obtained, that under these conditions one
should be able to see and identify moet lines of comrunication,
railroads--certainly major railroads--, highways, csnals, urben
centers, industrisl areas, air fields, naval facilities, seaport

areas, and the like. Very likely, the defense missile sites of the
gort found around the Moscow area are identifiable under theese
conditions.

A concept of operations ie envisioned whereby all of the Soviet
Union is covered at this ploneer level of quality at intervals of say,
6 months to 1 year. With such an operation, new major installations
can be detected, patterns of use perhaps found, and certainly hints
and clues for the direction of other finer higher-resolution recon-
Haissance syste:ss can be obtained. The overall reconnaissance
capability of the United States must be based upon systeﬁsvable to
operatie at each of these levels. The system we are concerned with
here 1s designed specifically to do Job A, which occurs first in order
of interest and must be done in order tc serve as a useful guide for
further reconnaiseance Jjobs.

It 1s extremely difficult, if not 1mposoibl§, to take a given
number, suck as ground reeolution of--in the case of this proposal,

60 feet--and say specifically what can be seen. - The conditions of
observation are so variable, as are the 1llumination, the contrast,
the context, and many other important factors that determine detection

and identificatlion, so that to specify ground resolution alone

~SECRET-
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is insufficient. At least one photograph 1s available, taken with

8 six-inch lens from an altitude of about 150 miles, with resolution

estimated to be about 10 lires/mm in the focal plane, therefore

glvring & ground resolution of about 500 feet on the ground. On

this particular photograph, major railrocads show up clearly wvith even

casual obgervation; two military airfields are easily seen with
clear and diatinguished; and major streets in a nearby city

are fairly easily resolvable and can be plotted. (This exemplifies

the phenomenon of long lines being more easily detected than small

square objacts.)

The number of ways of conducting overflight operations over the
Soviet Union for the next fevw years are sharply limited ipn number,
Satellites and aircraft almost exhaust the 1list of possibilities,
and for present purposes will be sufficient. For numercus reasons,
including political palaiability, vulnerability, and the like, it s
-unrealistic o concelve of wholesale cyclic mapping of the Soviet Union
by aircraft. Aircraft are superb for performing reconnaisesnce at
Level C and D, and, properly used, should be confined to that purpose,
furnishing a complementary system to whatever system or systgms operate
at Levels A and B.

It is realistic to conceive of finding large military installations,
or other installations in the process of being buili, using sysiems
performing at Level A or B. At such levels, it 1s certainly possible
tc get clues of sufficient interest to warrant dispatching a system

operating at lLevels C and D to verify, confirm, or further inspect

SEGRET—
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.D
these operations. This 1s particulerly true for the urgent problem
of finding, identifying, and plotting on a map, Soviet Union missile
sites.

monma

onelusicn, reccopaissance at level A is seen as a fundamental
and 'first-thing-first' Jjob. It will supply a matrix in wvhich other
data can be imbedded, and 1t will furnish a planning guide for future
self 1t will sort out profitably searched
areas from worthless areas, and it will locate and chart major military

and industrial operations as well as help determine pattarps of use.
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Appendix B T
CAMERA DESIGN

M. E. Davies and A. H, Kate

The éssence of the present proposal is to put a causera-carrying
satellite on orbit approximately 150 miles above the earth, operate
this camera system over the Soviet Union for approximately one day, and
bring the film teck to the United States for military analysis. This
eppendix discusses the design and operation of the ¢amera ond so=s of
the problems of the satellite mission.

Paroramic cameras for both ground and aeriesl use are certainly not new.
This particular camera design was inspired by a series of proprietary pro-
posals by the Fairchild Camera and Instrument Corporation. Extensive
conversationa about these systems were held withk P.P. Willcox, Vice President
of Fairchild, starting in the spring of 1957. Their Engineering Proposal No.
43) describes a 12-in. panoramic for the Ryan tip-pod.‘ As suggested by RAND
for use in the satellite, panoramic scanning will be accomplished by rolling
the entire satellite stage rather then rotating the cemera., For the satellite
application, the lens will be mounted behind a quartz window in ths
carrier, and will image the ground on a fixed slit in front of the focal
plane. Since this fixed slit serves as a shutter, the only moving parts
will be the film transport. During the part of the rotationsl period

in vwhich the ground is not being photographed, a measured length of film

.After initially considering the use, in a satellite, of axially
oriented cameras employing 45  mirrors, as in the Fairchild ides, it occurred
to the authors that the mirror could be removed and the camera tipped to the
vertical position. This makes it similar in principle to a cemera used for
trensverse pazoramic photography by Col.. R. W. Philbrick at Boston University
in about 1948. This latter camera was modified from a standard USAF 5-7 camera;
in-flight photographs made with this ‘Whirling Dervish' were exhibited to the
U.N. in 1955, as part of an 'Open Skies' exhibit.

vy
it
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will be rolled off the supply spool in readiness for the next exposure.
At the same time, the last exposure will be wound on the teke-up spool.
Ir desired, image motion compensation can be accomplished by canting the
slit, so that the film motion vector corresponds to the average image
moticn vector. '

The camera for the large-area search mission will have a 12-in. t/).5
lens and carry S00 ft of S5-in. film. At a design altitude of 750,000 ft
(roughly 150 miles), a sweep angle of 9}0 corresponds to a strip width
of about 300 mi. The format size 1a 20 in. x 4-1/2 1n. with a scale
st the center of 750,000, and an average scale of about 1,300,000
at the edge. The ground coverage at the center is 53.3 mi and 77.5 mi at
the edge. Each photograph will cover some 18,000 sq mi.

The missile roll-rate is 18.2 rpm with the camera making an exposure
every third revolution. This gives 9.9 sec between start of succeassive
exposures, 10 per cent forward ground overlap in the vertical on successive
frames, and a required film speed of 22.9 in. per second. The design
shutter speed of l/hOOO sec dictates a slit width of .0057 in. which,
from the standpoint of construction, is quite feasible. This slit would
be canted to correct for .41 in., per sec forward image motion at the
center of the frarme.

The 500 ft of film will permit 300 exposures; this corresponds to a
ground path length of 14,300 mi and a total coverage of 4,000,000 sq mi.
It is estimated that this camera will weigh about 50 1b; the peak pover
load will be about 100 watts. The film and spool will weigh about 10-1/2 1v.

It 1s 1ikely, and desirable, that a special 12-inch lens should be
designed for this camera. This will not be too difficult, for the labora-

tory performance required on the £ilm will be about €0 lines/mm.
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There exlst today several lens designs which can be scaled up and several
which could be scaled down to do this Job. The essentially parrow angle
of coverage, the moderzte speed, and the fairly short (by aerial
reconnaissance standards) focal length are factors ensuring the emergence
of an acceptable lens in & reasonable time.

The exposure time, 1/L00O sec, is based on the cholce of a rather
pew film emulsion used for aerial photographic purposes—FBastman Kodek
§.0. 1166 (this was the number under which this film wvas kmown up until
very recently when it wes given the name, Plus-X Aerecon). The choice of
lens speed (£/3.5) and shutter speed are entirely conmsistent with this
£ilm choice.

We can examine the image motionsthat may occur during the time a
photograph is teken with this panoremic system rather easily. First, of
coursf’a, there 1s forward imege motion; in this case, the motion caused by
imaging a ground velocity of about 25,000 ft/sec at a scale of about
750,000. A speed of 25,000 ft/sec for 1/4OOC sec results in a ground
motion of 6 feet during the exposure, which, when reduced by the
appropriate scale factor, gives the amount of image displacement. As
noted above, the film—Plus-X Aerecon—was chosen such that it would have
enough speed to permit exposure at 1/LO0C sec at £/3.5. The logical
question at this point i1s whether such a film 18 capable of imaging serial
photographs at sufficient resolution to permit exemination of ground
detail at a levél consistent with military requirements. The answer s
yes. The major differences between Plus.X Aerecon and standard Aero
Super XX are that Plus-X Aerecon has more resolution and much better
graininess characteristics, thus permitting the examination of finer

detail with more confidence than Aero Super XX.
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This system is not intended to obtain microscopic resolution at,
say, levels of 100 linea/mm. Rather, the goal aimed at, and the
goal believed to be fairly easily attainsble, is a modest 40O lines/mm
from the air. This compares with advanced reconnaissance systems
novw in being. A etatistic commonly used in describing eerial reconnais-
sance systems is ground resolution. Ground resolution is simply the
ground dimension whicn corresponds to one line of Tesoluticn i a focal
plane. In this case, with a 12-inch focal length lens and 40 lines/m,
clearly the width of a ground element produced or projected back on the
ground through the lens system is 1/40 mm as seen from 12 inches (300 mm).
This is 1/12,000 of the altitude, or approximately 60 feet. Thus the element
of resolution with which we are concerned is about 60 feet,

It is for this reason that residual motions during the exposure, which
are a enall fraction of the €0-feet resolution, can, by and large, be
ignored, especially when these fractions are of the order of 10 per cent
or less. Hence, the 6 feet or so of forward motion produced during the
exposure time of 1/4000 sec while the vehicle is moving at 25,000 ft/sec,
is 1/10 the basic resolution element and can, in this case, be easily
ignored. On the other hand, it is perfectly pussible to put in an
everage compensation for forvard ground speed by properly orientating
the slit mechenism,

By the same token the tolerance or sensitivity of this system to
angular motion and angular rates can be investigated. The amount of
motion or blurring produced on the film during en exposure is simply the
uncompensated motion,i.e,, uncompensated image speed times the exposure

time. Assume a residual speed of, say, 1 inch per second and an exposure
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time of 1/L00CO second; the residual image motion 1s therefore 1/L000 icch,

which is approximately 1/160 mm, considerably less than thet tolerable by
a b0 lines/mm standard.

In general, uncompensated image motions other than that ceused by
forwvard motion of the vehicle arise from angular rates of one sort or
another. An engular rate of 5 degrees/sec gives rise to an uncompensated
image speed in the focal plane of & 12-inch lens, of 1 inch/sec. Con-
sidering tha exposure time of 1/4000 sec, ihis gives a residual motion
of ebout 1/4000 in., which again 1s about 1/160 mm, and 1s negligible.

This example 18 illustrative only. Angular rates of this magnitude
are not anticipated for this system. The other major, or potentially
major, source of blurring occurs if the film i1s pulled through at a rate
different from that demanded by the spin rate of the vehicle, Table 1
shows the relatioZship between spin rate, focal length, length of film,
and other parameters of this 12-inch system, as well as other systems
which we envision as follow—on developments. It 1s iniended to generate
& filz spced in the transverse direction of about 2h-1in./sec. This is
based on a spin rate of about 18.2 rpm.

' Table I

CAMERA SUMMARY

Focal length (in.) 12" 36" 120"
Strip Width (s. miles) 300 300 100
Sveep Angle 93° g 93°81 38° A7t
Format Size 4=-1/2" x 19-1/2" 9" x 58-1/2" 18" x 81-1/4"
Length of Film Carried (ft) 500 1500 . 2500
Number of Frames 300 305 365
Frequency of Exposures (sec) 9.9 6.6 4.0
Spin Rate (rpa) 18.2 18.2 15.2
Revolutions Between Exposures 2 1 0
Film Speed (in./sec) 22.9 68.6 190.6
Forvard Motion (in./sec) b 1.2 193
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Suppose the film rate is off by 10 per cent, either too high or too
lov from that demanded by these constraints. In this case, the dif-
ferential izage speed—uncompensated image speed—1is egailn approximately
10 per cent of the 2l-in./sec or 2-in./sec. This uncompensated immge
speed would glve at most 1/80 mm of uncompensated motion in the single
direction. Ms i8 not enough to affect seriously the overall resolution.
(It 18 ot anticipated that the film rate will be as mich as 10 per cent
off in this systen.)

It may be of interest to examine rough power requirements for this
type of camera. The actual camera operation will occur during a 90-
degree, essentially vertical portion of a revolution, l/ 4 revolution.

The actual photography then, will be accomplished during +his 1/4
revolution out of every three revolutions. Thus the camera is drawing
peek load for 1/12 of the time of the period of photography. It is
estimated that peak power requirements for this operation, based on
performance requirements of somewhat similar cameras, will be no more
than 100 watts. Between pictures, that is for the other 11/12 of the
cycling time, the camera will be metering f1ilm out in readiness for the
next exposure, and vinding up on the take-up spool the film taken om the
previous exposure. This operation consumes much less power than does the
main job of pulling filx “mror:;‘n at 2k-in./sec.

The nunber of actual flight-line milesl contemplated in this operation
is about 14,000. This corresponds to about seven 2,000-mile passes over
the Soviet Union, or six passes of somewhat greater length. The total
flight-line miles of the vehicle is approximately the circumference of

the earth times the number of passes around. This is about 400,000 miles.
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Thus percentage of on-time of the total camera system is approximately
14/400 of the total life of the vehicle, here taken as one day. Thnis is
3-1/2 per cent of the one day, or 50 minutes, -
Fczlecting the fact that ths camera is drawving peak power for only
1/12 of thie total on-time, sssume that it is drawing this 100 watts on
a continucus basis for the 50 mimutes. The total amount of pover re-
quired for the camera is less tban 100-watt hours, an amount of energy

that can be furnished by a few pounds of batteries.
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Appendix C

ATTTTUDE STABILIZATION

T. B, Ga.r‘rger

By spinning a vehicle about its longitudinal axis, the attitude of
the body may be stabilized with respect to an inertial reference, It is
of intercst to examine the effect upon the angular motion of the body of
sxtormal, =2pplied torques, Such torques may arise from a number of
sources: aerodynamic forces, the moticn of components within the vehicle,
or disturbances during propulsior, Figures 1 and 2 define scoe of the
varisbles of interest, .

In order to sizplify the eralysis, a circular orbit has deen assumed,

The rotational equatiors of motion of the vehicle, in body axes are:

. Tz'Iy M

w + —-rx-—— uy w, = T; (5)
f %

» X Z

&y + ._Iy___ v, w, = T, (v) (1)
I -1 M

* Y X z

W b e - e— (c)

z Iz x "'y Iz

From Fig, 2 the relation between angular ratee in body axes and the rate

of change of the orientation angles may be deduced,
é-uycosv-uzsinv ] (a)
ycos @ = w 8in ¥ + w, cos ¥ (v) (2)
Vo= w +tend [uysi‘nvq-uzcouv] (e)
The first disturbances that will be considered are those due to resi-
dual control system errors, With a constant spin rate, w ? about the
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longitudinal axis, and with no disturﬁing torques, Eq. (1, b and ¢) have

the following solutions:

w, = wyo co3 R, uxt + wzo sin R, wt (3)
w. = w_ cos R t - sin R, w_t (h)
z z, z “% “'yo z “x
R
I-1

vhereI-Iz-Iy and R, = I

b

Introducing Eqe. (3) end (4) into Eq. (2) yields

. [

€
] -9°+e°-§§+§-:coaaxt+§-i-siniixt {5)
€ € €
&8 b4
= ¢ 4+=—o~=cosRta+ sin R t 6
7 y TE, TR x TR, x (6)

vhere R = I"Iu" , and the residual initial errors are denoted by €
with the eppropriate subscript,

In obtaining Egs, (5) and (6), 1t has been assumed that @ and y are
small apngles, and that their product and the products of their time deri-
vatives may be neglected, The validity of this assumption depends upon
the magnitude of w, in Eq, (2,¢) as campared to the remcining terms on the
right hand side of the equation.

The engle of attack, g, is of interest since it indicates the departure
of the longitudinal axis of the vehicle from the local horizontal, With
the assumption that, over the renge of @ of interest, y and y ars small

J R
angles, the rigid body angular motion with respect to the velocity vector
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in the ebaence of sercdynamic or-other distu-ding Ltorgquas mesy be readily

. determined., (See Figs, 1 and 2,)

eo E& ¢
a = +6”t+—§—cosaxt +§-s1nnxt+(ao+eu-ﬁé) (1)
b4 X x
-e. e en
a a
B w ——==cos R t + sin R t + + = (8)
Rx x FE' x eﬂ Rx

vhere a, 1{s the desired attitude of the body at thes initiation of the
problem, and ea, GB, e&, end eé are the residusl errors in g and § and
the rates of change of those angles at the end of the orientation control
period, -

As would be expected, with all of the contrul errors equal ic zaro,
the body longitudinal axis is stationary with respeact to an inertial
reference, However, an examination of the above egquations indicates that
with rate errors preaenf, the ususl precessional motion of a spinning body
vill occur, '

Considar nov the resultant error in Q@ and y caused by this precessiom,
For the error in §, €y values of 1%/sec to 3°/sec will be assumed, This
performance is camparable to that obtained in the attitudes control of
current vehieles.’ A similar velue will be assumed for 6;. The angular
position errors, 69 and e7, might be as large as 2°, with @ and 7y small

angles, the vehicle orientation error due to residusl rate errors is:

’Buchhei.m R. W., 'Lupar Instnmént Carrier--Attitude Stabilizatiom,!
RM-1730, June 4, 1956 (Unclassified),

T
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AAQ,,’, e« 1,01 -R—x- + R (1 -~ cos th) (9)

Figure 3 indicates the manner in which the envelope af AAB,7 varies as a
function of the parameter Rx.

At the end of the control and stabilization period the vehicls is
toosted 4o orbitsl speed.  With the thrust axis misaligned by a small

angle, 3, a disturbing torque is applied to the craft.
My, = T L3 (10)

vhere T is the thruast, and & is the mament arm,
With zero initial conditions, Eq. (1, b and c¢) now have the following

solutions:

TA ®

uy = W sin Rz th {(11)
T ]
w, = g (cosR, wt-1) (12)
z %
I-Ix
vhere Ostf_tﬁ,and Rz' T .

-

It is assuned that the thrust is applied as a step function, Thus,
Egs. (11) end (12) are valid up to the end of the burning period, tB. When

t > tB ) W, y end w, have the following form:

I

X
cwyo® g Ko, [sin Ryuty cos Rout + (cos Rowty - 1) sin Rut] (13)
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Fig. C-3— Tota! attitude error as g function of spin rate

SHERE




T o o A e s B U I ) Dok

RM-2012
11-12-57
48

rds

uz - ﬁ.iz’:; [(COB Rzuxta - 1) cos Rzuxt - gin szxt«a sin Rzuxt] (lh)

vhere t >0 . (zero tims redsfined at the end of Vurning.)

Introducing Eqs., (11) and (12) into Eq. (2, a,b and ¢) yields

T4
§ m ——— p (a)
TR, 1
; ke 2 (v) (15)
9 =
7 cos TR, P2
. T8
v = u +tan e I::“’x P, (e)

vhere 0st stB and :mere

~ .

. .

P, = sin szxt cos ¥ + 41'- cos Rzuxt) ein ¥

P = sin szxt sin ¥y - (1 - cos Rtht) cos ¥

In the case of Eq, (15), the validity of a small angle soluticm
N depends upon the magnitude of T f 8/IRw . It should be noted that
this term may be reduced by reducing the thrust and increasing the burning
tima such that the total impulse remains constent,
A procedure thet mey be followed in obtaining solutions to Eqg,.
(15, a, b and ¢) 18 to expand ¥ in terms of a Taylor series in cne of the
parameters of T ‘Qx 5/1 Rw . Thus

2 S
v(t,8) = v, 4+ @g 6_Oa+% il) 82 4 .t (16)

%°/820

CONHBERHAL
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with a little msnipulaticn, @ may be elimipnated from Bq, (1%, b ead o)

2 o
o T . ? P
v - (-f—:‘—z;; P P, + (¥ - wx)z 'p—:' +(¥-w) 5—:‘ (17)

From Eq. (17) the first three terms of the expansion of Bgq, (16) ray be

dstermined, Thus:

"a-b -t (a)

CIeR

T4\ | tar) I (1, - 1)
_331 x 2 x iRt
(&2)5-0 (IR‘w" o ;z l_ L T
T-1 I (1, +1) (16)
+(Ixx sin wt - T L) O Rt
1 12

Sin(uxi'Rx)t-G-h 3

T, sin 2 Rt (c)

1
+ Eain2uxt-J

An exemination of Eq. (18, a,b, and c) indicates that the first effect of
the misalignment torque appears in the coefficlent of 62, end consists of

a term linesr 4in time plus an oscillating component,

-



2
, (T2 8\ (I+1) 1 (T4 ,
~t — ems———
VRl t3 TR u w I “’xa TRu, | 'ose.

(19)

Intreducing Eq. (19) into Eq, (15,a) and integrating yields

9 = AR‘ {cos [Rx+u] t-l}
+ A, {1 - cos [ux +u] t}

3

1 T!xs
2_;3 IRuy

r.’1. (voac.) ’ (20)

where

-
,‘E

3
o
g My et A pT e T R e

£
+
M Ead

1 T]xbe (I+Ix)
=32 TR, T

From Eq, (20) it can be seen that the disturbing torque influences both the

amplitude and the period of the pitch os¢illation,
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Combining Eq. (15,b and c) yields:
> 1/2
L ] T b .
y =» 2 QI_:_:-N;) P22 + (¥ - Nx)a (21)

Equation (21), upcn ccasideration of Eq. (18) and Eq..(19), nay be reduced

- £o the followving form:

3
. TL® v [TV, 2
7218:“’:p2+2u2182""x T;(cosaxt-l)-i-(l-cosu&t) P,
x
(22)
Integrating Eq. (22) ylelds:
7 ® Ay ein [Rx+u]t (23)
x
N3
T B
1
- by sm [t e ol ﬁ;g) €2 (¥oqe,)

If terms up to 82 are retained, then the pitch and yav errors due to thrust

misalignment at the end of the burning period are:

88y = Ay [coa (Rx +4q) - l] +A, [1 - cos (mx +u) *‘B] (24)
x x
and

a7y = ARxsi.n(Rxo‘u)tB-Auxnin(uxd-u)tB (25)

An examination of Eqs, (24) and (25) indicates that, for a known misalign-

ment angls, 095 and A7b may be constrained to be zero at 1'3 for any

particular vehicle design, regardless of the value of AR and A"'x . Thus,
x

L

i 4

Y,
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Rx +u = % (26)

vhere n is an even integer.

Introducing the expression for u given with Eq, (20) into Eq, (27)

ylelds:
n + Tixba I+IX
ag” - L__E.hwx3+% ( IRz) ( ) -0 (28)

I .
The ratio, -Tx- may be found in terms of w, end tB by subtracting Eq, (26)

from Eq. (27)0 Th“')

1__{3_25 (T L8t [ﬁ: :: : ;‘] = 0 (29)

An approximats solution of Eq. (29) mey be found by expanding W ina

Taylor series in 8,
2
5 ty 1 vi s
“ = ( :Bn)ﬂ-(n+27x (n: ) (anxz) (30)

vhere v is the total impulse,

The ratic -= is

(31)

— e T TP T T Ty r—— LAl " e iame ane Linady 4 =




- ke o A Ak S et it it A" g
[5— it Lot it i e ot e e - iy

RM-2012
11=12=37
53
Figure 4 is a plot of the required w, end Ix/I as a function of the burning
time for the case in vhich n 1s 2,
' Tﬁe thrust misalignment angle & is, of course, only known in a sta-
tistical sense, Figure 5 shows the variation of the errora in ¢ a=3d y
as a function of 8, In this particular case, the system has been tuned
such that the errors in pitch and yav would be zero at the end of &
5.9 second burning period.

Piteh and yaw errors would be expected at the end of the burning
period due to errors in the spin rate, the burning tims, and in other
perameters, such as I x/I‘ Since the moments of inertia of the vehicle may
be carefully adjusted prior to flight, only errors in @ and y dus to A"’x
and AtB vill bte considered, Thus

) AeA“’x -AA.Rx cos(Rx+u)tB-l]-ARxain(Rxfu)tBA(&‘-tp)
(32)
+AA‘& [l-cos (wx+u) t.B] +wa sin (wx+u)tBA(ux+u.)

Bowever, for a tuned system, AQAm is zero for small errors in e
X
Similarly, AO&B is zero. 1In the case of the yaw angle, 7y, the following

errors would be expected:

s &
b7y, ® A (T‘ watﬁ) A, gty (33)
and
O, & Ay (Ry +u) Oty - Ao (u, + 1) Ot (34)
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Fig. C-5—Pitch and yaw error angles at the end
of burning as a function of the thrust
misalignment errors
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From the definiticns of A, , A, and p upon page 8, it is apparent
x x

vhat Ay is also zero, vhile Qy is approximately zero,
oty Buy
After the burning period is over, £q. {13) and 23, {1b) cive the
body rates, uy and W, . However, from the definition of R,» and from
Eqs. (26) end (27), 1t con be seen that R uw. is equal to 2x radisns,
Thus, w_ and u

y 2
Of courss, the most direct epproech in reducing the magnitudes of the

are zero foar ¢t >f-B.

forced errors in © and y 1s to increase W For large values of the spin
rete, the gmplitude constasts, Axx acd wa , epproach zero, and 1t is
not necessary to adjust the pericds of the oscillatiocns,

However, system operation dictates a spin rate of approximatsly 2
radians per second, Thus, unless the required increment in speed is, by
de.sign, kept small so that, in twrn, the misalignment torque is small, the
peé-iods of oscillation should be tuned to ensure small errors after the

. propulsion period is over,
The next effect to be examined is that of residual serodynamic gcrces.
: From consideration of Figs, 1 end 2 in conjunctiocn with Eqs, (1) and

(2), the following equaticss may be written:

dhe

G5, - R (r e+ (Be) (G-B u) = 0 (35)
T+ ncp(l. : ¥
7o (g +18) - (@ +8) (V- Ru) = O (36)

vhere  L_ 18 the l1ft force due to q, scting perpendicular to V,
La is the lift force due to 8, acting perpendicular to V, and
D 1is the drag force acting along V. In obtaining Eqs. (35)
and (36), all angles except y are assumed to be 'small angles,' Thus,

—COHBENHAL
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 x
Ly = ']2; Cvzﬂwer '&_L a (a)
1 p.2 CX
L, =3 (VA 5 8 () (37)
D = % pvamf CD (e)

Upon adopting a circuler orbit, and letting ¢ = W, » BEqe (35) and rq. (36)
.have the folloving form:

: x
a-f?(gpvzk,,,\) (CD+EE) a+(BR) = 0 (38)

LX] & [ J s r2
5--—%3 (%pvanr) @D"'@E) B-(@GR) = - :rg R, (39)

The solutions of Eqs, (33) and (39) may be reedily obtained,

2
2 g r
€y Tg =2 Rt
+——T Rx‘} = x "1
a » —ITI stant + (o2 sin z,t (k)
zl(zl-zs) le-zj)
gorgaﬁx 8, Tg sz§2 g ran zacoazﬁt
Bom s - 5 r om0 Iyt + = e 12 )
VS vty (zl-zb) """‘n“l‘%’
(k1)
where
2
2z - 2+Rx +§
1 ““W * T3

RTINSy




d

l
23
)

Al

2
o2, % R
Zy * (%9 "R T2

-}

T

’ x
I - LA W ROy

As the eerodynamic effects become negligible, the parameter z3 a.ppr?a.ches
2ero, vwhile z, approaches Rx' If the satellite has a two day operaticnal
cepebility, then the maximm value of t is of the order of 1.75 x 10)

seconds, For the angle zjt to remain small over this period of time, it

18 necessary that z; have a magnitude not greater than 10'6. Thus

w2 ¥ m'sxx , (52)

Figure 6 is a plot of 1—;-2 » the ratio of the static margin to the
pitche-yav moment of inertia, as a function of altitude with the restriction
imposed by Eq. (42).

As a typical exemple, for an orbit altitude of 800,000 feet with R,
equal to one and with I equal to 20 slug-ft2, the center of mess and the
center of pressure may have & maximm separation of 0,575 inches to ensure

that torques due to aerodynamic effects are negligible, With =z t a small

3
angle, Eq. (40) and Eq. (41) have the following form
g T 2 %2 7]
o = + i g t+ =3 sin th (43)
Vr Rx
2 Y 7]
= g. T R
1 B = - = g __x_2_ -ui‘u- cos Rt (44)
2 vr W, Rx
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Fig. C-6 —Permissible static margin as a function of oltitude
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Thus o is approximately equal to é"t , vhilea g8 {8 approximately zero,
vhich is the result indicated by Egs, (7) and (8) for the case of zero
initial errors.

Disturbsnces which arise due to the motion of internal ccmponents
may be minimized by the proper placement. of such gear, As an exampls,
eny roteting machirery should be placed, if possible, with the axes of
rotation coincident with the vehicle's longitudinal spin axis, The moticn
of such equip=ant will then cause perturbations in the spin rate, but will
not exert moments which would result in a Apit:ch or yaw motion,

I1f it were required the spin rate could be regulated by the use c®
a8 reacticn wheel,

Other disturbances such as those due to meteor impact and magnetis
field interactions may occur, However, the former event eppears to be
very tmlik.elysl)\-‘hile a preliminary examinstion of the latter effect indi-
cates that for the vehicle under consideraticn, no signiticant errors
should develop during a two day operational period,

Thus, the expresaions for the total error in @ and y are:

-+

de = ¥E to,707 AAQ’,,t b, (45)

"

g

In order to evaluate the root sum squared values of A9 and Ay, the

following values have been assumed:




€ = €. = 20,035 red

+ 0,035 redfeec

(]

O»
1
m
L]
[ ]
'

ux » 1,957 rsd/aec

wa = * 0,035 rad/eec

I

X

T = oM
tB = 5,9 secs

The preceding values, in conjuncticn with Figs. 3 and 5 and Egs, (45) and

(46), ylela:

Ao = 0.087 red

rss

1%/

rag ™ 0.109 rad

The primary source of rate disturbances 1s the initial residusl error rates.
Thus
A% = A7 = 0.049 rad/sec
From the point of view of the operational requirements, the attitude

stabilization of the vehicle poses no particular difficulties, The assumed

performance of the orientation control system is within current capabilities,

(1.) Buchheim, R. W., 'Lunar Instrument Carrier--Attitude Stabilization,®
The RAND Corporation, Research Memorandum RM-1730, June 4, 1956
(Unclassified).
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Appendix D

GUIDANCE ACCURACY REQUIREMENTS

J. H. Huntelcker

The inaccuracles that may be tolerated in the ascent guidance systen
can be related to the design altitude, which is determined by a campromise
of the photo interpreter's desire for large scale and the requirement to
keep aerodynamic forces negligible during the one-day operation, Photo-
graphic quality will in general be good, independent of the altitude; how-
ever, the intelligence value of the pictures will decrease if the altitude
is too great. In this connection, one problem which should be resolved
during the satellite test program is the determination of air density as
a function of altitude; with these data a minimum operation altitude can
be established.

For purposes of determining guidance tolsrances a design altituds of
750,000 ft (142 mi) has been selected, with permissible variation being
+250,000 ft (47.3 mi), At these altitudes asrodynamic effects are nominal,
If the variastion in altitude were to be considerably reduced the design
altitude could, of course, bs lowered,

This acceptable range of altitude (142 +47.3 mi) cen be interpreted
in terms of ascent guldance requirements in the following manner: The
minimum or perigee altitude (hp) and the maximum or apoges altitude (h‘)
are uniquely determined by these conditions at the end of final, or third.
stags, burning; the magnitude of the velocity (v3) , the direction of the
velocity vector with respect to the horizontal (X;) and the altitude (hB)'

They are related by the following equations:
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&
v 2:- 2 t:os2 Y. - )
r, = J_}Y_T_lu 1 (1
v.2p 2 cos? X'
rp - p.i 1+e) (2
whare
ry = bger, (r’ = radius of the earth)

u o= g x-e2 (g = the gravitational constant)

and the orbital eccentricity e is defined by

r,-r
° RN
1/2
“ 2 v.%r, cos? 1\
and e w» {1 - (2~ Y5 r3/u) ‘3—‘3'——3-“ (3)

Figure D-l presents ha and hp as functions of Av3 for varying

. Y AT AY = - . - L]
42y where A ¥y = Yy =V, (vc circular velocity at 142 mi) mua; Z;

(i.e., ¥'= O for a circular orbit), This figure does not include the
effact of errors in the altitude of final burning (Ah3). This effect

can be approximated by

dh&

3 3

gl &

-02 . _ (L)

Figure D-)l will yleld a measure of the inaccuracies which are
tolerable in the control of the ascent trajectory, but this only in-
directly, For D-1 to be msaningful in terms of the perfoimance required
of the guidance equipment it 1s nacescary to exsmine the flight path to

determine where errors originate and how they propagate to the point of
final thrust cut-off (Point 3),

~SEGRETF
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Fig. D-1—Apogee and perigee altitudes related to errors
in the magnitude (AV,;) and direction (A7;)
of final burnout velocity
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Figure D-2 1llustrates a representative ascent trajectory., At Point
1 second stage burn-out occurs, followed by orientation and spinning of
the third stage. A long coasting period (about L80O n mi) takes the va-
hicle from Point 1 to Point 2 where third.stage burning occurs. Point 3
1s the point of final burn-out and hence the initiation of orbiting.

Inaccuracies in gﬁidance prior to Point 1 will result in errors in
altitude, velocity, and direction at Point 1, Each of these errors con-
tributes to errors in all three quantities st Point 3., Errors are also
introduced by inaccuracy in the control of the magnitude and direction
of the velocity increment added between Points 2 and 3. Due to the small
amount of velocity added in the third stage (approximately 300 to 500
ft/eac) the effects of these errors should also be small (e,g., if the
velocity varied by + 2 per cent and the direction by + 5 degrees the re-
sultant errors in final cut-off conditions are + 10 ft/sgc and + 1,7 mils,
which, if added with zero correlation to the errors originating at Point 1,
will be negligible.)

™.
-

e —— -
N8 asd3unpe

ion was mads thal final burning occurs at a constant range
angle measured from Point 1. If final burning were controlled with a pre-
set clock, further errors would be introduced by inaccuracies in the clock
and by variations in the time required to reach the desired range angle,
The latter introduces an error in range.angle of less than 10 miles. - Compa-
rable accuracy in the time base would require a clock accurate to about
0.1 per cent (~B80 sec/day). These effects will be insignificant relative
to those caused by errors in.second-ntage cut-off conditione,

On the basis of the preceding considerations the remainder of this

study was restricted to an examination of the propagation of errors from
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Point 1 to Point 3 (nearly identical in space to Point 2), During the

coasting from Point 1 to Point 2 the vehicle follows an ellipse described

2.2 2
by v, cos 2{‘1 )
T = “u{l-e cos §)

where @ is the range angle measured from the apogee of the ellipse and

itV *tAaM

ot Tfg *4n
2;. - Xdl + Axi

The symbols Va1r Ta1 and X&l are the design conditions at Point 1 as
indicated on Fig., D-2, The values A)r3, A!"3 and A}s are calculated at
a point down-range ¢c radians (ﬂc is the design coasting range angle -
see Fig, D-2); ¢3 will be equal to ¢l + ¢c (¢1.being negative inasmuch
as the apogee is down-range {rom Point 1).

In addition to Eqs. (3) and (L) the following are used:

%—-v"’-%kl*--vlz ' (6)
tan ¥'- 7720 (n
The final errors ax;e then
AV, =V, - Vg, (8)
ary =1, -1y, (9
Ab’; -2 (10)

These were calculated for all combinations of a range of values of

avy, ary and AB’i. Representative results are plotted as Figs, D-3, D-f4

—SECREF-
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and D-5, As can be seen, the relationships are quite linear within the

range of interest and can be approximated by

avy = 2.5x 1o‘uxi - 0.754v, - 1073, r, 1)
ary = 2.1x10" 497+ 15 x1004y, + 24ar) (12)
AX; = 0,1 Aaio '7.5::10'5 Av1-5x10'8Ar1 {13)

_A marked negative correlation exists between Av3 and 4r3, the net
effect being to limit the variation of h, and hp of the final orbit (see
Fig. D-1). This is further demonstrated by the inclusion of av* on Pigs,
D-3, D-4 and D-5, where 4v* is the velocity error de_tined with respect
to the actual altitude at Point 3 rather than the design altitude. The
value of Av* is in general only a fraction ofAVB.

Based on the foregoing we can stipulate the appmiimate accuracy
required of the first- and second-stage guidance equipment, In order to
establish an orbit which will remain within altitude limitationa of
142 + L7 mi we could tolerate probable errors in velocity of as much as

+50 to +75 ft/sec and probable errors in angle of up to +h to +6 mils,
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Agp_endix E

FLIGHT MECHANICS

H. A. Lieake

The main features of the orbit of this proposed reconnaissance system
are the inclipation of the orbit end \‘.he.spatial orientation of the satel-
lite vehicle: the orbit is to be in a plane passing through the poles,
and the satellite is to be oriented so that its roll axis is horizontal at
a latitude of 55 deg — that is, the roll axis is at an angle of 35 deg
relative to the equatorial plane. A polar orbit requires that the satel-
lite be launched in & southerly direction fram Camp Cooke (latitude 34.5 deg
North), and that the roll axis of the satellite be oriented so that 1t s
horizontal at a latitude of 55 deg Scuth. If the final orbital veloc.ity
increment is to Le added t'nt 55 deg laiitude socuth, the total ascent 1s
approximately 5400 a mi. ¢Tnat is, this satellite ascent path is eq;uivu.le.nt_
to the first half of a shallow ballistic missile treajectory of about
10,000 n mi total range. This ascent path will require the maximum perfor-
mance capability from the booster combin.ation. An alternate method of
establishing the orbit with the correct satellite orientation will dbe
discussed later.

The launching vehicle for the satellite consists of e two-stage booster
combination —~ the Thor and the second stagé of Vanguard — plus a small
golid propellant rocket of the Vanguard third-stage.type to give the final
orbital velocity increment. The beoster stages are described in Appendix F,
The vehicle parameters pertinent to the performance study are repeated in
Table 1.




Table 1
=

VENICLE, PERFORMANCE PARAHETERS‘

Thor vanguard II
wEl = 13,880 1b W = 1430 b
- 1b W - 20 1b
prop, 97,030 orop 33
I, o 245 gec (sea level) I w 278 sec (vacuum)
T = 150,000 1b T = 7500 1b

tg - 158.5 sec » tB = 123 sec

Final Stage (solid rocket)

I = 245 sec (vacuum)

L 3
v = 0.750

These parameters were used in tbe trajectory analysis.
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The burnout velocity of the booster combination was approximated by
use of the theoretical velocity potential of each stage minus the approxi-
mate values of the velocity losses due to drag snd gravity. The velocity
ioss dus to gravity during ﬁhe Thor powered stage, flovn oo a gravity-turn

path, is show

d

in Fig. E-1 as a function of the first-stage-burnout path
angle. The velocity loses due to drag for e nominal configuration is also
included. The second-stage gravity loss is given in Fig. E-2, also for s
gravity-turn path. The curve of first-.stage-burnout path .engle 18 included
to relate the two figures.

An average specific impulse ratlo T/Io = 1.13 was used for the first
stage. The second atalge operates at altitudes sbove 200,000 ft so that its
drag deceleration will be small and is neglected in this analysis. The
second astage specific impulse will be constant at the vacuum value of
278 sec.

The approximate burncut altitudes of the first and second stages u.re
given in Fig. E-3 as functions of second-stage path angle. The first- and
second-stage burnout ranges are approximately 90 and k50 n mi respectively,
for trajectories which are nearly horizontal at second-stage burncut.

The final burnout veloecity, at a given path angle, is given by

vl32 = - gl log, (1-v)) - gl, log, (1 -v,) - AVD1 - Avgl - Aav
vhere the propellant-gross weight ratios vy and v, are determined from the
assumed second-stage payload weight and the data given in Table 1.

The second-stage payload weight {s given by

worb
W = + 25
—
L CR RN
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&
with a propellant — total motor weight ratio v of approximately 0.75 (see
Apperdix F), end the required v value computed from the orbital velocity

increment using & specific impulse I. = 245 sec.

3

The ascent trajectory for an orbiting weight of 300 1lb launched from
Camp Cocke directly into the orbit at 55 deg south latitude ie shown in
Fig. E-4. (This ascent trajectory wvas computed for & circular orbit at an
altitude of sbout 180 stat mi.) The total booster velocity potential, with
a second-stage payloed weight of 350 1b, is 29,350 ft/eec which is decreased
to a burnout velocity of 25,700 ft/sec by the losses due to drag and gravity
on this shallow trajectory. The second-stage-burnout path angle is 2 deg
at an altitude of 335,000 ft, resulting in an eccentricity' of about 0.035
for the free-flight ascent ellipse. The circular orﬁit velocity increment
required for this trajectory is only L50 ft/sec, which is typical of a long
range satellite ascent trajectory. The solid rocket motor for this orbital
velocity increment will weigh ebout 25 1b. The total required velocity
potential of the three powered stages is 29,800 ft/sec for this ascent
trajectory. .

The effect of total ascent range on the allowable orbiting weight is
shown in Fig. E-5. It can be seen that the allowvable orbiting weight for
this vehicle cormbination could be about LOO 1b, or an increase of about
30 percent, if the ascent range were about 2700 n mi, or half the range re-
quired for launching the satellite from Camp Cooke and enterihg the orbit
at a latitude of S5 deg South.

The relative velocity contributions of th;e booster combination and of
the final stage will vary as the ascent range is changed. As the ascent
range 18 decreased, the required orbital velocity increment is increased

vhile the booster velocity increment is decreased. The net result is an

—SE6RET-
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{ncrease in the allowable orbiting weight as the escent range is reduced to
& more nearly optimum value for this booster combination.

Tone lower horizentsl scale of Fig, E-5 indicates the corresponding
launch latitude for orbit entry at 55 deg South. For example, if the
1nunch site vere at a latitude of approximetely 10 deg North (Panama), the
allowable orbiting weight for this booster combination would te increased
by about 10 per cent. Alternately, if the orbiting wveight were fixed at a
velue of 300 1b, a small performance margin would be available.

Ancther possible schen;e of establishing the satellite in an orbit with
the required vehicle orientation {borizontal at 55 deg South) is akefched
in Fig. E-6. The trajectory parameters a.tv second-stage burnout are such
as to lead to a free-flight ellipse which has an apogee altitude somewhat
higher than the required orbital altitude at a shorter distance from the
launch site. After second-stage burnout, the satellite vehicle is oriented
correctly (roll axis at 35 deg relative to the equator) and spun to the
required roll rate. When the vehicle coasts up to the required orbital
altitude at an intermediate latitude, li’ the third stage, which is oriented
as mentioned sbove, adds the appropriate velocity increment to the vehicle's
velocity in the ellipse so that the resultant velocity is directed hori-
zontally at that point with a megnitude equal to the required circular
orbital velocity. The final velocity increment required for this method of
orbit injection will be somevhat larger than the value required for in-
Jection at 55 deg South (Fig. E-4), so that the final-stage gross weight
will be increased slightly. The variation of orbiting weight with range to

apogee shown in Fig. E-5, however, is such that the required veight increase
may be compensated for.

SEL Y K T e e et o
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Appendix F
: . YEHICLE DESIGN SUMMARY
E. C. Eeffern

FIRST-STAGE BOOSTER

Thor (WS=315) IRBH is used to provide the initlal rocket-powered
boost for the proposed reconnaissance satellite. Based on & praliminary
review of the Thor airframe and its major components and systems, it
appears that an upper stage, or stages, weighing 5000 1b could be placed
on the Thor without modification to the basic airframe and its primary
components. The estimates prescnted in this report are intended to out-
line the more basic considerations associated with the use of the Thor
as a first-stage satellite booster, and are not intended to reflect a
complete analysis,

- For the trajectory analysis presented in Appendix E, a weight summary
" of the Thor missile is given in Table 1, These data are based on informa-
tion contained in Refs, 1 and 2,
Table 1

WEIGHT SUMMARY - THOR MISSILE (1b)

Structures GrouP + « « 4+ « « o & + « o « » o« » 3060

Propulsion Group . . . . . . . . . . e e e e s 2380
Guidance and Control Group* . . . ... . .. 1565
Separation System . . . . . ¢ ¢ . 0 4 0 b .. 30

Electrical System™ . . . . & v v v . 4 e e . W 200
Dry missile - less upper stages . . « « v ¢ ¢ o « & 7235

Unusable Propellants . . . . . . . . ... .. 1525

Pressurization Gases . . . . . .. ... ... 37
Burn-out Welght - less upper stages . . . . . . . .+ 9132

Usable Propellants . . . . . . v ¢ ¢ ¢ o o o » 97,030
Take-off Weight - less upper stages . . . . . . . . .106,162

“Modified weights - see discussion below.

~SEERE—




The mod!fied guidance and electrical system waights are due to the
omission of the ACSP guidance unit and a portion of the vernier system
for the satellite mission., Elizination of the guidance unit reflects
a ;eight reduction in the electrical power system, as well as inthe
guidance eystem, because of reduced power requirements. (It 1s zssumed
that the required electrical power is obtained from the esame type battery-
inverter powor source used in the early Thor missile,) Since vemnier
rockets will be required only for control during the main-rockst boost
in this epplication, the vernier propellant tanks may be omitted. The
allowance for unused propellants shown in the table includes a 1 per cent
reserve for propellant utilization errors,

Although the axial loads resulting from the 5000-1b upper-stage load
(the d;asign re-entry-body weight is 3500 1b) are estimated to ke within
the load-carrying capability of the Thor airframe, the increased lengtht d
of the upper stages may result in a larger airload and larger bending loads,
which may require localized stiffening in the guidance section arnd in the
section between the tanks. Because of the differences in the dlameter
of the re-entry adaptor ring and the body diameter of the upper stags,
it may be desirable to consider a modified nose, or guidance, section
for the Thor missile, The actual design of this segtion would, of course,
be determined by the actual design choice of the upper stage., If the
second stage of the Vanguard system is used on the Thor booster, this

guidance section may be modified as shown in Fig. F-1.

SECOND-STAGZ BOOSTER

The second-stage of the Vanguard vehicle is utilized as an exampls




g M eme o o . —- L - aim — mmieim e
TR T - = TR mE TR TN =SS A2 e e e = e = it
: it 5 I s, N s

RM-2012
— 112257
87

\-

Thor -XSM75 XSM-75with Vanguerd
and satellite stage

ALN ALN
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of the type of vehicle, and the performance required, for adaptation
to the Thor airframe for satellite missions, ‘Although other missile
components could be included for this applicetion; it isielieved that
the Vanguard second-stage could be available at an earlisr date and would
have a greater flexibility than other components; for example, ths 117L,
or a modified Sergeant-type solid-propellant booster with a special control
system added for vehicle orientation after burn-out,

The Vanguard second stage consists of a propulsion package manu-
factured by the Aerojet-General Corporation and assembled into a complets
second stage by the Martin Company with the addition of the guidance
(autopilot) and control components, The basic ascent trajectory and
sequence of operations for the proposed satellite are predicated on many
of the featurss of the Vanguard design. That is, there are two phases
of powered flight, followed by a coast period during whi;h the missile
is oriented and the third stage is spun around its roll axis prior to

i " third-stage ignition, Tha weight of the satellite package discussed in
the following secion, 300 1lb, is less than the weight carried by this
section in the Vanguard vehicle (approximately 500 1b),

This summary discussion of the Vanguard second-stag; vehicle, and ;
the performance data presented in Table 2, are based on Refs, 3 and I,

The propulsion package (Aerojet AJ-10) includes a 7500-1b thrust
{vacuum conditions) rocket engine using unsymhetrical dimethylhydrazine
(UDMH) and inhibited fuming nitric acid (WIFNA) as propellants, The en-
gine is regeneratively cooled and is gimbal-mounted to provids thrust
vector controi. The propellants are pressurs-fed to the thrust chamber

by the pressurizing gas (helium augmented by a solid gas generator). The




Table 2

VANGUARD SECOND STAGE

Weight Data

Structure . + + s . ¢ s 0 o s . .« 150
Powerplant (ineluding tanks) ., . . 450
Controls and guidance ., . . . . « o 270
Electrical system . « o « « « « « o 150

Dry missile waight (less upper stags). . . 1020
Rosiduals « o« ¢ ¢ o o 6 o s s s s ¢ 60

Burn-out weight (less upper stage) . . . . 1080
Usable Propellants , . ., ... . 13320

Oross stagewelght « . o v ¢ v v v o o o o« 4LOO

Performance Data (vacuum conditions)

Thrust ¢ o o 0 0 0 0 0 75001h
Specific impulse , .. 278 sec
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pmﬁsurization system (helium tank) is located betwesen the propellant
tanks. After main-stage burmm-out, the residual pressurizing gases are
used in the control jets for orientation control during the couasting phase
of the trajectory.

The second-stage structure includes an aft skirt, tank section, and
the forward instrument and housing section. The aft section is constructed
of a magnesium alloy, while the tank section {with the integral pressuriza-
tion sphere) is heat-treated stainless steel, The forward instrurent and
housing section are of a magnesium-thorium alloy. This section houses
the guidance equipment, the spin assembly, and the third-stage solid pro-
pellant rocket, The satellite (orbiling stage) is attached to this

section as shown in Fig, F-2,

THIRD-STAGE ROCKET

The long-range ascent };ath for this type of satellite requires the
sddition of only & small velocity increment (About L50 ft/sec) to place
the vehicle in orbit, A shorter ascent path would permit a heevier pay-
load to be carried, but the increased AV required for the orbit would
call for a larger unguided solid-propellant rocket than is stipulated
here, with attendant undesirable increases in angular and velocity errors
(see Aprendix E), Uncertainties in the total impulse of the solid rockst
{about 1 per cent) could be expected to vary the actual velocity increment
by 1 per cent or about 5 ft/sec for the selacted trajectory, which can
easily be tolerated, ‘

The design of the solid third-stage rocket is based on a shortened
8cale-~-Sergeant case and grain using Vanguard third-stage propellants,

which gives 2,5 sec specific impulse at altitude, The propellant weight
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of 20 1b with an inert weight of 6 1b will give the required velocity

increment of 450 ft/ssc.

SATELLITE STAGE

For this discussion, the satellite stage is divlded into thres major
components; the photographic instaliation, the recovery system, and the
structure. The photographic equipment, discussed in Appendix B, is con-
sidered to be packaged in a short cylindrical section {35 inches in dia-
meter, 6 inches in length) as shown in Fig. 1 on p. 5 (a hole is provided
to allow packaging the rocket case as shown in the figure):m'n list of
the components, and the estimated weights are included in Table 3.

The recovery system includes the tracking and recovery beacon, and
the retro-rocket which is ths hsaviest single component in the satellits,
For simplicity it is suggested that the entire satellite be recovered for
the 12 inch camera. As larger cameras are incorporated, it may be de-
sirable to recover only the film package, allowing a greater percentage
of tpe satellite to be utilized for useful payload,

For the design proposed in this report, the retro-rocket delivers
approximately 1500 fi/sec velocity increment to initiate descent from
orbit, The Sacle-Sergeant motor is adequate for this application. Weight
of the retro-rocket is about 22 per cent of the total weight of the orbiting
stage. Table 4 summarizes the weight breakdown of the recovery system,

The basic configuration of the satellite is a modified double cone
with spherical ends as shown in Fig, 2 on p, 6, The forward surface is
covered with a plastic-fiberglas material for heat protection through
vaporization during re-entry, The shell is constructed of a magnesium

allow stiffened with a honey~comb or foam plastic for rigidity. The aft

—~SEGREF—
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Table 3

PHOTOGRAPHIC INSTALLATION WEIGHTS (1b)

Camera SyStem « o« « o v o o « o s o o s o o o s v o 5L.S

Lens & lens mount

Film & film 8pools . & « o o ¢ o o o o o 12.5
Film transport . . ¢« v ¢ ¢« v ¢ ¢ s o ¢ ¢ 5
Slit plate . © v ¢ o o ¢ ¢ 4 2 0o 0o o s » 1
Quartz window . . . v ¢+ ¢ s ¢ 4 o . o o 3
Motor and battery . « « o « ¢« ¢« « o « o 10

Altitude Sensor e 3 8 s 84 3 8 & & e e-8 8 8 s 2 & ® 805

Window . .

SUN BENSOX &« « '« « « 2 a « « o s o « s & 1.
Battery . ¢« ¢« ¢ ¢ ¢ ¢ o o« o o e s o2 3.0
ClotK & o o o ¢ e ¢« o ¢« o o s ¢« s o o« « 1,0
Misc, 8 6 o o & & & 6 & s 8 s s e o o ®

Container . . « ¢« v ¢ ¢ o o « o »

Metal parts . . . . ... e e s o a o« o 15
Invironment . . . . . 4 i v 4 e e e s e o5

Total InstallationWeight . . . . . .. .. . ... 80

T TP T
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Table 4

RECCVERY SYSTEM WEIGHTS (1b) .

Rotro-TocKet . v « « o« « o o s o o o = o« ¢ 60

Propellants ., . . . . . .. . 51
Inert parts . . . « . « . + « 9

Tracking beacon .« .« v ¢ « ¢ ¢ o o ¢ . o 16

Beacen
Transpopder
Battery

tenna & cable

Recovery beacon . « « « « « ¢ o« « o « o ¢« 9

Beacon
Battery
Antenna & cable

Total installation weight , . .. ... . 85
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portion of the shell structure is covered with a thin plastic coating
for heat p;otection. A summary of the structural weights is given in

Table S5,
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Table 5§

STRUCTURE WEIGHT SUMMARY (1b)

Metal skin . o o v v 0w 0w v w s
Heat shleldd . . .., .. .. ...
Aft plastic covering . . . . .. ..
Plastictoam.........'_...

Total structure weight . . . .. . .

15
65
10
L0
130
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Appendix G
TRACKING
R. T, Gabler

Tracking the reconneissance satellite will be required to establish
an orbit eufficiently accurate for coordination of photographic data, for
triggering the retro-rocket at the desired times for descent, and for
establishing the descent peth to facilitate impact location, Because of
the near-polar orbit, location of tracking stations at high latitudes will
be favored, The required number and location of trackers wiil be dictated
partly by the guidance accuracy on vhich one can depend,

Since tracking accurscy deteriorates at lov elevation angles, it is
highly importent that the satellite pass within a range vhich permits
sufficient tracking data to be obtained at elevation angles greater than
20°, For & nominal 150-mile (statute) height, this requires that the
_ satellite pass vithin 5° of the station (measured on a great circle path),
or within 345 miles ground range. To ensure against guidance inaccuracy in
launching, it is suggested that two or three trackers be used in an arrange-
ment vwhich generally places them with a 200 mile east-west separation,

For & launching from Camp Cook and recovery in the Pacifie, this would
indicate Alaska as a favored location for these trackers, from vhicn tue
descent would be commanded and the impact point predicted., Three such
trackers located at a reasonable high latitude in the eastern part of the
United States or Cansda would be required to track an early pass for orbit
prediction,

Tracking data would be in the form of two angles end a rangs to give

position fixes necessary for orbit prediction, A minimm of two positions
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and the corresponding tize are required, Additicnal tracking date would

3

nacessarily be used in reducing the effect of nolse errors, Tne use of
renge information relsxes considerably the requirement for angular
accuracy, To obtain rangs, a transponder in the satellite is required,
This, however, is concistent with the requirement for a commend receiver
in the satellite for firing the retro-rocket. For a CW system, modulation
of a cormand transmitter at the tracker end remodulation in the satellite
in a manner similar to that used by Azusa for range measurement 1is a
feasible scheme, v 7 ] )

The frequencies used would be nominally 500 me for the satellite
transmitter and 200 me for the éround—coumand transz.zitter. Since circular
polarization is required, the satellite antenna would. be a turnstile or
helical deﬁign 50 lozated that the inertial orientation of the vehicle will
point ths axis of the entenna tovard the tracker to within st least 60°,
Amplitude moduiation of the output stage of the satellite transmitter,
vhich will have a crystal-controlled master oscillator, will permit track-
ing in angle by either en interferometer-type system or a conical scanning
system, It would permit range measurement to be made by phase comparison
of the modulation frequency which is tranamitted one way on a nominal
200-mc carrier and back on & naminal 500-mc carrier,

Por a satellite at 150 (statute) miles height on a circular orbit, a
velocity increment of 1500 £t per sec delivered along the longitudinal
axis when the vehicle is at 65° N. Lat, (over Alaska) will cause a descent
to about 200,000 ft altitude in about 6 minutes with impact about 3.5
minutes later. If commanded at 65° N, Lat. the impact will occur at sbout

§2° N. Lat, Gezerally, it would be preferred that the satellite pass near
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the zenith with respect to the tracker since this gives the maximm amounc
of useful trecking data, but conventional radar trackers ere not gimballed
to permit tracking through the zenith.

Prelinmipary estimates indicate that a trecker which can messure
angles to about 0.1 mil and range to about 0.1 ml of systematic errcr,
will permit prediction of the impact point to about 3 n mi if the tracking
18 accomplished after the descent has been commanded. Angle information
good to sbout 0.1 mil (systematic error) can be obteined from either a
conical-gcan system or an interfercmeter type,

A CwW-type transponder can be designed with smaller space and weight
requirement in the vehicle than a pulse system with the required perfor-
mence, It is estimated £h5t a pulse-type transponder cen be adapted from
an existing design and will weigh sbout 15 pounds with power supply. A
CW-type could be built to weigh about 10 pounds with power supply.

Since early availability is of paremount importance, ocne should pro-
bably consider sdapting an existing trecking redar such as the FPS-16, or
Rike missile-tracking radar to do the job, This would require modification
of the range circuits, at least in the Nike, If one considers the use of
shipborne radars and probably reduced accuracy in prediction, the SPG-k9
is a good possibility.

For a recovery bcacon it is proposed that a spring-elected vhip
entenna be extended vertically through the satellite skin after impact.
The antenna will be excited by a 50 mec oscillator designed to radiate about
0.25 watt, The signal strength et 50 miles would be about 35 pv/meter
which should be adequate for airborne direction finding, The estimated ‘
weight for this design, for a 3-day operation, totals about 5 pounds for

the transmitter, antenna, and batteries,
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Appendix H

RE-ERTRY AND RECOVERY

o vt lram sl S S

C. Gazley, Jr.

DEPARTURE FRCM ORBIT

1
!
3
i
{

Descent from the orbit is achieved by the command firing of a braking
rocket as described ia Ref, 1, Since the vehicle's orientation is condi-
tioned by the geometry necessary for photography of a specific area, and
because of the relative positioms of that area and the desired recovery
area, the breking rocket is fired forward Qnd upvward, This results in a
downward and‘backward velocity impulse superimposed on the orbital velocity.
The resulting velocity vector is oriented downward at an angle y with the
local bhorizontal (Fig. H-1). The vehicle is nov effectively in a ballistic
trajectory comparable to the ‘1av-angle' (i.e., lover than optimm) path
of a long-range bailistic missile,

" For the desired range of about 2,000 n mi and en impulse angle
@ = 110-125°, a velocity impulse AV = 1,500-2,000 ft/second is required.
This yields a resultant velocity Vp = 24,800 f1/second and a path angle
y = }-ho. Descent from this point follows a 'vacuum' path down to an
altitude of sbout 250,000 ft. Below this altitude, atmospheric drag
effects increase and ultimately predominate over gravitationel influences.’
Vacuum ranges are shown in Fig, H-3 as a function of the magnitude and angle
of the velocity increment. Descent from the orbital altitude to 250,000 £t

is accorpanied by a velocity increase to 25,500 ft/second and an angle

*The altitude region vwhere dreg becomes important depends, of course,
on the drag-mass characteristics of the body,
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Fig. H-1— Vehicle orientation in orbit and
at time of velocity increment
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increase to 7 = 1° or 5°. Conditions at this altitude are ahowﬁ in Fig. H-2
as functions of the impuise characteristics.

Radio observation of the vehicle immediately after the beginning of
degcent establishes a predicted vacuum path. This, together with estimated
atmospheric effects, enables a prediction of an approximate lmpact area.
The problenm is similar to that described previocusly for the recovery of a
gelentific satellite through natural decay of the orbit.(a) In that case,
the predicted impact area was a parrow sirip, s few miles wide snd several
hundred miles long. In the present case, the steeper descent results in
a sraller uncertainty in range error. Finsl recovery 1; accomplished Sy
overflight search. This, of course, requires operation of the radio bea-

con after the water impact,

ATMOSFHERIC DRAG AND DECELERATION

The effect of the earth's atmosphere on the vehicle's path and velo-.',
ciiy is dependent both on the approach path and on the vehicle's mass-
drag characteristics, For even a rather shallow entry angle (say 5° or
more), the path in the atmoephere is essentially linear - at least until
after appreciable deceleration and heating have occurred, For this type
of path, an epproximate analysis(}) is sufficiently accurate for estimation
of deceleration and heating. By this analysié, the velocity altitude varia-

tion is given dy:

e s
E__,ewnn']az (1)
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The velocity-sltitude variation, as given by this equation, is shown in
Fig. H-3 for several values of the drag-mass parameter, CDA"/H sin 8, It
is geen that similar curves result, with relative displacements for
various valueg of the di'ag-mu farameter. The maximum deceleration
occurs when the velocity has been redﬁced to about 61 per cent of the
initial value, The maximm decelersation is independent of the vehicle's
size, shape, and mass and is dependent only on the initial velocity and
on the entry angle., For the present case, the maximum deceleration
anounts to about 20 g!'s, The altitude of maximum deceleration is depen-
dent on the entry angls as well as on the drag-mass characteristics of the
body.

As in any preliminary design, the tentative choice of parameters
involves & cyclliec process in which considerations of structure, heating;
recovery, etc., 8ll contribute to the final choice, Although the reasong\ .
for choosing various phases of the vehicle design will be developed in
this Appendix, it is necessary for discussion purposes to describe that
design here, The vehicle is essentially esn ellipsoid with a maximm dia.
meter of about 3 ft. While its orbital weight is 300 1b, about 50 1b (o2
propellant) is used to initiate descent from orbit, so that the weight at
atmospheric entry is about 250 1b, This results in a drag-mass parameté?,
cDAc/H 8in 7 = 0,153 5q £t/1b, which ylelds the velocity-altitude varia-
tion shown by the dotted line in Pig. H-U, A maximum deceleration of about
20 g's occurs at 110,000 ft sltitude, Cholice of the weight stemmed from
booster capsbilities and desired paylosd. Size and gdhape evolved from
considerations of packaging and of heating and recovery. The film package,
radio beacon, antenna, batteries, etc,, are arranged to preserve entry

stability and permit recovery.
N
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As previously noted, the orientation of the vehicle is controlled by

a moderate spin rate so that the vehicle is properly oriented for photo-
graphy. The original orientation will be approximately preserved during
the first part of the return trajectory, so that initial atmospheric entry
will be rear-end first, By displacing the center of gravity toward the
front of the body, eerodynamic forces can be made to re-orient the body.
Tne design, of course, should be such that the re-orientation ig completed
before heating is sppreciable.*

Ultimately the body falls vertically at terminal velocity:

W — (2)

[2ofe Ps1
W2

which results in an impact velocity of about L0O ft/second for the body

described,

RE-ENTRY HEATING AND SURFACE PROTECTION

During penetration of the atmosphere, a vehicle's kinetic energy is
converted into thermal énergy of the surrounding air, Some of this thermal
energy is transferred to the body as heat, The rate of this transfer
varies during descent both with air density and vehicle velocity. Heat
is transferred by both convection and radiation from the hot gas 'cap'

over the front of the body to the body's surface., The rates of both con-

*A simila{hyroblem occurred in the case of the recovery of a circum-
lurar vehicle, A dynamic analysis indicated that, for an easentially
backward initial entry, the vehicle becomes righted at an altitude of about
250,000 ft, It them osclllstas sbout the desired orientation; as the alti-
tude decreases, the oscillations decre:se in magnitude and increase in fre-
quency, The predicted emplitude was about 10”, and the frequency about 15
cycles/second in the region of maxismum heating and deceleration,
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vective and radiative heat transfer increase with air density and vehicle
velocity, and are thus most severe when high velocities are allowed to
persist into the lover atmosphere,

Below about 300,000 ft altitude, the atmosphere is dense enough to
give an effective continuum type of flow, Here a shock wave occurs ahea.d.
of the body and the thermal energy appears in the hot 'sghocked' air be-
tween the shock wave and the body., Passage through the shock wave increases
the air density by a factor of ten or so, increases the temperature ten- to
fifty-fold, and causes appreciable dissociation and some ionization. Hest
ie transferred from this heated region to the vehicle surface by convection
(and conduction) through the viscous boundary layer and by radiation from
the hot gas. When the boundary layer is of the laminar type (say above
sbout 100,000 ft altitude), the convective heating rate per unit frontal

area may be approximated, for relatively blunt bodies, a.s(h)

(3..) = > f.s..li g u5 (3)
Ac (Re) d 2

It will be noted that this indicates a variation in heating rate per unit

surface area with the sine of the angle of surface inclination., A turbu-
lent boundary-layer condition, occurring in the lower atmosphere , results
in heating rates which are higher by about an order of magnitude,

Surface heating by radiation from the hot-gas region is still some-
what a matter of conjecture. Preliminary vorkv, however, indicates that
1t becomes appreciable only when very high velocities are allcved to per-
8lst into the lower atmosphere. For the present case it is Judged negli-

gible,
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The heating rate increases during the initial stages of entry because
of the increasing atmospheric density. However, it reaches a maximum
value when the velocity has been reduced to about 80 per cent of its
initial value vhere the rate of decremse of velocity overcomes the rate
of increase of atmospheric density. Thereafter, the heating decreases as
additional deceleration occurs, As described more extensively elseuhere(3)
the serodynsmic heat input can be balanced by thermsl radiation from a thin
metallic skin providing the heating rate is lov enough so that the maximum
equilibrium surface temperature is allowable for the surface material.
However, this requires a rather light body or a drag-brake device so as
to provide deceleration high in the atmosphere, In the present case, for
the sake of simplicity, such complexity is not desired. Therefore, the
radiation technique of heat rejection has been discarded in favor of some
means of heat absorptiom,

One possibility i1s the use of a thick metallic skin to absord the
heat by temperature rise, Such a system is not very efficient from a weight
standpoint, however, absorbing only about 100 Btu/lb.(5) More efficient is
the use of a surface material which absorbs heat by a phase change, BEeat
absorptions of the order of 1,000 to 5,000 Btu/lb or more appear to be ob-
tainable thrcugh the use of 2 material which vaprozea.(s)(7) For example,
it bhas been estimated that the depolymerization of Teflon will absord s;me-
vhat more than 1,000 Btu/lb,(s) other plastic materials yield values up to
5,000 Btu/lb$7) and graphite gives a value in the order of 10,000 Btu/lb.
Advanced ICBM re-entry body designs involve the use of such ablation systems,
and the Jupiter currently uses such a system. The required weight of such

a vaporizing surface materisl depends on the total heat input during atmos-

-SECREF
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pheric penetration., If we integrate, for example, the laminar comvective
heating rate (Eq. (3)) over the time of entry, the total heat lcad is found
to de: St

c
}/‘psuerf HsIn7a

C
© 2x sin ¥ DAC /( =) 4

&) )

and for a surface material having a heat absorpticn per unit weight, 7,

the weight of cooling system is found t> be, in ratio to the total veight,’

[

2 DAc

‘_ig’}/;“i Wsinyaerr< Wselny a (5)
W

/()d
SL

This equation ylelds the rather surprising conclusion that the cooling-

system weight requirement increases with the drag-mass psramebir: A v

sormewhat eimilar expression can be derived for turbulent conve'ctﬂ,ve
heating. A qualitative picture of the weight requirementa for a cooling
system or drag brakes is indicated in Fig, EB-5 ;s a function of the m-
mass parsmeter., Two minima appear: one where the drag-mass parameter is
slightly greater than that which would bring about heating in the lower
atmosphere with consequent higher turbulent heating rates, the other
where the drag-mass parameter is Just large enough so that radiative heat
transfer 1s possible and yet not large enough to require a large weight

in drag brakes, To avoid the complexity of drag brakes, the first of these

*This, of course, presupposes that the ratio W_/W is relatively emall
compared to unity, since the velocity variation, Eq. (1), assumes a constant
mass, For larger values of the weight ratio, & meteor-type analysis which
takes into account the changing mass would have to be used,
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minima was chosen. The choice, as described previously, is an ellipsoidal
body sbout 3 £t in dismeter and weighing 250 1b at the beginning of re-entry,

Because of the shallov angle of atmospheric entry, the merodynamic
heating rates for this recovery are lower than those experienced by an
ICEM re-entry body. However, the more gradual deceleration involves a
longer time of heating so that the total heat load is greater, as Eq. (5)
indicates., This means that a greater fraction of the total weight is re-
quired for heat protection., Thus, vwhile only about 5 per cent of the
total weight of an ICBM re-entry body may be ablated, the présent case
involves somewhat more than 10 per cent,

Using a vaporizing material with a heat-absorbing ability of 2,500
Btu/1b, sbout 35 1b of surface material is predicted to vaporize during
descent, Using a relatively generous factor of sefety, 65 1b of heat-
absorbing surface has been postulated for this vehicle, This corresponds
to an average thickness of ebout 3/8 in., with about one-half ablatirg

and one-half remaining.

WATER IMPACT PEENOMENA(S)

In an initial program for the recovery of the satellite, it would be
desirable to keep the return package as simple as possible. This would
increase our ability to predict reliably the behavior of the vehicle
during its re~entry, Therefore, a minimum of reliance should be placed
on such devices as drag brakes, parachutes, reverse rockets and the like,
Just before impact, The satellite must survi;e impact on return to earth
and the radio beacon must continue to operate after impact,

Analysis shows that the internal equipment can be protected and the

deceleration loads kept to below 1,000 g's,
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The £1lm package, beacon and batteries are connected to the forebody
by means of a properly chosen plastic, with properties compatible with
the deceleration loads that can be tolerated by the internal components
(several plastic materials with suitable combination of properties are

availsble),




- — ’ - Lo ~ - .
e 2 Eisk, o, ol PP I PR W RPPRPErCo, : 2 - R

I el

: RM-2012
11-12-57
. 17

SYMBOLS FOR APPENDIX H

A, frontal (cross-sectional) area of body
As surface area

CD drag coefficient

d characteristic dimension of body

e base of natural logarithms

g gravitational acceleration

h ﬂtitude

M Mach number

q heating rate

Re Reynolds number, dup/p
u velocity

u, velocity at initial entry conditiom

W mass of body

x distance

a ) exponential coefficient in demsity relation, o = e'dh
p etmospheric density v

PsL atmospheric density at sea level

[ density ratio, p Pgr,

y path angle with local horizontal
K viscosity

Subscripts

1c laminar connection
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Appendix J

ON THE INFORMATION DELIVERED

T. F. Burke, M. E. Davies, A. H. Katz

There are several different ways to measure the information content
of a picture, and hence to assess the worth and rate of delivery of
reconnaigsance information from a satellite. From the standpoint of infor-

“mation theory end communication engineering, it is customary to calculate
the number of bits involved and to evaluate the amount end rate on this
basis. However, every discernible leaf on a tree asnd patch of cloud
is counted ae information on this bgsis, and the photo-interpreter finds
this a strange measure indeed. He prefers to evaluate photography in
terms of useful detail he can see in the picture and the extent of the
usable coverage. These are subjective Judgments which depend not only
on the picture but also on the use to which it is put, and may be poorly
correlated with the number of bits. Between these extremes, ana perhaps
serving as a bridge between them, is the assessment in terms of scale,
resolution, and area covered. In this appendix the proposed system 1is
approximately evaluated from each of theee three viewpoints,

From the information theory end communication viewpoint, the infor-
mation content of a picture is equal to

2581 N2A log2 G bits
where

N = photographic resolution in lines/mm

A = asres of the picture in square inches

G = number of distinct levels of grey in the photograph.
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(The factor 2581 consists of a factor of U4 to coﬁverc photogrsphic lines
to electronic scanning lines And a factor to reconcile the mixed-up
dimensional units in K and A.)

This expression tacitly assumes complete equivalence of a photograph
and its TV feplica vhen each photographic 'line' 1s covared by two elec-
trohic 'lines'. Unfortunately, it is not at all clear that such a replica
is indeed equivalent. At least in part this results from the uncertainty
wi<h which phopographic resolution is related to recognition of pictorial
details; 1t is well-known that a8 phote-interpreter often can see detatl . .
vhich he 'shouldn't' be able to see., Consequently, the expression abave
1s best regarded as s lower limit to the number of bits contained in a
plcture. A betier guess might be about 10 times wais expression,

Insofer as pLictographs at different scales, resolutions, and contrasts
are equally wvell assessed by the expression above, it provides a means to
compare the information-collecting capabilities of various photographic
systems. FHowever, for most practical purposes this expression is needlessly
complicated by the factor 1og2 G. Consider the following table which spans

the range of probable interest.

KRumber of distinct greys log2 (¢} Relative information content
6 £.58 0.661
8 3.00 0.768
10 3.32 0.850
12 3.58 . 0.918
15 3.91 1.000
20 4,22 1.106
20 4.91 1.256
4o 5.32 1.362
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The laet column of the table has been centered arbitrarily on G = 15
in order to point out that the information content of a picture is fairly
insensitive to the number of grey levels., If it is assumed that all pic-
tures cxhibit about 15 levels of grey the estimate arrived at is not likely
to be wrong by more than 30 per cent. In view of the other uncertainties
involved in estimating the information content, thie is not a serious error.
Hence the original expression can be replaced by

10,000 N°A bits.

Using the foregoing fairly reasonsble, but somewhat erbitrary, approach

it is possible to tabulate a relative compariso# of photographic systems;

three of preeent interest are shown dbelow.

System . Area Resolution Ro. of bits
A N
One conventional ¢ x 9 aerial 81 10 8.1 x 107
photo
One day's take of original 105 100 5.05 x 10%°

lockheed satellite; 15 feet
of 2-1f4 inch film

One mission of recoverable 27,000 Lo 4,32 x 1011

system proposed here; 500
feet of 4-1/2 inch film

This snalysis indicates that the original Inckheea—aatelli;e would
deliver each day the information-content equivalent of approximately S00
conventional 9 x 9 aerial photographs. Further, the recoverable system
proposed herein would deliver in one dey -(one mission) scmevhat more than
10 times the one-day take of the original Lockhee’ gatellite, or About 5300

ordinary 9 x 9 photographs.

—ECRE-
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The infcrmation-theory approach is a questionable measure of the worth
of all this information, because it ignores the undeniable influence of
such factors ac scale onbthe practical utility of the ﬁhotogrnphs. How-
ever, this approach is fundemental to an analysis of the problems of
electronie transmission of photographs by TV, wirephoto, or similar tech-
rniques. A transmission channel (radio or wire) havingAﬁn effective band-

. width B cycles per second can deliver at most .

B log, (1 + s/N)

bits per second. Here.s/N is the ratio of signal power to ﬁoiée pover
at the receiver. This bit-rate is a theorétical upper limit end cannot
be surpassed by any system. However, real systems rarely even come close
to this limit. For favorable values of S/N (perhaps 10 db or better)
the theoretical value cen be approached only if very elaborate coding
schemes are used. Such elaboration leads to high cost, high complexity,
.lov relisbility, end undue sensitivity to changes in S/N. Consequently,
such an approech is rarely used, and would be inappropriate in & satellite
system. To assess a practical situation it is more appropriante to demsnd
a signal-to-noise ratio better than 10 db end then to assume an information
rate of B btits per second (something between 1/3 and 1/10 of the theoretical
1imit, depending upon the S/N which 1is achieved.).

Combining the two expressions sbove yields a practical lower limit

to the time which must be consumed in trensmitting a plcture:

}9;9%9_33_& seconds

ar

For the original Lockheed satellite, using B = 6 x 106 {vhich 1s close to
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the maximm prectical value st pregent) the time rsquired to tronsmit one
day's teke turns out 1o be 112-1/2 minutes.

It ie not practical,. because of line-of-sight limitations, to trons-
mit to a ground stetion for longer than about 10 minutes on eny one pass
of a 300-mile satellite. Such & satellite makes about 16 passes per Cay-
Consequently, the daily take of the original Lockheed satellite pretty
well £11lls the communication capacity to a single receiving station, even
1f the satellite passed over that station every time. The characteristics
of the orbit and the rotation of the earth prevent the gatellite fronm
passing over a single station on every pass, and so several stations sare
needed to receive the 112-1/2 minutes per day of transmission.

The early recoverable satellite proposed here will achieve about 10
times the daily take disgcussed above, To matc§ this a telemetering
satellite ueing only one § megacycle channel would need 18 j/k hours of
transmission. Such a schedule would be out of the question because
receivers would be needed on the oceans and in unfriendly territory. The
growth potential of the recoverable satellite is such that iater models
nay well deliver 20 times as much information per day. A compcrable
daily rate by telemetering would require some 20C to 500 megacycles of
bandwidth and a’long-time average pover radiation of more than 300 watts
(not including any power consumption aboard the satellite). Such numbers
are fantastic in terms of the present state of the art. They point up
emphatically the intrinsic virtue of physical fecovery of photographs.
This conclusion 18 quite independent of detailed considerations of foecal

length, formst, resolution, etc., and applies &s fully to the immediate
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future as it does to system growth.

The foregoing discussion of information delivefy ie certainly rele-
vant to the military gecgrapher and mapper, but'it 1s not couched in the
quantities to vhich he is accustomed. The area covered by the proposed
500 feet of 4 12 inch film is % milllon square miles. The scale at the
center of the photograph is 750,000. HNeglecting earth curvature, the
average scale at the far point of the sweep, which is ebout 300 miles wide
for s nominal design altitude of about 140-150 miles, is approximately
1,700,000. (This average scale 1s the geometric mean of the scales in
the x and y directions on the phogograph.)

The photo interprecer is not primarilyvinterested 1& either of the
assessments above; he is concerned with vhat he can see in the picture.
This 18 much more difficult to estimate, first because there is o0 little
relevant evidence based on similar small-scale photography, and, second,("
because this estimate i1s so dependent upon subjéctive Judgments. The
photo interpreter is not accustom2d to looking at pictures on Plus-X
Aerecon film at e resolution of 40 11neq/mm; he is used to looking St
Aero Super XX at 10 lines/mm.

A rough comparison of the proposed photography with presently available
photography is furnished by considering lo-line§/mm,photography at scale
numbers of about 200,000. This is precisely what can be ouvtained on oblique
metregon photofraphy frcm the Ar Force standard tri-met charting instal-
lation at altitudes of LO,000-5C,00C feet. This scale number occura out
near the principal point of such photography, about 50° to 60° off

vertical. O
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Examination of such photography, and of the availadble rocket photo-
graphy that ts ;pplicable to this question, leads to the firm belief that
the proposed camera installation, operating at a ground resolution of about
60 feet at the center ot'photography,jvill indeed detect most, 1f not all,
uncamouflaged airfields, tran;portation lines, canals, rail lines, indus-
trial centers, and the like. Port areas, mar@halling yards, and defense
missile sites similar to those in the Moscow area should be easily iden-
tified and located. If previous cover is available, new construction

such as might be characteristic of large missile sites, should be detected.

oo
1
i



-1}15{}{}{}1L' RM-2012 .

11-12-57
17

Appendix K

OR THE GROWTH POTENTIAL OF THE RECOVERABLE FIIM RECONNAISSANCE SATELLITE

M. E. Davies and A. H. Katz

Clearly the msjor emphasis of this proposal is on the first and the
easlest recoverable photographic reconnaissance satellite. This veraion,
the 12-inch f/3.5 camera using 500 ft of 5-inch film, and based on the
Thor booster, iB seen as the first of a series of such cameras end
systems. This system 18 capatle of doing reconnalssance at level A in
adequate detail. As one learns hov the system works, gains confidence in
satellite operaticns, and understands the environmental constreints and the
intelligence problems, it beccmes possible to consider more advanced
systems. This early model would be followed by a 36-1nch focal-length camera
syg}em, using, 1500 £t of 9-inch £ilm. It is believed at this time that
%hia langer camera can also be put on orbit using a Thor-type booster system,
with a maximum payload-stage weight of about 300 1lb.

This second reconnaissance system could begin to do Job B in the
four levels of reconnaissance with adequate precision and detail. For the
really long term, considerable growth potential may be anticipated for the
panorsmic type of camera system, with the eventual use of a 10-ft focal-
length system employing about 2500 ft of 18-inch f£ilm; however, this camera
would require not the Thor but the Atlas booster. The time phasing of the
several projects could be approximately as rolloys: availability of 12-
inch systems, one year from date of contract; availability of 35-inch
system, 18 months; availobility of 10-foot system, 3 years from the start

of work. This information 1is summarized graphically on p. 21.
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It is important to recognize that this type of system will have a
usefulness into the indefinite future, even after the availability of
satellite reconnaissance systems which are able't.o talk back to the ground.
The reagon for this liee in the potenf:ial usefulness of extremely long
focal-length, recoversble reconnaigsance systems. For reasons discussed
in Appendix J, it 1s unlikely that the capacity and detail-gathering
capability of a surveillance satellite, limited as it is by bendwidth hours
to talk back to the ground, will ever approach the data gathering rate
which seems to0 be available within a fev years in the .J.ong rocal-length
recoverable gystenm.

Table 1 compares the camera performance of the Lockheed 117L 6-in. and
3G-in. systems with that of the three systems discussed in this repert.

It was not the purpose of this report to develop an argument either
for or againat 'talk-back' satellites vis a vis recoverable satellites.,
Clesrly there 1s a role for both kinds. Some Jobs will be done better by

one, some by the other., They should be complementary, not competitive,

RN




- Table 1

SATELLITE CAMERA PERFORMANCE COMPARISON

Performance IMSII LMSD II RAND PAN 1 RAND PAK 3 RAND PAN 10
Focal lLength 6 1in. 36 in. 12 in, 36 in. 120 {n.
Altitude 300 mi 200 mi 142 me 2 mt k2 mt
Resolution (lines/mm) 100 100 ko 40 40
Film microfile miercfile Aerecon Aerecon Aerecon’
Strip width s.mi. 100 16 300 300 100
Lens Speed t/3.5 t/3.5 - £/3.5 £/3.5 t/3.5
Shuttér Speed i gsec . sec 1 sec 1 sec 1—-—1 sec
50 100 %000 Looo 4000
Center Scale 3,000,000 500,000 750,000 250,000 75,000
Average Edge Scale 3,000,000 500,000 1,300,000 LL0o,000 82,000
Sround Resolution 100 16 60 20 6 . .-
Feet Per Line at . . ) .
Center
Cround Resolution 100 16 105 35 6-12
Feet Per Line - .
Averege at Edge of
Format
Total Ground Area 9,000,000 750,000 4,000,000 2,900,000 750,000
Covered (sq. mi) 10 days 30 days 500 ft x 1500 ft x 2500 ft x
. 5 in. film 9-1/2 in., 18-1/2 in.
1 day £ilm £ilm
1 day 1 day
Tolal Film Area 25 75 185 1n2zs 3750

8q Ft

» ’ ’
The film here called Aerecon is perhape more properly titied Pi:v-X-Aerecon.

o o o el
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