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Preface

This two-part report documents activities carried out under the cognizance of
the Surveyor Project, which was managed by the Jet Propulsion Laboratory for
the National Aeronautics and Space Administration.

Part I, consisting of two volumes, contains a complete description of the
Surveyor Project including the development and operation of each of its major
systems: the Surveyor spacecraft, the Atlas/Centaur launch vehicle, and the
Surveyor Mission Operations System. Part I was prepared from the contributions of
many members of the Surveyor Project staff representing all supporting elements.

Part IT presents the science data derived from the lunar soft-landing missions

and the scientific analysis conducted by the Surveyor scientific evaluation team,
the Surveyor investigation teams, and the associated working groups.
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Abstract

The Surveyor Project planned and conducted seven unmanned lunar missions
for which spacecraft were launched between May 1966 and January 1968. Each
of the spacecraft was successfully launched with the then newly developed
Atlas/Centaur vehicle which utilized for the first time a high-specific-impulse,
liquid hydrogen/liquid oxygen fueled stage. Five of the spacecraft successfully
soft-landed and returned a great quantity of engineering and scientific data on
extensive postlanding operations, accomplishing all mission and project objectives.
Four of the spacecraft soft-landed at selected mare sites to provide data which
were required to support the Apollo Program. The final spacecraft was then
successfully used for scientific investigation of a contrasting site in the rugged
lunar highlands.

Surveyor was a fully attitude-stabilized spacecraft designed to receive and
execute a wide variety of earth commands, as well as to perform certain auto-
matic functions including the critical terminal-descent and soft-landing sequences.
Significant new and advanced subsystems that were developed and/or used in
combination to enable Surveyor to execute the complex terminal phase of flight
were: (1) a solid-propellant main retro motor, (2) throttlable liquid-propellant
vernier engines (also used for midcourse velocity correction), (3) highly sensitive
velocity- and altitude-sensing radars, and (4) an automatic closed-loop guidance
and control system.

The first Surveyor spacecraft carried a survey television camera which,
together with other engineering instrumentation, obtained in-flight and post-
landing data. The complement of instruments carried on later missions included
various combinations of the following additional devices: (1) a soil mechanics/
surface sampler instrument for picking, digging, and handling lunar surface
material; (2) an alpha scattering instrument for performing a chemical analysis
of the lunar surface material; and (3) magnets attached to the spacecraft for
determining magnetic properties of the soil.
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l. Introduction

A. Project Objectives

The Surveyor Project was conducted by the National
Aeronautics and Space Administration (NASA) to ex-
plore the moon with unmanned, automated, soft-landing
spacecraft equipped to respond to earth commands and
to transmit scientific and engineering data from the lunar
surface. The overall objectives of the Project were:

(1) To accomplish successful soft landings on the moon
as demonstrated by operations of the spacecraft
subsequent to landing.

(2) To provide basic data in support of the Apollo
Program.

(3) To perform lunar operations designed to contribute
new scientific knowledge about the moon and to
provide further information in support of the Apollo
Program.

These objectives reflect the important role of Surveyor
in demonstrating the lunar soft-landing technique as a
precursor to the Apollo Program, which will utilize sim-
ilar final descent and landing system technology, and in
providing the only lunar surface surveys and measure-
ments to be made before the manned missions.
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The Surveyor series consisted of seven spacecraft,
Surveyors I through VII, which were launched during
the period May 1966 to January 1968. Five of the seven
spacecraft successfully soft-landed on the moon, and
each performed extensive engineering and scientific post-
landing operations to satisfy completely all objectives.
Surveyors I, 111, V, and VI soft-landed at selected lunar
mare sites, separated from each other by at least 600 km,
within the Apollo zone of interest (see Fig. I-1). Data
derived from these four missions indicated the suitability
of the mare sites for Apollo and completely fulfilled the
Surveyor Project obligations to obtain data for Apollo.
The final mission, Surveyor VII, was used exclusively
for scientific investigations of a site basically different
from those previously explored—the ejecta blanket of the
crater Tycho in the rugged lunar highlands.

B. Project Elements

The Surveyor Project was managed by the Jet Propul-
sion Laboratory (JPL) for the NASA Office of Space
Science and Applications. The major administrative and
functional elements supporting the project were the
Launch Vehicle System; Spacecraft System; and Mission
Operations System (MOS), which included the Tracking



Fig. I-1. Lunar landing sites of Surveyor spacecraft
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and Data System (T&DS). In addition to overall project
management, JPL was assigned the management re-
sponsibility for the Spacecraft System and MOS/T&DS.
The Lewis Research Center (LeRC) was assigned respon-
sibility for the Atlas/Centaur Launch Vehicle System.

Surveyor was the first project to use the Atlas/Centaur
launch vehicle (Fig. 1-2), which was developed and
flight-tested in parallel with the spacecraft development.
The primary contractors for the launch vehicle were:
General Dynamics/Convair (GD/C) for modification of
the Atlas first stage and development of the new Centaur
upper stage; Pratt and Whitney for development of the
engines for the Centaur stage, which was the first to use
liquid hydrogen/liquid oxygen, high-specific-impulse
propellants; and Minneapolis-Honeywell for the all-
inertial Centaur guidance system. The Kennedy Space
Center, Unmanned Launch Operations Branch, working
with LeRC, was responsible for Centaur launch opera-
tions. Eight flight tests were conducted in the Centaur
development program to qualify the vehicle for Surveyor
direct-ascent as well as for parking-orbit missions.

Surveyor spacecraft design, fabrication, and test oper-
ations were performed by Hughes Aircraft Company
(HAC) under JPL contract and technical cognizance.
Surveyor was a fully attitude-stabilized spacecraft de-
signed to receive and execute a wide variety of earth
commands, as well as to perform certain automatic func-
tions including the critical terminal-descent and soft-
landing sequences. To permit Surveyor to execute the
complex terminal phase of flight, significant new and
advanced subsystems, developed and/or employed in
combination, were used. These subsystems were: a solid-
propellant main retro motor, throttlable liquid propellant
vernier engines (also used for midcourse velocity correc-
tion), extremely sensitive velocity- and altitude-sensing
radars, and an automatic closed-loop guidance and con-
trol system (see Fig. I-3).

All Surveyor spacecraft carried a survey television
camera and engineering instrumentation for obtaining
in-flight and postlanding data. As an additional scientific
instrument, Surveyors I11 and IV carried a soil mechanics/
surface sampler to provide data hased on picking, dig-
ging, and handling of lunar surface material. On Sur-
veyors IV through VII, a magnet was attached to one
of the spacecraft footpads to determine the magnetic
properties of the soil. On Surveyors V and VI, an alpha
scattering instrument was substituted for the surface
sampler in order to obtain data from which a chemical
analysis of the lunar surface material could be made.
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Fig. 1-2. Atlas/Centaur (AC-10) launching
Surveyor |
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Surveyor VII carried both the surface sampler and the
alpha scattering instrument, as well as additional magnets
attached to a second footpad and to the surface sampler.

The MOS controlled the spacecraft from launch
through termination of each mission. In this function, the
MOS communicated with the spacecraft, assessed space-
craft performance (based on telemetry data), and pre-
pared and issued appropriate commands. The T&DS
provided the tracking and communications link between
the spacecraft and the MOS and processed spacecraft
data in accordance with MOS requirements. For Surveyor
missions, the T&DS used the facilities of:

(1) Stations, ships, and aircraft of the Air Force Eastern
Test Range for tracking and telemetry of the space-
craft and vehicle during the launch phase.

(2) JPL Deep Space Network (DSN) for continuous
precision tracking communications, data transmis-
sion and processing, and computing.

(3) Manned Space Flight Network and the NASA
Communications Network (world-wide), both oper-
ated by Goddard Space Flight Center.

The critical Surveyor flight maneuvers and most tele-
vision and surface-sampler operations on Surveyor mis-
sions were commanded and recorded by the Deep Space
Station (DSS) at Goldstone, California (DSS 11, see
Fig. 1-4), during its view period. Other Deep Space Sta-
tions that provided a continuous view of the spacecraft
and prime support from their strategic positions around
the world were near Canberra, Australia (DSS 42), Jo-
hannesburg, South Africa (DSS 51), and near Madrid,
Spain (Robledo, DSS 61). Additional support, on a lim-
ited basis, was provided by other Deep Space Stations
such as Cape Kennedy, Florida (DSS 71), used for pre-
launch verification of DSN/spacecraft compatibility,
Ascension Island (DSS 72), used along with DSS 71 for
near-earth support, and another Goldstone Station (DSS
14), with its large 210-ft antenna. DSS 14 was used as a
prime alternate to DSS 11 during the midcourse and
terminal descent sequences.

The MOS conducted the Surveyor missions from the
DSN Space Flight Operations Facility (SFOF) at Pasa-
dena, which served as the center for data processing,
performance analysis, and command operations. Special
mission-dependent equipment was developed and pro-
vided by the Surveyor Project, including command data
handling consoles (CDCs), installed at the Deep Space
Stations, and a television ground data handling system
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(TV-GDHS), installed at DSS 11 (TV-11) and at the
SFOF (TV-1) for processing of Surveyor pictures.

C. Project Test Program

The Surveyor Project included a comprehensive test
program in which each of the supporting systems and
interfaces was qualified, beginning at a unit level and
progressing to combined systems tests, to ensure overall
flight readiness before each launch. Many tests of the
spacecraft subsystem and system development were con-
ducted; these tests required the construction of several
special spacecraft test models, as well as special test
equipment and facilities. The concept used in qualifica-
tion testing of the spacecraft was to qualify the flight
design of representative hardware in type approval
tests and to verify the actual flight hardware in flight
acceptance tests. Spacecraft type approval and flight
acceptance tests were performed at both the unit control
item level and at the system level. The system level type
approval tests were conducted on a prototype system-test
spacecraft (T-21); flight acceptance tests were performed
on each flight spacecraft (SC-1 through SC-7)* as soon as
initial assembly was completed at the HAC El Segundo
facility. Specially developed system test equipment as-
semblies and spacecraft checkout computer facilities were
used to provide real-time processing and evaluation of
spacecraft data during tests and operations.

A combined systems test stand (CSTS) was constructed
at GD/C for demonstration of electrical and mechanical
compatibility of the Surveyor spacecraft, the Atlas/
Centaur launch vehicle, and the aerospace ground equip-
ment during simulated countdown and launch. The Atlas
and Centaur stages of each vehicle used for Surveyor
missions were tested together in the CSTS, and combined
tests (including the spacecraft) were performed in the
CSTS with the T-21 and SC-1, SC-4, and SC-5. The
other flight spacecraft were not tested in the CSTS be-
cause of schedule limitations; however, for each mission,
the sequence of tests and operations at AFETR included
a joint flight acceptance composite test after initial mat-
ing of the spacecraft to the launch vehicle.

The MOS/T&DS tests included extensive equipment
and compatibility tests and functional compatibility tests
of the various facilities culminating in combined opera-
tional readiness tests to validate the entire system prior
to each mission.

*Spacecraft serial designations.



Fig. 1-4. The 210-ft antenna at DSS 11
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D. The Mission

The transit, or flight, phase of the Surveyor spacecraft
was from 62 to 66 hr long (see Fig. I-5). All Surveyor
spacecraft were launched from Launch Complex 36 at
Cape Kennedy, Florida; pad A or B, connected to a
common blockhouse, with separate control consoles for
each of the pads, was used. Surveyors I, II, and IV were
launched via the direct-ascent mode, where the Centaur
second stage provided only one continuous burn to
achieve injection into the desired lunar transfer trajectory.
The remaining Surveyor spacecraft were launched via
the parking-orbit mode, which involved two burns of the
Centaur stage. The first burn injected the vehicle into a
parking orbit with a nominal altitude of 90 nmi. After
a coast-period. which could be up to 25 min long, the
Centaur reignited and provided the additional impulse
necessary to achieve a lunar intercept trajectory. The use
of the parking-orbit ascent mode permitted the launch-
ing of Surveyor spacecraft for all values of lunar declina-
tions, thereby allowing the design of launch periods
compatible with favorable postlanding lunar lighting.

During a short coast period between Centaur main
engine cutoff and spacecraft separation, the spacecraft
responded to Centaur commands to unfold the landing
legs, deploy omnidirectional antennas, and turn on space-
craft transmitter high power to facilitate DSN initial
acquisition. After separation, the Centaur performed a
retro maneuver sequence to provide increased separation
distance and to miss the moon, and the spacecraft ex-
ecuted automatic antenna/solar panel positioning and

e GOLDSTONE
LIFTOFF
(L=0)
COAST PHASES
L.
INJECTION
(L+12 TO 35 min)

SUN ACQUISITION
(ABOUT 4 min

AFTER INJECTION) STAR ACQUISITION

(L+4 TO 9hr)
INITIAL DSIF TWO-WAY
ACQUISITION
(WITHIN L+1hr)

TO SUN

\ MIDCOURSE CORRECTION

sun acquisition sequences to establish the desired atti-
tude of the spacecraft roll axis and to ensure an adequate
supply of solar energy for the coast period.

Initial two-way acquisition by a Deep Space Station
was accomplished within 1 hr of launch, permitting the
MOS to exercise control of the spacecraft by command.
Thereafter, the Deep Space Stations received and re-
corded all desired spacecraft data and transmitted neces-
sary commands. Nearly continuous, two-way tracking
coverage was provided during the transit phase.

At a suitable time, between 3% to 9% hr after liftoff,
spacecraft lockon with the star Canopus was achieved
following a spacecraft roll maneuver initiated by earth
command. Canopus lockon, by means of a Canopus
sensor, provided three-axis attitude reference, which was
required before the midcourse and terminal maneuvers
could be executed.

Midcourse correction was normally performed during
the first pass over DSS 11. After the spacecraft thrust
axis was pointed in the desired direction by a combina-
tion of roll, yaw, and pitch maneuvers, the three liquid
propellant vernier engines were fired by command from
earth for a preset time interval. In addition to correcting
the trajectory to achieve the desired aim point, the mid-
course correction was computed to optimize terminal-
descent conditions including main retro burnout velocity,
vernier system propellant margin, and arrival time. Fol-
lowing the velocity correction, the spacecraft was returned
to coast orientation with sun and Canopus lock.
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Fig. I-5. Earth-to-moon trajectory—showing major events
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In preparation for terminal descent, a combination of
roll, yaw, and pitch maneuvers was executed about
35 min before retroignition, to properly align the retro
motor nozzle in the direction of the velocity vector. After
the attitude orientation maneuver and other preparations
commanded from earth, the actual terminal descent se-
quence was performed automatically by the spacecraft.

The terminal-descent sequence began with a mark
signal from the spacecraft altitude marking radar (AMR)
when the spacecraft was 60-mi slant range from the
lunar surface. After a timed delay of a few seconds,
which had been preset in the flight control programmer
by earth command, the vernier engines ignited, followed
by ignition of the solid propellant main retro motor. The
main retro motor provided 8,000- to 10,000-Ib thrust for
about 40 sec, with the vernier engines maintaining the
spacecraft in an inertially fixed attitude. Following retro
case ejection, which occurred 12 sec after main retro burn-
out, the radar altimeter and doppler velocity sensor
(RADVS) became operational and differentially throttled
the vernier engines to point the spacecraft’s longitudinal
axis along the flight path, while maintaining a total thrust
level of about 0.9 lunar g. When the spacecraft reached
velocity and slant range approximately equal to condi-
tions specified by a “descent contour” that had been
programmed in the spacecraft before launch, the RADVS
controlled the spacecraft to closely follow the velocity/
slant range contour down to the 14-ft altitude mark. At
this point, where the spacecraft velocity was about
5 ft/sec, the vernier engines were cut off, causing the
spacecraft to free fall and touch down on the lunar
surface at about 12 ft/sec.

Landing was planned to occur during the lunar morn-
ing to permit early television pictures to be taken under

favorable lighting conditions and to provide maximum
time for lunar operations before sunset. After an initial
engineering assessment of the spacecraft condition, the
first television pictures were taken in a 200-line mode
using the spacecraft omnidirectional antennas. After the
initial 200-line pictures, nearly all television operations
were performed in the 600-line mode, which required
reconfiguration of the spacecraft, including positioning
of the solar panel to receive maximum solar power and
precise pointing of the planar array antenna toward
earth to provide maximum signal strength. Although
most television operations were performed during Gold-
stone view periods, when the special TV-GDHS could
be used to relay the pictures from Goldstone to the SFOF
for evaluation in real-time, the overseas Deep Space
Stations also participated actively in television operations.

Extensive operations were conducted throughout the
lunar day until spacecraft shutdown during the lunar
night. This permitted the performance of many engineer-
ing and scientific experiments, including those conducted
with the alpha scattering instrument and surface sampler.
Only near lunar noon was it necessary to restrict the
spacecraft duty cycle because of high temperatures.

Spacecraft engineering data were received frequently
throughout the lunar day to enable repeated assessment
of the spacecraft condition. In addition, two-way doppler
tracking data were obtained whenever possible to aid in
the determination of the site location.

Before lunar night shutdown, the spacecraft operations
were conducted so that chances for spacecraft survival,
while operating on successive lunar days, would be
increased.
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Il. Mission Performance

Of the seven Surveyor missions, the five soft-landed
spacecraft completely fulfilled the overall project objec-
tives, as noted in Section I of this report. After the
capability for performing the complicated Surveyor
missions was proved by the successful launch of
Surveyor I, maximum use was made of the remaining
spacecraft to explore other landing sites and to conduct
additional engineering and scientific experiments on the
lunar surface. This section presents a summary of
the Surveyor missions; Section III presents a summary
of the science results from the missions. Each Surveyor
mission is described in detail in the Surveyor Mission
Reports (Refs. II-1 through II-7).

A. Transit Phase

Information on the transit (flight) phases of the Surveyor
missions is given in Table II-1. The times listed in this
table and throughout this report are GMT, as recorded
by the DSN, unless otherwise noted.

Launch occurred on the first day of the scheduled
launch period for each mission except for Surveyor IV,
which was launched on the second day. As shown in
Table II-1, on four of the missions, liftoff occurred within
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less than 1 min of the opening of the launch window.
Surveyor 11 liftoff occurred just before closing of a 36-min-
long window. Maximum liftoff delay after window open-
ing occurred on Surveyor 111, with a window penetration
of 51 min.

Launch phase performance was very satisfactory on
all Surveyor missions. The Atlas/Centaur launch vehicles
performed reliably and demonstrated remarkable injec-
tion accuracy. The injection error mapped to the lunar
surface was less than 100 nmi on five of the missions, and
about 250 nmi on the other two. All spacecraft pre-
separation events occurred correctly except that deploy-
ment of one of the omnidirectional antennas was not
indicated until after landing on the Surveyor I mission.
This malfunction did not cause any degradation of the
mission.

Spacecraft separation was normal in all cases, and the
small angular rates were quickly reduced to the dead-
band by the spacecraft flight control system. Following
separation, automatic spacecraft sun acquisition and solar
panel positioning occurred properly, as did Centaur retro
maneuver execution. The separation distance between
the spacecraft and Centaur 5 hr after separation was
always well in excess of the specified minimum of 336 km.



Table II-1. Transit (flight) phase summary

Mission
Parameter
Surveyor | Surveyor I Surveyor 11 Surveyor IV Surveyor V Surveyor VI Surveyor VII
Serial number of spacecraft SC-1 SC-2 SC-3 SC-4 SC-5 SC-6 SC-7
Serial number of launch vehicle AC-10 (LV-3C) | AC-7 (LV-3C) | AC-12(LV-3C)| AC-11(LV-3C)| AC-13(SLV-3C)| AC-14(SLV-3C)| AC-15(SLV-3C)

Event times
Liftoff L, GMT

Time after scheduled window
opening

Spacecraft separation

Initial two-way acquisition
completed

Initial Canopus lockon
Midcourse thrust command
Main retro motor ignition

Initial touchdown T, GMT

Ascent mode

Spacecraft weight, Ib
At liftoff
At touchdown

Injection accuracy (miss distance on
lunar surface from prelaunch
target point), km

Midcourse correction, m/sec

Midcourse correction accuracy (esti-
mated actual landing site error), km

Terminal unbraked approach angle
(from vertical), deg

Retro-ignition velocity, ft/sec

Conditions at start of RADVS
controlled descent

Altitude, ft
Longitudinal velocity, ft/sec

Maximum shock-absorber axial load
during landing, |b

Total commands sent during flight

May 30, 1966,
14:41:01

1 sec

L + 00:12:37
L + 00:27:30

L + 04:32:19
L + 16:04:02
T — 00:02:47
June 2, 1966,

06:17:37
(L -+ 63:36:36)

Direct

2193
649

460

20.4
19

6.1
8570
27,800
425

1600

288

September 20,
1966,

12:32:00

36 min, 0 sec

L 4 00:12:33
L + 00:32:58

L + 06:39:57
L + 16:28:02°
L + 45:02:09°

c

Direct

2204

142

1579°¢

April 17,1967,
07:05:01

51 min, 1 sec

L + 00:34:53
L -+ 00:56:49

L + 09:22:50
L + 21:55:01
T — 00:02:59
April 20, 1967
00:04:18

(L + 64:59:17)

Parking orbit
(22.1-min coast)

2280
659*

466

4.2
2.9

8620

32,900
460

930

345

July 14, 1967,
11:53:29

29 sec

L + 00:12:37
L + 00:28:17

L -+ 06:16:53
L + 38:36:33
T — 00:03:13¢

e

Direct

2294

176

10.3
5.6

31.5

8600

September 8,
1967,

07:57:01

18 min, 1 sec

L + 00:19:26
L + 00:33:10

L + 06:30:51

L + 17:48:01°

T — 00:01:51

September 11,
1967,

00:46:45

(L + 64:49:43)

Parking orbit
(6.7-min coast)

2216
670

46

14.0°
32

46.4

8490

4150
45

1660

725

November 7,
1967,

07:39:01

1 sec"

L + 00:25:29
L + 00:35:14

L + 08:49:19

L + 18:41:01

T — 00:03:01

November 10,
1967,

01:01:05

(L + 65:22:04)

Parking orbit
(12.9-min coast)

2219
662

126

10.1
10.5

24.5
8490
36,600
460

1810

360

Januvary 7,
1968,

06:30:01

0.5 sec*

L + 00:35:15
L + 00:58:03

L + 08:17:31

L + 17:00:09

T — 00:03:22

January 10,
1968,

01:05:38

(L + 66:35:37)

Parking orbit
(22.4-min coast)

2288
674

77

1a

35.9
8590
41,500
430

1700

335

2Window opening rescheduled after start of countdown to permit improved T&DS average.

bInitial midcourse firing.

cSurveyor Il mission was terminated before lunar encounter.

dBased on planned time of soft landing.

eSurveyor IV signal was lost during terminal descent.

At final touchdown.
gUntil loss of signal.
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The premidcourse coast phase was normal on all mis-
sions. Initial two-way acquisition was completed satis-
factorily and, with few exceptions, excellent deep space
communications were provided throughout each mission.
Use was made of doppler resolver counters on the
Surveyor VI and VII missions to provide smaller residuals
in the tracking data used for orbit determination.

Canopus acquisition was accomplished as desired after
completion of a customary star-mapping roll maneuver
which permitted verification of Canopus position. In
some cases, Canopus acquisition was delayed to avoid
possible interference of bright sources, such as the earth,
with the Canopus sensor. Canopus acquisition was
achieved automatically by the spacecraft on four of the
missions, while on Surveyors I, II, and IV, the Canopus
tracker sensitivity was such that a usable lockon signal
was not assured, and lockon was achieved by sending a
command from earth when Canopus was in the field of
view. This mode of initial acquisition was a planned
option and presented no difficulty; the Canopus tracker
maintained lockon in all cases after initial establishment.

All midcourse corrections were performed during the
first Goldstone pass except for the Surveyor IV mission,
when it was performed, as planned, during the second
pass. With the exception of the Surveyor II and V mis-
sions, the midcourse maneuvers were achieved with good
results, including trajectory correction to permit soft-
landing well within the desired landing site area. The
magnitude of the executed midcourse corrections shown
in Table II-1 does not reflect actual injection error, since,
for each mission, the maneuver also provided for adjust-
ments in aim point and arrival time made after launch
to achieve optimum landing and postlanding conditions.

During Surveyor II midcourse thrusting, one of the
three vernier engines did not fire and spacecraft attitude
control was lost. A spacecraft tumbling condition re-
sultea, and could not be corrected either by activation
of the cold-gas jet system or by repeated attempts to fire
the vernier engines. The spacecraft condition precluded
completing the transit phase and achieving a lunar soft
landing. Before depletion of spacecraft battery power,
the main retro motor was fired. "Loss of the spacecraft
signal occurred about 30 sec after retroignition.

After the Surveyor V midcourse thrusting was com-
pleted, the helium regulator in the vernier propulsion
system failed to reseat properly, permitting the loss of
helium that was required for normal execution of the
terminal-descent sequence. Attempts were made to clear
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the regulator by repeated firing of the vernier engines,
but the leak persisted. After careful analysis, the decision
was made to redesign the terminal-descent sequence in
an attempt to accomplish a soft landing despite very low
helium pressure, which finally stabilized at the down-
stream manifold relief valve setting of about 825 psi.
Additional vernier engine firings were made to reduce
the spacecraft weight and increase the helium ullage,
thereby ensuring a minimum helium pressure drop dur-
ing terminal descent. Main retroignition was delayed
to achieve main retro burnout at a much lower than
nominal altitude, and other terminal descent event times
were altered to minimize the required total vernier engine
impulse; however, the revised sequence would not have
resulted in a soft landing if the spacecraft had not per-
formed in a predictable manner during the descent. The
success of Surveyor V can be attributed to the intensive
and resourceful efforts of project personnel responding
to the emergency.

Of the six Surveyor spacecraft that entered into the
critical terminal-descent sequence, all but Surveyor IV
achieved successful soft landings. The performance of
Surveyor IV was flawless until the abrupt loss of space-
craft signal occurred just before the expected main retro
burnout. Although a detailed examination of the Sus-
veyor IV mission was conducted by a formally appointed
Technical Review Board, no evidence was found of any
single or multiple cause for the failure. On the other
missions, spacecraft performance was excellent, and ex-
cept for the unique landing sequence on Surveyor III
all events occurred as planned.

Surveyor III terminal descent was completely normal
until a few seconds before touchdown, when the radar
altimeter and doppler velocity sensor (RADVS) lost
lock at an altitude of about 37 ft. Loss of lock, which
probably was due to lunar surface irregularities, pre-
vented normal cutoff of the vernier engines at 14-ft alti-
tude. With the engines still thrusting at a level equal to
about 90% of the spacecraft lunar weight, the spacecraft
lifted off twice after initial contact with the lunar surface.
The engines were turned off by an earth command about
1 sec before the third touchdown; the spacecraft came
to rest in an upright position, with attitude control main-
tained throughout the landing sequence.

Briefly, the Surveyor soft landings occurred as de-
scribed in the following paragraphs. Although the un-
braked approach angle was as high as 464 deg (Sur-
veyor V, as shown in Table II-1), the final approach
angle and spacecraft attitude before touchdown were
nearly vertical on all flights. With the exception of
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Surveyor II1, each spacecraft succeeded in maintaining
the landing parameters well within the design limits.
Surface slopes up to about 20 deg (Surveyor V) were
encountered.

Surveyor 1. Touchdown of Surveyor I occurred, with
a velocity of about 12 ft/sec, on a relatively smooth sur-
face with a slope of less than 3 deg. The three footpads
contacted the surface nearly simultaneously, penetrated
a few inches, and rebounded about 2% in. before coming
to rest. At least one of the three crushable blocks under
the frame also contacted the surface as the shock ab-
sorbers compressed. Maximum shock-absorber force was
about 1600 Ib, which was below the maximum predicted
for a hard surface landing.

Surveyor III. The Surveyor III spacecraft landed in a
crater about 650 ft in diameter and 50 ft deep. As ex-
plained previously, three touchdowns occurred. The initial
touchdown occurred near the rim of the crater, and
interaction with the sloping surface caused the spacecraft
to rebound in the downhill direction, although the flight

i
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control system acted during each liftoff to correct the
spacecraft attitude to the pre-touchdown state. The space-
craft traversed about 50 to 70 ft during the first liftoff
and 385 to 45 ft during the second (Fig. II-1). A hop of
about 1 ft took place in connection with the third touch-
down event. Each of the Surveyor III touchdowns was
more gentle than the landing of Surveyor I. Although no
mechanical damage occurred, some subsystem electronics
damage was sustained coincident with the second touch-
down. There is speculation that this damage, which prin-
cipally affected signal processing, may have resulted
from induced damage caused by the arcing of radar high
voltage in the presence of the ionized plasma, which
enveloped the lower part of the spacecraft at touchdown
with the vernier engines thrusting.

Surveyor V. The landing of Surveyor V occurred on a
17-deg slope inside a small, 30-ft-diameter crater. Al-
though the slope exceeded the design limit of 15 deg, no
stability problem was encountered. One spacecraft leg
touched down approximately 0.2 sec before the nearly
simultaneous contacts of the other two. The spacecraft
slid about 32 in. downslope and rotated about 6 deg

DIRECTION OF TRAVEL
WEST —»

SECOND REBOUND

SLOPE OF CRATER
WALL
10—14 deg
35-45 ft — \

r————24 sec €

FIRST SECOND
TOUCHDOWN

TOUCHDOWN

12 sec ——— >

THIRD
TOUCHDOWN

Fig. lI-1. Sketch showing events during Surveyor Il lunar landing
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before finally coming to rest with a tilt of about 20 deg.
The sliding motion during landing caused the footpads
to dig trenches in the lunar surface (Fig. II-2).

Surveyor VI. The Surveyor VI landing was on a rela-
tively smooth and essentially level surface. The shock-
absorber loads, as indicated by telemetered strain-gage
readings, were similar to those of Surveyor I. It is esti-
mated that the spacecraft rebounded 8 to 11 in. before
finally coming to rest.

Surveyor VII. The landing of the last Surveyor oc-
curred on a relatively flat surface located on the ejecta, or
flow, blanket near the large crater Tycho. The spacecraft
missed hitting any of the large rocks and boulders that
litter the area; one large rock was close to footpad 2.
Spacecraft rebound was approximately 9 in.

B. Postlanding Phase

With the exception of Surveyor III, the engineering
assessments conducted immediately following touchdown
confirmed that each of the soft-landed spacecraft was in
excellent condition, permitting television surveys and
other operations to proceed. On Surveyor III, special
interrogation sequences were conducted to investigate
the telemetry failure which occurred during landing.
This failure appeared to be shorting caused by high-

voltage puncture of telemetry signal switches, and primar-
ily affected analog data obtained in the higher rate
modes. Surveyor III data obtained in the lowest rate
mode were less seriously degraded. All landed space-
craft performed extensive television operations and other
lunar surface experiments and operations. Summary in-
formation on the lunar surface phase of the Surveyor
missions in contained in Table II-2.

A large quantity of television pictures was obtained
on each of the successful missions, beginning shortly
after landing and extending until after sunset. Surveyors
I, V, and VII also obtained pictures on subsequent lunar
days. Television performance was generally good, and
the quality of the picture was excellent on each mission
when favorable lighting conditions existed. The 600-line,
high-resolution pictures show details as small as %o in.
The vast quantity of television pictures returned by the
Surveyor spacecraft was obtained during a variety of
operations and experiments and included:

(1) Wide- and narrow-angle panoramas and special
area surveys of the visible lunar surface out to the
horizon, repeated at different sun angles during
the lunar day. A few pictures also were obtained
after sunset with the surface illuminated by earth

light.

(2) Images obtained on Surveyors I, III, and V with
different color filters, which were reconstructed

Fig. Il-2. Wide-angle mosaic of footpad 2 and the trench formed during Surveyor V landing. The depression

formed during the first impact of footpad 2 can be seen at the right-hand end of the trench (September 14, 1967,
between 04:00 and 06:00 GMT; Catalog 5-MP-19)
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Table 11-2. Lunar surface phase summary

Mission
Parameter
Surveyor | Surveyor Il Surveyor V Surveyor VI Surveyor VII
Landing site (best estimate)
Latitude 2.46°8" 2.99°8P 1.42°N 0.51°N® 40.88°8P
Longitude 43.23°W* 23.34°W" 23.20°E 1.39°WP 11.45° WP
Landed roll attitude (spacecraft X axis 179 134 114.5 149°¢ 290
relative to lunar north), deg clockwise
Lunar surface slope, deg <1 12.5 19.5 < 1 3
Landing after local lunar sunrise, hr 57 23 35 9 35
Operational period, lunar days 1,2,5,6,8 1 1,2,4 12 1,2
Number of commands sent to spacecraft 121,700 57,000 122,000 163,600 150,000
after landing
Number of television pictures taken 11,240 6,326 19,118 29,952 21,038
Spacecraft shutdown after first lunar sunset, 53 6 115 41 80
hr
GMT of final loss of spacecraft signal January 7, 1967, May 4, 1967, December 17, 1967, December 14, 1967, February 21, 1968,
07:30 00:04 04:30 19:14 00:24
aBased on Lunar Orbiter 111 photograph of landed Surveyor I.
bBased on correlation of Surveyor pictures and Lunar Orbiter photographs.
cBefore hop.

on earth in true color, and images obtained on
Surveyors VI and VII with different polarizing
filters.

(3) Images obtained with different focus settings (and
using a special stereo viewing mirror on Surveyor
VII) to provide a means of determining the dis-
tance of objects from the camera.

(4) Pictures of the visible parts of the spacecraft
(directly or through viewing mirrors) including
deployment and operation of the surface sampler
and alpha scattering instrument and lunar sur-
face material that adhered to the soil magnets.

(5) Pictures showing lunar surface disturbances that
resulted from initial landing and subsequent
experiments.

(6) Pictures of stars to aid in spacecraft attitude
determination.

(7) Pictures of the earth at different phases of illumi-
nation (Surveyor VII) and during a total eclipse of
the sun (Surveyor III, in color).

(8) Pictures of the solor corona after sunset.

(9) Pictures of laser beams directed at Surveyor VII
from two locations on the earth.

14

Although the Surveyor III camera was equipped with
a modified sunshade to minimize glare, some of the
Surveyor 111 pictures contained more glare than pictures
obtained on the other missions. This was, in part, due
to the unfavorable landed roll orientation to which
Surveyor III was restricted, because of a RADVS beam
cross-coupling characteristic, and partly to contamina-
tion, or pitting, of the upper part of the camera mirror,
which probably occurred because the vernier engines
were on when the spacecraft landed. The Surveyor III
camera also experienced some problems in stepping,
which restricted the television coverage and limited the
total number of pictures taken on that mission to about
6300, the least for any of the landed spacecraft. The
most reliable television operation and the highest-quality
pictures were obtained on the Surveyor VI and VII
missions; an improved camera with a redesigned mirror-
hood assembly and an improved dynamic light range
was used on these missions.

An abundance of important data on the properties of
the lunar surface was also obtained by the special scien-
tific instruments which were selectively included on the
later Surveyor missions. The surface sampler performed
very extensive operations on the two successful missions
on which it was flown (Surveyors III and VII), and the
alpha scattering instrument was used successfully on all
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three of the missions on which it was carried (Surveyors
V, VI, and VII).

Operations of the surface sampler were guided almost
entirely by television pictures taken at selected intervals
between stepping commands. For this reason, surface-
sampler operations were conducted during Goldstone
view periods when the TV-GDHS could be used for real-
time monitoring of the instrument at the Space Flight
Operations Facility (SFOF) in Pasadena. The basic ex-
periments performed by the surface sampler are sum-
marized in Table II-3 and included: (1) bearing tests
in which the surface sampler scoop was pushed down
against the surface; (2) impact tests in which the scoop
was dropped from different heights; (3) the digging of
trenches, involving one or more passes with the scoop
door open; and (4) the handling and dumping of various
surface materials, including rocks. Data from the surface
sampler operations consisted primarily of the television
pictures obtained. Measurement of surface sampler motor
currents, compared with prelaunch calibrations, were
also a means of deducing strength and density of lunar
surface material. As noted below, the surface sampler
was also used effectively in support of the alpha scatter-
ing instrument on Surveyor VII, the only mission that
carried the surface sampler and the alpha scattering
instrument.

Data for determination of chemical composition of the
lunar surface were accumulated after the sensor head
of the alpha scattering instrument was deployed to the
lunar surface in a two-step operation. Before deploy-
ment, calibration data were obtained in the stowed
position with the sensor head in contact with a standard
sample. In the first step of deployment, the instrument
was released to a position above the lunar surface where
background radiation was detected. The deployment
mechanism of the alpha scattering instrument operated
correctly on Surveyors V and VI; however, the mechan-
ism jammed on the Surveyor VII mission. It was finally
freed and pushed to the lunar surface by the surface
sampler.

Table 11-3. Summary of basic surface-sampler tests

Test Surveyor Il Surveyor VI
Bearing 7 16
Trenches (single or multi-pass) 4 7
Impact 13 2
Rocks moved or handled 1 4

Table II-4 is a summary of the alpha scattering
instrument data accumulation time in each position,
based on the spectra data assembled by the on-site
computers at the prime Deep Space Stations and trans-
mitted by teletype to the SFOF.

On the Surveyor V mission, the alpha scattering
instrument sensor head was moved a few inches
downslope as the result of a vernier engine static firing.
Sufficient alpha scattering data were accumulated, before
and after the firing, to permit a chemical analysis of both
samples. After sufficient on-surface data were obtained
on Surveyor VI, a spacecraft hop was performed, which
resulted in the sensor head turned upside down.

The Surveyor VII mission was extremely productive
from the chemical analysis standpoint as the result of
coordinated support by the surface sampler. In addition
to aiding in the initial deployment of the sensor head, the
surface sampler was used to relocate the instrument on
the surface. Alpha scattering data were obtained at these
locations, each representing a different type of local
sample: relatively smooth and undisturbed lunar surface,
a lunar rock, and a subsurface area extensively trenched
by the surface sampler.

As noted previously, a vernier engine static firing and
a spacecraft hop were conducted on the Surveyor V and
VI missions, respectively; both engine tests were suc-
cessful. About 53 hr after the landing of Surveyor V, the
vernier engines were fired briefly (0.55 sec) to determine
lunar surface erosion effects. Erosion of the lunar surface
was clearly evident in the postfiring television pictures.
There was no apparent spacecraft degradation caused by

Table 1I-4. Science-data accumulation times for
alpha scattering instrument

Time, min
Operation Surveyor | Surveyor | Surveyor

v Vi vi

First lunar day
Stowed position (standard sample) 75 320 312
Deployed above surface (background 170 370 720

radiation)

On lunar surface

Sample | 1056 1800 1860
Sample Il 4005 - 618
Sample 111 — — 402
Second lunar day 1475 - 2070

8As reported by Deep Space Stations.
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the firing, and only a very slight shift in spacecraft atti-
tude occurred, along with the movement of the alpha
scattering instrument.

On Surveyor VI, the vernier propulsion system was
monitored closely, beginning immediately after landing,
in order to prepare for the hop. A time shortly after lunar
noon was selected, thus permitting sufficient time to
obtain substantial results from the other tests. Also, dur-
ing the lunar noon period, it was possible to shade critical
propulsion system elements to effectively reduce the
temperatures below maximum recommended limits, be-
fore firing the engines.

In performing the hop, the engines were operated
2.5 sec, being shut down by a backup earth command
transmitted 0.5 sec after the primary command, which
was not acted upon by the spacecraft. The spacecraft
rose about 12 ft above the lunar surface and landed again
about 8 ft from its initial location. The time from liftoff
to touchdown was approximately 6.1 sec. Although the
hop was greater than expected because of the 0.5-sec-
longer burn time, the spacecraft made a completely suc-
cessful landing, and no spacecraft damage resulted,
other than the upside-down position of the sensor head.
From the spacecraft's new lunar surface location, excel-
lent pictures were obtained of the original landing site,
including the erosion caused by the vernier engine

firing.

In another unique test, the attitude control gas jets
were fired twice, for durations of 4 and 60 sec, to deter-
mine the effects on the lunar surface. Television pictures
showed the lunar surface disturbances caused by the

firings.

Spacecraft thermal control functioned well on the sur-
face during the lunar day, although the spacecraft was

not designed to maintain the temperatures of all elements
within operational or survival limits during the lunar
phase. On the missions for which landing occurred in the
Apollo zone, the solar panel and planar array antenna
were used to maximum advantage by positioning them
to shade critical elements such as the television camera
and electronics compartments. This permitted operation
to be conducted throughout most of the lunar day with
a minimum of low-duty cycle periods required near lunar
noon when temperatures were the highest. The latitude
of the Surveyor VII site made shading more difficult;
nevertheless, by carefully scheduling operations and ex-
periments, a high level of activity was possible most of
the time.

A total eclipse of the sun was encountered during the
first lunar day of Surveyor III and also during the second
lunar day of Surveyor V. Valuable thermal data were
obtained. Also, as a result of the high tilt of the Sur-
veyor 111 spacecraft, it was possible to point the camera
toward the earth and obtain pictures of the event.

Generally, the condition of each of the spacecraft re-
mained excellent throughout the first lunar day, until
shutdown during the lunar night. The spacecraft elec-
tronic compartment thermal switches, which were de-
signed to open after sunset, did not always open when
temperatures dropped to the established set point. This
forced earlier shutdown of the spacecraft during the
lunar night than otherwise would have been possible.

The spacecraft suffered varying degrees of degradation
during the extremely cold lunar night; however, all but
Surveyor I1I responded to commands on the second lunar
day. Operations were conducted with Surveyors I and V
as late as the eighth and fourth lunar days, respectively.
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lll. Scientific Results Summary

Surveyor spacecraft have been successfully landed in
four maria and one highland site, as follows:

(1) Surveyor I: A flat surface inside a 100-km crater
in Oceanus Procellarum.

(2) Surveyor III: Interior of a subdued 200-m crater,
probably of impact origin, in Oceanus Procellarum.

(3) Surveyor V: A 10-m crater, which may be a sub-
sidence feature, in Mare Tranquillitatis.

(4) Surveyor VI: A flat surface near a mare ridge in
Sinus Medii.

(5) Surveyor VII: A flat surface in the ejecta or flow
blanket close to Tycho.

All of these sites are strikingly similar. The resem-
blances apply to topographic details, the structure of the
surface layer, mechanical, thermal, and electrical prop-
erties, and, for those sites where such measurements
were made, to chemical composition and content of mag-
netic material. It is unlikely that sites on earth, thousands
of kilometers apart and selected in a manner similar to
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the Surveyor landing sites, would be so much alike. The
highland site near Tycho differs most from the other
four, but even for this site, the resemblances to the other
sites are more notable than the differences. It is clear
that the same general processes are responsible for the
formation of the outer layers of the moon both in
the maria and highlands.

In all of the sites the visible surface consists primarily
of fine particles. The bulk of the material is smaller than
100 pm diameter and is probably primarily between 10
and 50 ym. Lying on and in this fine matrix are coarser
blocks in sizes up to several meters across. There is a
continuous distribution of particle sizes from the coarse
blocks down to the fines. Many of the resolvable par-
ticles, larger than 1 mm, are weak aggregates of fines.
Some, however, including most of the large blocks, are
rocks.

The thickness of the fragmental layer in the maria sites
apparently varies from about 1 to 20 m, being deepest in
flat areas and on crater floors, especially in regions which
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appear older on the basis of the frequency of craters
around 1 km in diameter. It is shallower on crater rims
and mare ridges. In the one highland site so far exam-
ined, where the surface is believed to consist of rather
recent ejecta or flows from Tycho, the layer of fine frag-
ments may be only a few centimeters deep.

The distribution of craters extends down to diameters
of a few centimeters. Below a centimeter or so, clear
crater shapes are not identifiable; smaller craters, if
present, blend into the general texture of the surface.
The shapes of the small craters (1 cm-10 m) are not
markedly different from those of larger craters. Coarse
blocks, presumably ejected during crater formation, are
concentrated around the rims of some of the craters
larger than a few meters. The crater size, below which
these coarse blocks are not produced, appears to vary
from place to place and is believed related to the depth
of the fragmental layer: coarse blocks are produced
when the crater extends into the denser material below.
Indeed, this relation has been used as the primary basis
for estimating the thickness of the layer of weakly bound
fragments.

The shapes and positions of the blocks associated with
a crater vary with the apparent age of the crater, as indi-
cated by its sharpness and contour. Blocks associated
with fresher craters are more angular and tend to lie on
the fine material, rather than being partially buried. The
density of one rock was 2.8 #-0.4 g/cm®,

In the mare areas, the density of the fine-grained
matrix at the surface appears to be between 0.7 and
1.2 g/cm?®; about 5 cm below the surface the density is
about 1.6 g/cm?,

The dielectric constant, averaged over areas a few
meters to a few tens of meters in diameter and measured
by radar reflectivity at 2-3 cm wavelength, is about 2.5
in the maria and 3.8 at the highland site. The radar
return comes from within % m of the surface. Local
increases in radar reflectivity are associated with rock
concentrations at crater rims and with ridges.

The thermal parameter j for areas within 20 m of the
spacecraft was measured at about 500 cm? sec”* °K/cal
for the maria at sunset and during eclipses. This is about
half that observed for 20-km areas from earth. The dif-
ference may be due to experimental error or to the
increased view angle for rocks from a landed spacecraft

L —

i = (kpc)-*» where: k = thermal conductivity, p = density,
¢ = specific heat.
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as compared with that from earth. For the highland, a
considerably lower value, 240 cm? sec** °K/cal for the
thermal parameter was observed in one direction and
was presumably associated with a large nearby group
of rocks. During daytime, with most of the spacecraft,
variations in brightness temperature were found that
appeared attributable to directional thermal emission.

The static bearing capacity of the top few millimeters
of surface is less than 10* dyn/cm?. At a depth of 2 cm
it is about 2 X 10° dyn/cm?®. At a depth of 5 cm it aver-
aged 5 X 10° dyn/cm® These values relate to bearing
diameters 5-10 times the depth. In the small crater
where Surveyor V landed, the bearing capacity was
slightly lower than for the other mare sites. At least the
upper 10 mm compressed under a bearing load at
the mare sites to a density of about 1.5 g/cm?.

The cohesion of the fine material is about 10¢ dyn/cm?.
The adhesion of material impacting painted spacecraft
parts is 10? to 10° dyn/cm?*; lunar material pressed against
the spacecraft generally did not adhere.

The permeability to gases of the top few centimeters
of mare material is 10-* to 10" cm? The shear wave
velocity, in the maria, is estimated to be about 20 m/sec

and the compressional wave velocity approximately
60 m/sec.

The composition of the surface material at the
Surveyor V, VI, and VII sites is, in atomic percent, pre-
sented in Table III-1.

The composition of the mare surface, therefore, is
basaltic in character, and for the major elements re-
sembles that of common terrestrial basalts. The compo-
sition of the highland material, which is believed to have
been ejected from many kilometers below the surface, is
similar except for the lower iron content.

Table 1lI-1. Surface material in atomic percent

Element Mare Highland

(= <2 < 2

o 58 *+5 58 %5
Na <2 <2

Mg 3:k3 43
Al 6.5 2 8 =3
Si 20 *2 18 =4
Ca, K, P, S 62 6+2
Fe, Co, Ni, Ti, Mn 52 21
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These compositions differ considerably from those be-
lieved representative of condensed solar material, as
indicated by, for example, the composition of the solar
atmosphere. They strongly suggest that the lunar surface
material solidified from a melt, with considerable chem-
ical differentiation occurring during the process of melt-
ing and solidification. This in turn suggests, though it
does not prove, that major portions of the moon have
been molten and perhaps may still be; also, that the
composition of portions of the lunar interior differs sig-
nificantly from that of the surface.

The quantity of ferromagnetic particles found at the
sites of Surveyors V, VI, and VII was relatively low. Less
than 1/4% of the particles appear to be magnetic. These
results are consistent with a basaltic composition with
little addition of meteoritic iron.

The albedo of the exposed fine material is about 20%
lower than that of the great majority of exposed rock
surfaces. It is about 20% higher than that of the fine
material a millimeter or so beneath the surface. Since
the fine material must be stirred by meteorite impact,
there must then be some process that whitens the ex-
posed surface and presumably a process that darkens the
fine material a millimeter or more down so as to maintain
a sharp interface between the lighter and darker material.

The photometric function of the exposed matrix is
similar to that for the whole lunar disk as seen from
earth. The fine material, a few millimeters beneath the
surface, also has a photometric function similar to that
of the whole disk. When the surface is compressed with-
out stirring, the photometric function changes toward a
more Lambertian relation; presumably this change arises
from a change in the surface structure toward one of a
higher density more closely resembling that typical of
terrestrial soils.

The color of the maria surface material was found to
be gray, with no obvious color differences. Some of the
highland material, especially the rocks, produces notice-
able polarization of reflected sunlight.

Under the various landing conditions the footpads and
blocks of the spacecraft landing gear penetrated up to
10 cm into the mare surface. When a horizontal velocity
component was present, a trench was plowed in the
surface. Even with no horizontal velocity, surface mate-
rial was thrown out, pushed aside, and compressed
downward by the landing gear. Some small particles
were moved along the surface by the action of cold
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nitrogen gas directed against the surface through the
attitude-control jets of the spacecraft. When the vernier
engines were fired against the surface, erosion was pro-
duced in two ways. First, with a short (0.5-sec) firing
that was abruptly cut off, the gas entered the pores
of the lunar material and then blew off at shutdown,
taking lunar material with it. Second, with a longer
(2.5-sec) firing, during which the engines gradually
lifted away from the surface, surface material gradually
sheared away by viscous erosion. Most of this erosion
consisted of the near-horizontal blowing of particles
and aggregates a few millimeters to a few centi-
meters in diameter. These particles were blown several
meters horizontally and in some cases a meter vertically.
When the exhaust passed across a surface previously
disturbed by the landing gear, some excavation of the
matrix occurred by viscous erosion; elsewhere, excava-
tion was associated only with gas blowoff at shutdown.
The only degradation to the function of the spacecraft
produced by firings against the surface was a fogging of
some mirrors which had a direct line-of-sight to the
surface directly below the vernier engine exhausts.

On flat areas, the fine matrix surrounding large blocks
generally contacts the blocks at the level of the surround-
ing matrix. On slopes, however, fillets of fine material
are observed on the uphill side of blocks. This strongly
suggests that the fine material has gradually moved
downbhill, faster than have the larger blocks.

Two-way doppler tracking of the landed Surveyors
from earth stations provided data which identified errors
in the best available lunar ephemerides and should per-
mit a corresponding improvement, as well as improve-
ment of knoweldge of lunar physical librations. Also,
by providing information on positions of the landed
Surveyors in selenocentric inertial coordinates which can
be compared with positions determined with respect to
lunar features visible from Lunar Orbiter photographs,
the doppler results should permit a determination of the
position of the lunar center of figure relative to the center
of mass.

Besides providing a great deal of data on the moon,
the Surveyors made some useful observations of earth
and sun. Pictures of the earth were taken through polar-
izing filters at frequent intervals near quarter-earth, and
occasionally of the crescent. Pictures were taken through
color filters of the crescent and of the earth totally eclips-
ing the sun. The eclipse pictures provided data on the
transmission of light through the earth’s atmosphere as
a function of wavelength, cloud distribution, and altitude.
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In a test of procedures for pointing laser beams at a
lunar object, pictures were taken by a Surveyor of laser
beams pointed at it from earth. The transmitted beam
power was 1-2 W, and the emitter collimation was
0.5-3 sec of arc.

Observations of the solar corona revealed appreciable
luminance out to about 50 solar radii, thus indicating

that the K-corona is continuous with the zodiacal light.
Polarization data were obtained in these observations.

A much more complete account of the scientific results
of the Surveyor Project is given in Part II of this report.
Still greater detail is included in Part IT of the reports on
the individual Surveyor missions (Refs. III-1 through
III-6). Part III of these reports (Refs. III-7 through III-11)
presents pictures taken by Surveyors.
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IV. Project History

A. Project Origin

The Surveyor Project was conceived by the National
Aeronautics and Space Administration, in conjunction
with the Jet Propulsion Laboratory, as a program to soft-
land a series of unmanned spacecraft on the moon. This
program was to utilize the Atlas/Centaur as a launch
vehicle. The program objectives were to:

(1) Demonstrate the technical feasibility of unmanned
lunar exploration by soft-landing equipment at
given sites on the surface and by performing useful
experiments with that equipment.

(2) Obtain lunar and cislunar scientific information to
increase understanding of the origin of the moon
and solar system.

(8) Gather information and develop technology needed
to place a man safely on the moon.

These objectives were integral to NASA’s long-range
unmanned lunar program, which also projected lunar
orbiting vehicles, as well as follow-on Surveyors with
extended payloads and roving capabilities.

JPL TECHNICAL REPORT 32-1265

1. Preliminary Activities

The actual implementation of the Surveyor Project was
preceded by a number of key studies, decisions, and pro-
posals which emphasized the feasibility of soft landings
and provided the basis for a program plan. Briefly, these
preliminary steps were:

(1) In the fall of 1958, a NASA Working Group on
Lunar and Planetary Surfaces initiated a study of
feasible lunar scientific exploration programs.
Studies at Marshall Space Flight Center (MSFC)
pertaining to use of the Saturn vehicle established
overall technical feasibility of lunar soft landing.

(2) Centaur development was initiated in October
1958 by the Advance Research Projects Agency,
which originally conceived the Centaur vehicle as
a second-stage, multiple-burn vehicle, capable of
placing a payload into a circular, 24-hr (synchro-
nous) earth orbit. General Dynamics/Convair,
already building and supplying the Atlas, was
also designated to develop and supply the Cen-
taur. Pratt and Whitney was named as the de-
veloper/supplier of the liquid hydrogen/liquid
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oxygen, high-impulse engine required for Cen-
taur applications.

(3) In July 1959, responsibility for the Centaur vehicle
was transferred to NASA, and, under NASA, in
December 1959, to MSFC in Huntsville, Alabama.

(4) In February 1960, a study was initiated by JPL
to determine the application of the Centaur to
lunar and planetary missions. Results of this study
were issued in June 1960 as the Centaur Study
Report. The section on lunar missions and space-
craft contained the conclusion that soft landing
a significant scientific payload on the lunar sur-
face could be accomplished with an Atlas/Cen-
taur vehicle.

(5) Early in the lunar program, a decision was made
by NASA and JPL to rely on industry for the
development of lunar spacecraft systems following
Ranger. In May 1960, consistent with this decision,
JPL transmitted bidder’s packages to 32 selected
firms, soliciting proposals for the design of a lunar
soft-landing spacecraft, compatible with Centaur
size and weight limitations. The bidder’s package
consisted of Bidder’s Instructions and Contract
General Provisions; also included was a copy of
the JPL lunar-soft-landing design study require-
ments document, which set forth the requirements,
objectives, and constraints pertaining to the space-
craft design.

(6) A bidder’s conference attended by 39 firms was
held by JPL in May 1960; in June, 24 firms sub-
mitted proposals (some representing team efforts)
in response. Following a detailed screening of the
proposals and management-oriented visits to sev-
eral of the concerns, JPL’s Source Selection Board
selected four of the proposing firms as suitable
candidates for design study contracts.

(7) In July 1960, partially funded contracts were
awarded to Hughes Aircraft Company (HAC),
McDonnell Aircraft, North American Aviation, and
Space Technology Laboratories for the procure-
ment of preliminary spacecraft system designs and
a detailed proposal for program implementation.
The projected scope of effort was for the design,
development, test, and operation of seven lunar
soft-landing spacecraft; the first soft landing was
to occur in August 1963.

(8) In December 1960, after 5 mo of study effort and
two interim oral presentations by each contractor,
the study reports and proposals were submitted to

24

JPL. Evaluation of the proposals covering all pro-
gram aspects (i.e., technical, managerial, cost,
schedule, etc.) was performed by a joint NASA/
JPL Source Evaluation Board (SEB) augmented
by special JPL technical and management assis-
tance as required.

(9) In January 1961, following a briefing of SEB con-
clusions, the NASA administrator selected HAC as
the spacecraft system contractor. Project manage-
ment for Surveyor was vested in JPL.

2. Design Study

As mentioned previously, the basic objectives that

governed the Surveyor design study were to:

(1) Soft-land a cargo of scientific instruments on the
lunar surface.

(2) Provide for operation of the instruments for at
least a 30-day period on the surface (through the
light and dark cycle).

(3) Telemeter the scientific data back to earth for re-
trieval and reduction.

Basic constraints on the spacecraft initial design were:

(1) Total spacecraft vehicle weight and dimensions to
be consistent with the expected injection capa-
bility (2500 1b) of the Atlas/Centaur booster.

(2) Launch from AFETR with specified fixed ascent
trajectory characteristics to injection.

(3) Trajectory transit times limited to about 40, 66, or
90 hr to provide view of the spacecraft by Goldstone
at arrival and after landing. Probable daylight
landings for television operation, expected lunar
surface physical and thermal parameters, and the
specific list of science instruments provided addi-
tional constraints.

Summary conclusions of the HAC design study were

that:

(1) The overall mission was feasible within the current
technical state of the art and the seven-vehicle
schedule specified.

(2) An instrument payload of 315 1b could be landed
at touchdown velocities less than 10 ft/sec at any
position on the moon, and up to 365 lb under
favorable calendaric conditions corresponding to
the complete set of listed experiments.
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(3) A 90-day operating life on the lunar surface could
be achieved.

(4) A maximum data rate of 4400 bits/sec could be
achieved.

(5) A nominal 66-hr trajectory represented the best
tradeoff relative to performance risks, guidance,
and total payload.

(6) The system design would permit landings at prac-
tically any point on the western half of the visible
face of the moon (that portion illuminated in the
last quarter) within an accuracy of 60 km, 3 o.

The design study report submitted by HAC consisted
of three volumes, which described the management plan
and the overall Surveyor System, including the prelimi-
nary design of the spacecraft and the operations neces-
sary to accomplish lunar soft landings during the period
August 1963 to August 1965. Detailed contractual and
cost data for the proposed program were also provided.

B. Project Implementation and Evolution
1. Centaur Definition

Centaur development initially induced major pertur-
bations to the spacecraft development program as origin-
ally projected and had a major impact on the Surveyor
Project as a whole. The sensitivity of the overall Surveyor
spacecraft design to Centaur performance led to the
need, early in the project, for discussions with the
Centaur Project Office at MSFC in order to obtain a
better definition of the configuration and probable per-
formance of the “operational” Atlas/Centaur vehicle to
be developed for Surveyor. This was the first formal
attempt to distinguish between the configuration and
performance of the research and development vehicles,
not yet in flight test, and the “operational” Centaur ex-
pected to evolve.

To provide a better definition of the operational launch
vehicle, MSFC initiated a study and preliminary design
effort with GD/C under an Air Force contract. Definitive
descriptions of the launch vehicle, its performance, and
of the nose fairing to be used for the Surveyor and
Mariner Projects were to result. Meanwhile, the absence
of adequate and validated launch vehicle performance
information necessitated continued dependence on esti-
mates of those parameters that constrained or influenced
the design of Surveyor, so that the spacecraft effort could
proceed.
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In the spacecraft preliminary design study, the maxi-
mum separated weight of the spacecraft was specified
as 2500 Ib. This weight, coupled with the dynamic enve-
lope to which the stowed spacecraft was restricted on
board Centaur, was a major factor in determining the
spacecraft configuration and the amount of science pay-
load that could be carried.

Because of the initial uncertainty in the estimates of
injection performance that would eventually be achieved
by Centaur, it was necessary to incorporate an element
of flexibility in the spacecraft design. Thus, the space-
craft was configured so that its total weight could be
reduced to as low as 2400 1b, if necessary. Conceptually,
this was to be accomplished with relatively short lead
time by the off-loading of up to 70 1b of selected scien-
tific instruments and the resulting reduction of about 30
Ib of main retro propellant.

Other parameters that affected final spacecraft design
were the composite boost environment that the space-
craft would experience and the guidance errors that
would result at injection. Vibration, temperature, vehicle
induced electromagnetic interference, and acoustic levels
to be encountered during boost were major factors con-
sidered in the design, as well as the design proofing, of
the spacecraft hardware. The lunar landing accuracies
required and expected errors at injection due to Centaur
guidance were primary factors in determining nominal
time, number, and magnitude of trajectory corrections to
be made. These influenced, in turn, such items as the
size of the vernier propulsion system tankage, attitude
and thrust control techniques, and estimates of propellant
utilization.

Because no specific Atlas/Centaur flight test data were
available on these parameters, it was necessary to ex-
trapolate from previous experience, such as that en-
countered with the Atlas/Agena and used on Ranger
and to design and to test conservatively. Because of the
weight limitation imposed on the spacecraft, there was a
clear motivation not to become over-conservative or to
overdesign.

Subsequent, periodic appraisal of Centaur-predicted
performance indicated that the original 2500-1b estimate
was optimistic. Studies ensued within the Project to
determine configurations for “lighter weight” Surveyors,
which ranged from 1900 to 2100 1b, without clear indica-
tion as to what the final performance within this range
might be.
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This uncertainty persisted until April 1962, when the
decision was made that at least the first several space-
craft would be limited to 2100 lb. At the same time, a
Centaur upgrade was proposed to permit the launching
of the last two of the seven spacecraft in the 2500-1b
configuration with the original payload complement.

In January 1963, after Centaur Project Management
had been transferred to LeRC and a fresh assessment of
Centaur performance had been made, it was concluded
that all of the seven spacecraft should be of the 2100-1b
configuration. The reality of a 2500-1b capability on the
Surveyor schedule projected at that time seemed en-
tirely too speculative. Not until November 1963, when

AC-2 was successfully flown, was the 2100-1b capability

finally confirmed.

One final effort was made early in 1965 by the project
to upgrade the total spacecraft weight in order to in-
crease the spacecraft payload complement to be flown
after the first four missions. This followed several suc-
cessful Centaur performances with Surveyor dynamic
and mass models and the identification of potential im-
provements to the vehicle that would ensure the 2500-1b
capability.

This plan was formally abandoned in the fall of 1965
because of serious difficulties encountered in putting the
first flight spacecraft (SC-1) through test and because of
the schedule, dictated by Apollo Program needs, which
called for the completion of all seven Surveyor flights by
the end of 1967.

2. Spacecraft Development

A letter contract issued by JPL on March 1, 1961,
formally initiated the spacecraft development effort.
This contract called for eight 2500-1b spacecraft (one
designated as a spare) with a science payload of about
340 1b and a midcourse capability of about 30 m/sec.
The contract also called for developmental test vehicles,
system test equipment assemblies, and command and
data consoles necessary for design validation, system
tests, and operation of the spacecratft.

Prior to the issuance of this contract and following its
issuance, discussions and negotiations were conducted
between the JPL and HAC project organizations directed
to activities such as:

(1) Review of the HAC proposed spacecraft prelim-
inary design.
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(2) Identification and ratification of design changes
and associated implementation schedules.

(3) Review and confirmation of major problem mile-
stones.

(4) Review and formalization of HAC/JPL interfaces
and relative roles and responsibilities.

(5) Refining the statement of work and development
of a governing Surveyor spacecraft system speci-
fication.

The original system specification and the initial
spacecraft development efforts closely followed the HAC
study proposal. No changes of programmatic impact
that would influence either the initial schedule or dollar
projection, were introduced in the early JPL/HAC dis-
cussions. Minor design changes were instigated such as
the substitution of a Canopus sensor for the earth sensor,
originally proposed as one of the inflight attitude refer-
ence sensors, and revisions to the terminal guidance
sequence to eliminate the use of radar guidance during
the main retro burn phase. Uncertainties as to the effect
of the main retro exhaust plume on radar performance
were the primary motives for the latter change.

The main spacecraft system development effort was
centered at HAC under JPL technical direction and with
the support of several subcontractors to supply specific
spacecraft hardware items. Major subcontracted items
were:

(1) Radar altimeter and doppler velocity sensor
(RADVS) to be supplied by Ryan Electronics.

(2) Solid propellant main retro engine to be supplied
by Thiokol Chemical Corp.

(3) Canopus sensor to be supplied by the Santa Barbara
Research Center.

(4) Liquid propellant vernier engines (throttlable over
a range of 30 to 100 1b each) to be supplied by
Reaction Motors Division (RMD) of Thiokol.

(5) Landing gear shock absorbers to be supplied by
the National Waterlift Corp.

In addition to these major items and large-scale com-
ponent parts procurement, a number of lesser items were
also vendor-supplied. These included pressure vessels
for the vernier propulsion and attitude control systems,
vernier propulsion system valves and gas pressure regu-
lators, silver-zinc batteries, and pyrotechnic-actuated
devices, each fabricated to Surveyor requirements and
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specifications. All procurements were in accordance with
a formal make-or-buy list generated by HAC and ap-
proved by JPL. Major procurements were subject to JPL
review and formal approval before final commitment.

Procurement of scientific payload items was somewhat
hybrid in that a number of the instruments were to be
designed and/or processed by HAC; others were to be
government-furnished equipment through the joint col-
laboration of JPL and the Principal Investigators as-
signed by NASA to conduct the experiments.

Beyond the level of vendor dependence indicated,
total spacecraft system hardware development, manu-
facture, and test were committed to HAC for execution.
This was in accord with the original HAC proposal and
with NASA/JPL intent to vest the spacecraft effort, inso-
far as practical, with a single contractor to ensure an
orderly, integrated effort and to centralize the responsi-
bility for the design, manufacture, test, and operation of
the spacecraft.

The scope and magnitude of the spacecraft effort, as
conducted by HAC are best reflected in the original task
descriptions, which collectively defined the effort for
which HAC was contractually responsible. In May 1966,
those tasks not yet completed were converted to a work
item format to provide HAC and JPL with better tech-
nical visibility and cost control for the remaining effort.
Detailed work assignments and the total work to be com-
pleted at that time were not altered greatly, if at all, by
the conversion.

The major items of hardware produced by HAC are
divided into three main categories: (1) test vehicles
manufactured and used in the formulation and/or valida-
tion of flight hardware designs (Table IV-1); (2) flight
spacecraft; (3) an extensive amount of Surveyor unique
ground support and operational support equipment re-
quired to assemble, test, service, and fly the spacecraft.
(A detailed summary of this equipment is provided in
Section IX of this report.) The overall scope and com-
plexity of this Project is further disclosed by the design,
documentation, quality control, test, operation, and
management efforts consigned to the development
and application of each of the above items for its in-
tended purpose.

The Surveyor I (SC-1) launch on May 30, 1966, its
successful lunar landing, and its extended survival on
the lunar surface were of individual significance to the
Surveyor Project in proving the designs of each of the
major systems, (Launch Vehicle, Spacecraft, Mission
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Operations) and their mutual compatibility in a complex
mission profile. Surveyor I not only validated the Surveyor
lunar soft-landing concept, but also the spacecraft con-
figuration and subsystem mechanizations, which were
closely representative of the original proposed designs.

The original plan projected for spacecraft system de-
velopment was directed to a first launch in August 1963.
This was predicated on the original Centaur develop-
ment schedule and an allowable 2500-1b separated weight
capability for the spacecraft. When it became clear, early
in the Project, that the 2500-1b capability figure could not
be achieved by Centaur, a study effort was initiated to
determine what changes in spacecraft configuration and
payload complement would provide the best “compro-
mise” capability. This became an iterative effort, since
a final Centaur performance number was not immediately
available. Spacecraft weights ranging from 1900 to 2300
Ib and a number of possible payload combinations were
investigated during this period to be ready for the even-
tual declaration. With this declaration came the need for
formal revisions to the spacecraft development schedule
and to the entire Surveyor Project plan.

The Centaur’s failure to meet initial performance ob-
jectives was clearly a major contributor to lagging space-
craft development, but progress also was impeded by
other factors. It had become evident by this time that
several major items of hardware, originally thought to be
near off-the-shelf, would require considerable additional
development and testing to meet the stringent require-
ments of Surveyor. Outstanding among these were the
RADVS and the vernier engines, each a basic flight con-
trol element.

Some of the early design and later manufacturing dif-
ficulties arose from tight weight restriction on basic
spacecraft hardware common to both the 2500- and
2100-1b spacecraft configurations. State-of-the-art im-
provements to reduce weight were demanded in all areas
to meet the weight allocations. The improvements were
accomplished, but not without a major expenditure of
effort, which was not originally anticipated.

The early requirement for rigorous heat sterilization
of Surveyor flight hardware where possible in its manu-
facturing cycle and for the capability to handle and
process the hardware thereafter in a near sterile environ-
ment also were more severe design constraints than
originally expected. Latent surface contamination was to
be handled by extended exposure to a sterilizing gas
after encapsulation of the spacecraft for launch. The
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Table IV-1. Surveyor test vehicles

Madel s g Model i
Description ) . Description
designation designation
M-12 Full-scale engineering mockup of the Surveyor S-8 (contd) later designated S-10, the A-21 thermal control
spacecraft model
MA-1 One-fourth scale spacecraft model for antenna S-9 Structural test model, previously designated STM-
tests. Simulated RF interference silhouette of 62, was composed of a spaceframe and sub-
spacecraft structure of the A-21 configuration. Many units
d nonf tioni tot its f -2
MA-2 Full-scale spacecraft model for antenna tests. Re- and non lfnc ioning prototype units from $-24
K s were retained for S-9
flective surfaces similar to those of actual space-
craft S-10 Thermal control model for the A-21 configuration,
MT-1 Full-scale spacecraft model (built in three separate prefwousldy ‘d:s'g:med IS-S. IA f‘ull-scole space-
sections) for thermal tests. Equipped with ther- craift moetel far thevmal Svawalion
mally simulated components for evaluation of S-15 Basic T-1 vehicle upgraded to meet the require-
thermal control provisions ments for the T-1/62 drop test program. Minor
. i . changes were made to the spaceframe and
S-1 Laboratory spaceframe fitted with point-mass
X ) . . ballast racks to accommodate the new gross
simulated components for static and vibration . . . .
weight. New flight-quality landing gear, crush-
structural tests . . .
able blocks footpads, and instrumentation units
S-2 Laboratory spaceframe for vibration, shock, and were installed
static structural tests. Employed flight-type, SD-1 through Spacecraft dynamic models for use in Centaur tests
inert retro-rocket motor. Had simulated com- SD-4
ponents and attachments closer to flight type . . X .
than those of §-1 T-1 Dynamic stability test vehicle, for landing gear
drop tests under simulated lunar gravity,
S-2A S-2 laboratory spaceframe modified and updated. spacecraft/Centaur separation tests, and retro
Used for vibration, shock, static structural, drop, motor separation tests
and flight control tests 5 3
T-2 Test vehicle for descent dynamic test program ter-
S-4,8-5 Laboratory spaceframes for vernier propulsion minated in October 1964
system tests at RMD T-2N-1, T-2N-2 Test vehicles for descent dynamics test, which
S-6 Spaceframe for use in vernier propulsion system included operation of the vernier propulsion
tests. Met same specifications as spaceframe for system and RADVS in drops from a tethered
T-1 prototype vehicle balloon
S-7 Spaceframe for testing of vernier propulsion sys- T-2N-R Test vehicle for evaluating performance of the
tem. Met T-1 spaceframe requirements and had recovery system for the T-2N vehicle
complement of dummy masses (like those on T-21 Prototype 2100 Ib spacecraft of flight (A-21) con-
S-2A) simulating spacecraft components figuration for system type approval and mission
S-8 Laboratory spaceframe intended for flight control/ simulation tests
propulsion tethered (buzz) tests. The require- X-1, X-2 RADVS development models supplied to HAC by
ment for this vehicle was deleted and S-8 was Ryan Aeronautical Company

requirement to sterilize the Surveyor spacecraft was
eventually removed by NASA as being unnecessary and
unrealistic, but not before a significant amount of effort,
and attendant cost in time and dollars, had been ex-
pended in attempting to meet the requirements.

As the spacecraft development proceeded, difficulties
were encountered in manufacturing and proofing, and,
consequently, in the delivering of flight hardware of the
quality necessary to hold spacecraft assembly and test
schedules. Problems developed with the T-2 and T-21
test programs. T-2 testing was directed to the validation
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of the spacecraft terminal-descent system; T-21, as the
type approval unit, was the first flight-configured space-
craft to enter ambient and environmental testing.

Finally, in September 1964, in view of these collective
difficulties and others pending in the processing of SC-1,
the decision was made that JPL should significantly in-
crease its technical involvement in the spacecraft effort
to augment the HAC management and technical team.
In the months that followed, JPL and HAC together
sought to correct the difficulties existing in various hard-
ware development areas. Organizational changes were
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made to strengthen design, test, and manufacturing teams
and to bring them under tighter project control. In this
process, hardware assembly procedures, test specifications
and procedures at unit and system levels, test equipment,
and performance analysis procedures underwent joint
critical examination and, as necessary, upgrading.

This technical and management enriched environment
provided the background for the successtul conclusion
to the T-2N test program at Holloman Air Force Base,
demonstrating, as a mandatory prerequisite to the
Surveyor I launch, the validity of the terminal descent
system design. It resulted in the installation of real-time
spacecraft checkout computer facilities (SCCF) at HAC,
El Segundo, and AFETR to support spacecraft test and
launch operations and in the later application of the
SCCF in flight operations support. This environment
produced the periodic, rigorous evaluation of each
spacecraft at various stages of testing, formalized consent-
to-ship and consent-to-launch reviews, improved config-
uration control techniques and improved failure reporting
and failure analysis. Finally this environment prevailed
through the final stages of testing, launching of Surveyor I,
and the processing of subsequent spacecraft.

3. Mission Operations Development

The requirements for the Surveyor mission, as given
to the study contractors, indicated that JPL would fur-
nish the Deep Space Network, Central Computing
Facility, tracking data evaluation, and would supply
acquisition data to the tracking stations. HAC, who be-
came the successful bidder, recommended in their pro-
posal that mission operations should include both launch
operations and the lunar operations, and that mission
operations should be the responsibility of the Spacecraft
Mission Operations Department, composed of three sec-
tions, as follows:

(1) The Launch Operations Section would operate the
HAC facility at Cape Canaveral (now Cape
Kennedy), check out spacecraft, perform on-stand
spacecraft prelaunch operations, control and mon-
itor spacecraft performance during the countdown,
and prepare the final launch operations report.
Operationally, this section would support the
firing director, who, in turn, would report to the
lunar mission director (JPL).

(2) The Transit and Lunar Operations Section would

design, implement, install, and test the command
and data handling consoles to be installed at the
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Deep Space Stations; prepare the detailed speci-
fications and procedures required for flight and
for lunar operations; supervise all operations at
each station when carrying out Surveyor opera-
tions; and reduce and analyze engineering and
science results.

(3) The Mission Planning and Control Section would
coordinate the activities of the launch vehicle con-
tractors, the spacecraft contractor, the AFETR,
and the Deep Space Stations under the general
direction of JPL. They would also be responsible
for ensuring complete and timely documentation
for launch operations and lunar operations.

In early 1961, JPL indicated that a data, operation, and
control facility would be provided at JPL to be used as
a centralized facility for computation and postinjection
mission control. This became part of the spacecraft de-
velopment plan in June 1961. This centralized control
concept was continued to the end of the project.

In late 1962, a Space Flight Operations Group, com-
posed of JPL and HAC personnel, was organized to
produce the Space Flight Operations Plan. The Space
Flight Operations Facility (SFOF, formerly the data,
operation, and control facility) was also formed, and its
planned existence was reflected in the Surveyor Space-
craft System Design Specification as revised in December
1962.

In early 1963, JPL appointed managers for the Mis-
sion Operations and Spacecraft Systems. About this time,
the HAC spacecraft development plan was modified to
separate launch operations from mission operations and
to reflect the change in prime responsibility for mission
operations from HAC to JPL. A short time later, JPL
appointed a Space Flight Operations Director.

The Space Flight Operations Group continued in exist-
ence until December 1963, providing advice and assist-
ance to the Space Flight Operations Director and to
the Mission Operations System Manager. At that time
the first design review of space flight operations was
held. This review indicated awareness of the complexity
of the operation, and resulted in an endorsement of the
centralized control concept, and a recommendation for
simplifying the operations by incorporating some “on-
board” automatic sequencing on the spacecraft, such as
automatic sun acquisition. Recommendations for im-
proved documentation of mission objectives and tradeofls,
of spacecraft operations interfaces, and of responsibilities
and schedule were also included.
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A second design review was held in August 1964. All
recommendations of the first review were either com-
pleted or well underway. The second review also dis-
closed the need for a Project Policy Document for Mission
Operations, a DSN commitment document, including test
support, a firm space flight operations schedule, a defined
list of constraints and a computer programming plan
and schedule, including required manpower. The cen-
tralized control concept again was endorsed, with the
recommendation that nonstandard procedures be estab-
lished as a backup, in the event communications with
the SFOF became inadequate. Other minor improve-
ment recommendations were made. All of these recom-
mendations were regarding details of implementation,
not concept. In general, they argued for increased rigor
and definition.

In August 1965, the Space Flight Operations Group
was actively training and testing in preparation for a
launch late in the calendar year. During a functional
compatibility test, some problems and deficiencies, rela-
tive to commanding, were noted in computer programs.
Since all manual modes of commanding worked well, a
decision was made by the Mission Operation System
Manager to delete, as Surveyor I mission requirements,
the command tape search mode of the on-site data pro-
cessing system, the ability to produce, transmit, confirm,
retransmit, and verify command tapes during space
flight operations, to perform command confirmation ex-
cept by voice or teletype, and the power/thermal pro-
gram. Command tapes were pre-prepared and mailed
to the Deep Space Stations. Special tests and alignments
verified and ensured adequate reliability of the tape
readers on-site. Efforts continued to restore these capa-
bilities for the Surveyor II mission. Further changes in
the launch schedule made some of these capabilities
available and certified in time for the Surveyor I mission.

Before the Surveyor I mission, a spacecraft analysis
team (SCAT) was organized to augment Surveyor space-
craft performance analysis and command (SPAC) opera-
tions. This team, following an operational pattern used
on Ranger, was composed of selected spacecraft design
and test team personnel and was to provide in-depth,
real-time evaluation of spacecraft performance and to
report to SPAC any anomalous trends or failures. The
formation and somewhat informal chartering of this in-
itial SCAT activity was the first of a series of steps taken
by the Project during the flight program to develop closer
working relationships between operations and design
team personnel to ensure that operations during flight
would be adequately supported by design personnel who
could help to solve possible inflight difficulties.
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For the Surveyor I and II missions, SCAT activities
were conducted outside the SFOF using flight data pro-
cessed by the SCCF and with necessary information
exchanged by telephone. Following the difficulties en-
countered with Surveyor II in flight, the SCAT activity
was strengthened and formally incorporated as an integral
part of space flight operations. Renamed the Trend and
Failure Analysis Group, it was installed in the SFOF
in an area adjacent to SPAC and placed under SPAC
direction to ensure its optimum utilization. Provisions
were also made for more extensive use of the Surveyor
SCCEF for flight data processing and display as an alter-
nate and/or backup data source for the Trend and Fail-
ure Analysis Group and SPAC support during flight and
lunar operations.

These actions, together with other changes to the
mission operations organization, were accomplished be-
fore Surveyor III mission to develop maximum opera-
tional proficiency. They were consistent with the extensive
attention given to the spacecraft (SC-3) in preparing it
for launch.

The high level of proficiency developed by operations
personnel was displayed repeatedly in Surveyor flight
and lunar operations. This is seen in the near “on-target”
landing of Surveyor V after failure of a helium regulator
necessitated repeated midcourse corrections and a re-
design of the terminal-descent profile. A wide range of
operations management techniques was developed. These
techniques were applied to spacecraft operations on the
lunar surface to preserve the spacecraft and its instru-
ments in order to ensure the return of the maximum
amount of useful data from each mission. These tech-
niques were instrumental in obtaining the large quantity
of data from Surveyor III after the spacecraft was
damaged during landing and almost all spacecraft tele-
metry had been lost. The “keep-alive” action directed to
Surveyor VII for an extended period during the second
lunar day was instrumental in obtaining additional data
from the alpha scattering experiment, considered of
prime importance to the Surveyor VII mission.

The efforts required to develop and maintain a high
level of competence within the Mission Operations Sys-
tem and the Tracking and Data System were no less
demanding or rewarding throughout the Project than
those directed to achieving the excellence of perform-
ance demonstrated by the launch vehicles and spacecraft.
Each major system represents the development and dem-
onstration of important advances in space technology.
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V. Project Organization and Management Controls

A. Management Structure

The organization for the Surveyor Project (Fig. V-1)
was developed in accordance with NASA’s General
Management Instructions 4-1-1, and consisted of the
Project Manager and his administrative and technical
staff with System Managers designated for the four
major elements of the Project, i.e.:

(1) Launch Vehicle System.
(2
(3
(4) Tracking and Data System (T&DS).

) Spacecraft System.
) Mission Operations System (MOS).

In designating the responsibility along system manage-
ment lines, the Spacecraft, Tracking and Data, and Mis-
sion Operations Systems were assigned to JPL. Launch
Vehicle System management was originally assigned to
MSFC, but was transferred to LeRC in October 1962,

The responsibilities of the Surveyor System Managers
are given in Fig. V-2. Within the framework of the
Project, the accomplishment of these tasks remained the
overall responsibility of the Project Manager and his
parent organization. However, the detailed execution
of, and the day-to-day support for, system management
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effort was the responsibility of the designated system
manager and his parent organization.

Additional JPL functional elements of the Project
(Fig. V-3) established for support to Project Manage-

ment, were:

1) Mission Analysis and Engineering.

)
2) Reliability and Quality Assurance.
4) Project Control and Administration.
)

(
(
(3) Project Science.
(
(

5) Contracts Admnistration.

The Project Science organization consisted of a Project
Scientist, who reported directly to the Project Manager,
and a group of Principal Investigators, selected by NASA
and JPL to represent each scientific experiment on the
spacecraft. The work of this Science Team, in summary,
was to participate in defining the science experiments
and instruments for Surveyor, to assist in instrument
development and validation, to participate in operations,
and to evaluate data and report results. The formal
definition of, and commitment to these efforts was
through written contract between JPL and the Principal
Investigators designated.
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Fig. V-1. Surveyor Project organization
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The Centaur Project Office (Fig. V-4) at LeRC pro-
vided the Launch Vehicle System Manager, reporting
in a line sense to his center director. Within JPL, the
T&DS Manager reported to the Assistant Laboratory
Director for Tracking and Data Acquisition (T&DA),
and the Spacecraft and Mission Operations Systems Man-
agers were organized integral to the Surveyor Project
and reported directly to the Project Manager. Each JPL
system manager had appropriate staffing to administer
to the on-going effort, but drew supplemental technical
support from the JPL technical organizations, as
required.

Organizationally, LeRC maintained primary responsi-
bility over the launch vehicle activity, which included
management of the contracts with the vehicle contractor,
GD/C.

The Launch Vehicle System effort encompassed all
facets of the procurement of the launch vehicle. This
work included the manufacturing, modifying, and testing
of the Atlas vehicle, development and testing of the
Centaur, and the launching of the total vehicle.

Close coordination was maintained with the Surveyor
Project Manager concerning schedule and performance.
Targeting considerations and launch window require-
ments and constraints were under constant surveillance
to ensure maximum launch opportunity and success.

Finally, functional and operational compatibility be-
tween the Spacecraft and Launch Vehicle Systems was
of prime concern. The combined systems test (CST)
between launch vehicle and spacecraft was instigated to
provide control over this interface. Initial assembly was,
therefore, scheduled at San Diego to permit confirmation
of compatibility between the systems before shipment
to AFETR.

The management of the Spacecraft System was the
responsibility of JPL; at the start of the Project, HAC
was selected to provide the spacecraft and various sup-
port effort. In the early part of the Project, a similarity
between the JPL and HAC organizations was apparent;
JPL personnel in a certain technical area worked directly
with their HAC counterparts. Thus, a specialist in ther-
mal control from JPL worked closely with the HAC
thermal group to understand the problems and proposed
solutions, to assess the response to such problems, and, if
desirable, to proffer assistance.

JPL TECHNICAL REPORT 32-1265

JPL management of the Spacecratt System was estab-
lished with seven sections, each identified with a unique
technology (Spacecraft System, System Test and Launch
Operations, Power and Guidance, Instrument Develop-
ment, Telecommunications, Mechanics, and Propulsion;
see Fig. V-5). Each major technical section was divided
into various groups of a more specialized nature such as
in Telecommunications, which included RF and Radar
as one group and Command and Data Processing as
another group. These technical sections and their re-
spective groups were organized from personnel or tech-
nical divisions within JPL. Special support effort was
obtained from these technical divisions, as required by
the Project.

The HAC support was derived within the HAC organi-
zation from the various technical elements (Fig. V-6),
reported to the HAC Surveyor Program Office. The
initial design and engineering effort was coordinated
between the Project and various technical disciplines
that carried over into the manufacturing divisions as
well. Therefore, specific technical disciplines including
Propulsion, Flight Control, Electrical or Telecommunica-
tions, Mechanics and Payload, are again noted. The
Guidance and Trajectory Analysis, and Space Flight
Operations Department, which were additional tasks
under the HAC contracts, are shown. These were matched
organizationally at JPL (Figs. V-5 and V-7).

Although the discussion thus far has stressed technical
organizations within the HAC structure, other support
activities were also part of the effort. Thus, all activity
required was basically contained in, or was at least con-
trolled from, the Project.

A comprehensive manufacturing effort was required
for the Surveyor which was not large in quantity but
rather of a complex nature and which extended over a
considerable period of time. The Project established
strict controls with the manufacturing division, which
provided direct access for monitoring and supervision of
the Surveyor work. Thus, checks and balances were main
tained on hardware performance, quality, schedule, and
cost.

In addition to the engineering and manufacturing of
the spacecraft, there was also a HAC effort on the
design and manufacturing of ground support equipment
(GSE), and a significant effort on system testing and
launch operations support of the spacecraft, all under
the Test and Operations Laboratory. HAC mission sup-
port for the transit and lunar operations phases was
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Fig. V-6. HAC program organization
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conducted under the Surveyor Program Space Flight
Operations Department. This was primarily a team
organized and trained to operate the spacecraft through-
out its space flight period and during the lunar operations.

The JPL MOS was organized to prepare the operation
system configuration for each Surveyor mission, which
included the determination of mission-peculiar equip-
ment, the DSN support requirements, the data processing,
and other activities related to flight operations. As noted
in Fig. V-7, considerable support was provided for the
development, procurement, and validation of mission-
peculiar equipment.

The JPL T&DS (Fig. V-8) was organized to sup-
port the Surveyor Project. This included the prepara-
ration and coordination of the DSN, AFETR, and other
NASA facilities. The formation of the SFOF was also
performed; this activity drew heavily from the JPL/DSN
organization.

B. Project Controls

1. Contractual Aspects

Aside from the HAC Surveyor systems contract, all of
the major JPL contracts on the Surveyor Project incorpo-
rated provisions and controls, which were basically
structured for government and JPL contracting practices.
However, several contractual aspects of this contract
related to the implementation and application of impor-
tant project controls into a major systems contract.

Because of the complex and changing nature of the
Project, the HAC Surveyor contract had many unique
contractual aspects. Since the Project environment was
characterized by changes in such things as mission ob-
jectives, spacecraft design, and schedules, it is not sur-
prising that numerous significant contractual changes
were necessary through the life of the contract. The type
of contract with HAC was cost-plus-fixed-fee (CPFF)
from March 1961 until June 1966. Early in 1966, it was
apparent that some contract type other than CPFF might
provide the incentive and contractual relationship neces-
sary to better accommodate this unusual environment.
Thus, in June 1966, the contract was converted to a
combination cost-plus-incentive-fee and award fee

(CPIF/AF).

The basic concept of the CPIF portion of the contract
was a relationship between the postlaunch performance
of each Surveyor spacecraft and final costs incurred
under the contract. A base fee was established to which
the fee for postlaunch spacecraft performance was
added. Points valued at a dollar amount set forth in the
contract were achievable during each mission for such
events as landing accuracy (midcourse maneuvers), touch-
down dynamics (strain-gage data at touchdown), and
operation of the television camera, surface sampler,
and alpha scattering instrument. Table V-1 shows the
points assigned to the incentive criteria for each mission.
At the completion of the contract, 5% of contract costs
incurred in excess of the target cost set forth in the con-
tract was subtracted from the fee earned for spacecraft
performance. Of the total of 710 points achievable to the

Table V-1. JPL/HAC Surveyor contract performance incentive criteria

Event Surveyor | Surveyor Il Surveyor 11 Surveyor IV Surveyor V Surveyor VI Surveyor VII

Midcourse (landing accuracy) 25 20 10 10 10 10 25
Terminal phase 25 10
Touchdown dynamics 25 30 8 8 7 7 5
Soft landing 20 20 20 20 15
Footpad picture 25 50 10 10 10 10 5
Panscan television 40 40 53 53 40
Surface sampler [101" [1o1* 10
Alpha scattering [131* [131* [131*
Other postlanding operations 12 12

Total points 100 100 100 100 100 100 110
Points earned 100 100 100 10 100 100 110
2[ 1 indicates points could be earned in lieu of panscan television.
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contractor, 520 were earned by the contractor for per-
formance during the seven missions.

The award fee portion of the contract called for
$3 million to be achievable by the contractor. Of this
amount, $2 million was allocated to, and divided among,
six 3-mo periods beginning in July 1966. The balance of
$1 million was set aside for the contractor’s overall per-
formance during the period from July 1966 through con-
tract completion. Award criteria were established and
submitted to the contractor before the start of each
period. The dollar budget amounts for the individual
criteria, however were withheld from the contractor. At
the end of each period, the contractor’s performance was
assessed by the Laboratory, and this assessment plus all
or a part of the achievable fee was submitted in writing
to the contractor.

The criteria established before each award period
were divided into five main categories: (1) management,
(2) engineering, (3) manufacturing, (4) test and opera-
tions, and (5) support equipment. Although the individual
items were varied somewhat, depending on which areas
of performance were particularly applicable during any
individual period, the following list of criteria represents
the criteria established for the contractor’s overall per-
furmance and is generally typical of the criteria for each

of the six 3-mo individual award periods:
Management.

(1) Continued and consistent interest, awareness, ob-
jectivity, and dynamic response to technical and
administrative problems at corporate and Project
management levels.

(2) Overall skill and integrity in applying manpower
in consonance with technical and administrative
requirements, problems, and resources.
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(3)

(7)

Effectiveness in distributing and manipulating
manpower skills specifically related to transferring
to and using Project experience in current and
future operations.

Overall consistency, objectivity, thoroughness and
sufficiency of the consent-to-ship and consent-to-
launch efforts.

Consistency, objectivity, thoroughness and dy-
namics of Trouble/Failure Report (T/FR) closure
effort.

Development and sponsorship of reliable and artic-
ulate cost and performance data, with timely and
appropriate management reaction to such data.

Effectiveness in handling and disposition of project
material and property.

Engineering.

(1)

(2)

Completeness and integrity of a configuration man-
agement system specifically related to the ability
to ascertain a total and reliable description of
spacecraft design, manufacture, test, and operation.

Completeness, objectivity, ingenuity, and integrity
of engineering efforts including problem solving
related to manufacturing, test, and operation.

Manufacturing.

Effectiveness of overall manufacturing performance
including the establishment, maintenance, and per-
formance of uniform manufacturing, handling, and
rework procedures.

Test and operations.

1)

(2)

(3)

Recognition of, respect for, and appropriate re-
sponse to the interface relationships between the
various organizations participating in the Project.

Concern and effectiveness in establishing, main-
taining, and performing prelaunch test and oper-
ating procedures.

Sponsorship of and cooperation in furnishing data
and tests to overcome or ameliorate known or sus-
pected violations of configuration and testing in-

tegrity.

Preparedness for, and proficiency in, performing
mission operations, including effectivity of han-
dling nonstandard mission requirements.
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Support equipment.

Timely maintenance of support equipment compat-
ible with spacecraft testing and mission operation
requirements, which provides a consistent and
appropriate level of quality and capability.

The fee available for each individual period was di-
vided into discrete fixed allocations for each specific
criterion established. The allocations were established
before the start of each period, were approved by the
Director or Deputy Director of the Laboratory, and were
disclosed to only four or five members of JPL man-
agement. At the end of each period, when the contrac-
tor’s performance had been assessed in each category of
criteria, the allocations for each criterion were disclosed
to the contractor together with the fee he had been
awarded in each. Concerted effort was made by JPL
to prevent performance in any one category of criteria
from influencing the award in other categories of award
criteria. Therefore the contractor’s performance in each
criterion was, in effect, held independent of his perfor-
mance in the other areas of criteria.

A review of the contractor’s performance in the award
area was conducted by two review boards. A Perfor-
mance Evaluation Board was selected from the senior
technical and administrative personnel who were to be
directly involved in the Surveyor Project activities. The
members of this board were required to submit written
reports describing their personal assessment of the con-
tractor’s performance compared with the award criteria
set forth.

A Final Review Board was composed of the Surveyor
Project Manager, a Deputy Project Manager, and the
Surveyor Contracts Manager. This board:

(1) Generated the criteria and the dollar allocations
for the criteria in each period.

(2) Obtained the approval of the criteria from the JPL
management.

(3) Presented the criteria in writing to the contractor’s
management prior to the beginning of each period.

(4) Designated and instructed the members of the
Performance Evaluation Board prior to each award
period.

(5) Solicited, evaluated, and reviewed the written as-
sessment reports from the members of the Per-
formance Evaluation Board.
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(6) Developed a final, integrated, and balanced
assessment of the contractor’s performance in each
category of award criteria. This assessment was
translated into a letter which was submitted to the
contractor after approval of that assessment and
fee awarded as granted by JPL management.

The incentive provisions of the HAC contract described
appeared to provide an important aspect of management
control on the Project. Two other aspects, the JPL right
of technical direction and method of implementing con-
trol documentation, were also included in the HAC
Surveyor contract, and are described in the following
paragraphs.

2. Technical Direction

Because of the need to transfuse JPL knowledge and
experience into the detailed design, manufacture, test,
and operation of the spacecraft, the contract provided
JPL with the right of technical surveillance and direction
over the contractor. JPL gave such technical direction
through the use of an action directive system. The pur-
pose of this system was to establish a controlled admin-
istrative means by which JPL, within its contractual
rights of technical direction under the terms of the
contract, would unilaterally cause HAC to take a specific
action as part of its performance under the contract.
Each directive specifically described the actions required
of the contractor by JPL, the reasons why the actions
were necessary, and why they were considered already
covered by contract requirements. The reasons stated
later served as the basis for negotiations with the con-
tractor in the event he felt the actions were outside the
contract coverage. These action directives also served as
the formal JPL documentary record of technical direc-
tion to HAC.

Any individual at JPL was empowered to initiate a
request for action, but such action was normally initiated
by a cognizant Surveyor Project engineer. The originator
prepared a request-for-action form; upon proper com-
pletion and approval by Project management, it was
converted to an action directive. Approval by Project
management personnel included an assessment of the
effect of the directive on other technical areas, and
whether or not a formal contract modification should be
issued in lieu of an action directive. The initiator de-
livered the fully executed action directive to the Surveyor
Contract Office, and it was sent to HAC.

In addition to the regular action directive procedures,
emergency action directives were issued to expedite
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action on problems that occurred during extremely im-
portant on-going operations such as system level testing.
These directives were issued primarily to limit the
necessity of repeating tests if results were marginal or
suspect, to change the order of planned tests to accom-
modate schedules, or to change test requirements, setups,
or methods provided that there was no equipment or
major schedule change.

When the contractor received an action directive, he
would sign it, begin work immediately or notify JPL
that the work required was, in his opinion, outside the
coverage of the contract and that a contract change
would be required before the work would be started.
JPL would then automatically issue the requested con-
tractual change and, in the transmittal of such change,
would clearly state that the change was issued in lieu
of an action directive and that any adjustment to the fee
or target cost was subject to later negotiation. The con-
tractor was required to include justification for such
adjustment in his proposal submitted in response to the
change.

The method of directing the contractor in the manner
described above proved to be workable and effective,
and overcame the singular problem always inherent in
directing a contractor in a contractual environment, that
of the delaying of work being directed until a negotiated
settlement is effected with relation to whether or not the
cost of the change is fee bearing. The method used by
the Surveyor Project enabled the work to be continued
and placed the negotiations of the parties at an appro-
priate and convenient time.

3. Conirol Documentation

To establish a basic agreement between the contractor
and JPL as to minimum requirements for such key areas
as spacecraft configuration, performance requirements,
the content of spacecraft test plans, mission operations
requirements, and equipment interface requirements,
certain key specifications were designated in the incentive
contract as controlling documents. These particular docu-
ments were elevated to control status such that they
could be revised only by contract modification. JPL
agreed that any requirements over and above those speci-
fied in the controlling documents would be added by
formal contract modification. It should be noted, how-
ever, that since the contractor was responsible for all
performance under the contract, these documents repre-
sented only the minimum JPL requirements and any
efforts necessary, above and beyond these controlling
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documents, to meet performance requirements would be
at the discretion of the contractor. Such additional effort
was carefully monitored by, and required the approval
of, JPL technical personnel.

The actual method used for making changes in the
controlling documents was for such changes to be handled
by the Change Control Board, which is described in
Subsection B-4 of this report.

4. Configuration Management

The term “configuration management” refers to identi-
fication, accounting, and control of spacecraft, aerospace
ground equipment (AGE), operation support equipment
(OSE), and functional model hardware and their spare
parts, plus the software that supports them. Another
major element of configuration management is the de-
velopment and retention of test procedures, test config-
uration, and test results. As the basic tool by which
configuration of any given piece of hardware is known
at any given time, configuration management is con-
cerned with change control and those documents that
reflect the as-designed vs the as-built hardware config-
uration. It permits clear visibility of individual equipment
and spacecraft on a day-to-day basis and at key points
for interim design reviews, consent-to-ship and consent-
to-launch meetings. It provides for disclosure and more
timely resolution of discrepancies that could constitute
liens against the support equipment, spacecraft or soft-
ware, and thus endanger flight schedules or performance.

a. Configuration change control. Change control served
a dual functional role in Surveyor Project Management.
Although it provided for control of specifications and
contractually controlling documents, an additional func-
tion was to provide a control system for procedures,
lower tier specifications, and engineer drawings.

During the critical period before the launching of
Surveyor I, senior management focused attention on the
various changes proposed for the spacecraft. The joint
JPL/HAC Change Control Board met biweekly and was
chaired jointly by the JPL Spacecraft System Manager
and the HAC Program Manager, who, in turn, were
supported by their technical managers, engineers, and
contract people. All changes were reviewed for technical
justification and for impact on the Project. When the
spacecraft were successfully flown and spacecraft de-
sign and manufacture proved, the change process became
more routine and the Change Control Board was chaired
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by the manager of the HAC System Analysis and Engi-
neering Laboratory and the JPL Spacecraft System
Manager, with participation by senior management, as
required.

An internal HAC Change Control Board was also in
effect. The Surveyor Change Control Board Manager, as
the HAC director of engineering change operation, was
responsible for the day-to-day function of review and
evaluation of change proposals. He was the final authority
in recommending changes to JPL via the JPL Change
Control Board representative, and the joint JPL/HAC
Change Control Board. Because of the criticality of change
control within configuration management, the Change
Control Board Manager was supported by a Change Con-
trol Board consisting of high level personnel. Among its
members were the Spacecraft Subsystem Managers, the
Spacecraft Managers, the managers of affected system
engineering functions, the chairmen of engineering change
centers, representatives of Quality Control, Reliability,
Material, Contracts, and Space Flight Operations. These
same members sat on joint JPL/HAC Change Control
Boards.

b. Control documentation. Certain critical documents
were designated as contractually controlling documents
(CCDs) and placed under change control of JPL System
Engineering. By mandate, changes to these documents
then required the approval of JPL.

Among the CCDs chosen were the Spacecraft Devel-
opment Plan, Test and Operations Plan, Quality Assur-
ance Plan, and the major interface specifications for
propulsion, power, and overall system test requirements.
Additionally, the Space Flight Operations and Centaur
Vehicle interface control documents were included.

Technical review of contractor-proposed changes was
established for changes to CCDs, and for changes to
spacecraft hardware and software. Changes that affected
contract schedules or costs were excluded from this view,
and required submission of a formal Engineering Change
Proposal to JPL by the cognizant contractor.

A representative from JPL System Engineering was a
permanent member of the contractor’s Change Control
Board. His responsibilities included obtaining advance
information on proposed changes, coordinating the re-
view of those changes at JPL, and determining the
criteria against which review judgment was rendered.
Further, as a representative of System Engineering, it
was the responsibility of the Change Control Board
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representative to ensure that all interests of the Space-
craft and Mission Operations Systems, in both hardware
and software areas, were incorporated into the reviewing
process and the resulting decision for or against the
change. Such decisions, properly documented and for-
mally approved or denied, were returned through the
Change Control Board. A contract modification was pre-
pared and issued to implement the individually approved
change.

A parallel and equally binding procedure was estab-
lished for ground support and aerospace ground equip-
ment. It included those controlling documents that
technically and operationally reflected the supporting
hardware and software critical to the success of Surveyor.
Although these boards functioned separately, close co-
ordination was exercised between them. Thus, Spacecraft
System management was assured that spacecraft hard-
ware changes were carried through into the operational
equipment and personnel training procedures for space-
craft control during missions by the SFOF and DSN.
Project MOS, SFOF, and DSN representatives sat on
the Change Control Boards to ensure early exposure to,
and proper implementation of, approved hardware and
software changes into operational control consoles
and ancillary equipments.

As a direct adjunct to configuration management, con-
trol of these key documents provided an effective man-
agement tool for day-to-day control of the as-built
configuration of the individual spacecraft and its auxiliary
ground equipment, subsystem by subsystem. It permitted
insight and analysis for total integration of the Surveyor
Spacecraft System, which included over 50 hardware
subcontractors and operational units throughout the
world.

5. Cost Control

a. Task/work item concept. At the outset of the
Surveyor Project, the work that the contractor was to
perform was segregated into discrete work packages
called tasks and subtasks. These tasks represented the
functional areas of performance such as electronics,
propulsion, structure, etc. For the first 5 yr, the Project
was monitored and controlled on the basis of these tasks
and subtasks.

It was concluded, however, that effective control and
monitoring of the contractor’s performance would be
facilitated by establishing work packages aligned to the
individual performing groups in the contractor’s organ-
ization. The functional tasks such as electronics efforts
spread across too many organizational elements, and it
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was difficult to assess the contractor’s performance in any
individual organizational group. After careful considera-
tion, it was decided that a revised work breakdown
structure would better serve the need for more meaning-
ful cost information.

In September 1966, a new work package structure was
established on the HAC contract. Basically, it consisted
of six major categories of work. These categories were
management, engineering, manufacturing, test and oper-
ations, support equipment, and completed effort. These
six categories were further segregated into 32 work items,
which became the basic elements of effort used for
monitoring and controlling the contractor’s performance
on other elements of the program such as the program
plan and cost accounts; the financial reporting and man-
agement assessments were aligned and referenced to the
revised work breakdown structure.

Figure V-9 shows the detail of the revised work break-
down structure. The monthly Financial Management
Reports (FMR) submitted by the contractor are refer-
enced. All of the cognizant engineer and contract admin-
istration assignments at JPL and HAC were aligned to
the work items shown.

b. Monthly FMR. Hughes was required to submit a
monthly FMR which was restructured to the new work
item breakdown. The report was submitted in six parts as:

Report Description

Project level report
Project/work items report
Work item report

Other direct cost (ODC) report
Cost and manpower curves

D UL W D

Narrative

The six parts of the report are described in detail in
the following paragraphs:

Report 1: Project level report. This report was intended
to meet all of the requirements of the traditional Project-
level NASA type 533 report. Direct labor was displayed
by categories of work, labor burden was a line item, and
ODC was presented in the same elements of cost as
given in contract negotiations. The report was on a cost-
incurred basis. The outstanding commitments were
shown for easy conversion to a committee cost basis.
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Report 2: Project/work item report. This report pro-
vided the work item “total cost” from report 3; it sum-
marized through the manufacturing cost level, and
presented committed costs. At the end of the report, the
calculations were made to bring the report to the total
program committed cost and incurred cost level for easy
balancing to reports 1 and 3. Equivalent manpower was
also shown. Total commitments were shown separately
to reconcile these costs with report 1.

Report 3: Work item report. This report displayed the
same elements of cost used in the HAC internal cost
control systems. These elements were labor costs and
other direct costs: equivalent manpower. The manpower
was obtained by dividing the total direct labor hours
worked by the number of hours in the HAC accounting
calendar for the report month. Internal HAC direct
labor expended on fabricating special tools and test
equipment was reported as “other direct cost,” and was
not included in the labor line item. All costs were at the
manufacturing cost level and were committed costs.
Labor costs included direct labor overhead, overtime
premium and overease allowance. ODC included special
tooling and test equipment, labor and material burden.

Report 4: ODC distribution report. The ODC report
displayed the monthly committed cost of nonlabor items,
and showed the elements of cost by work item. A sub-
total was provided to balance the report to the ODC
column on reports 2 and 3. A grand total was shown to
balance the report to report 1.

Report 5: Manpower and cost charts. This report con-
sisted of a series of financial status charts: total labor
dollars, total ODC dollars, total dollars, and equivalent
manpower. These charts were produced for the total
program, each of the five categories, and for each of the
work items. The data on the charts depicted graphically
the committed cost at the manufacturing cost level.

Report 6: Narrative. A narrative was prepared for the
total program and for each of the work items. It was a
serious management assessment of the status of the work
being reported. The narrative contained a paragraph on
each of the following topics at the total Project and
work item level:

(1) Percentage of completion. The percentage was the
work item managers” assessment of the completion
status of this work item. The percentage was not
to be determined by dividing the dollars spent by
the dollars authorized.
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(2) Significant problems and their effects. The more
important items in each work item were discussed
and their effect on the financial status of the work
was assessed.

(3) Management action and expected results. The ac-
tion HAC was taking, or planned to take, in solving
the problems mentioned were discussed here.

(4) Schedule status. The schedule status, as it relates
to cost, was discussed.

(5) Changes from prior estimates. If the estimated cost
changed during the report period, the change was
discussed.

(6) Cost overrun/underrun. As a result of the above
analysis, the overrun/underrun status was dis-
cussed.

(7) Significant journal entries. A summation of the re-
port period journal entries and their impact on
each work item was tabulated in the narrative
summary. Each work item manager reported on
the entries to his work item.

(8) Detailed explanation of contents of reports 1
through 7. The change orders and modifications
and the dollar amounts included or excluded were
discussed.

(9) Backup reports. JPL received copies of the follow-
ing tab runs on a monthly basis 4 days after the
date of the reports: cost accounts list, category/
work item inception-to-date tab run (880-40), and
internal task authorization inception-to-date tab
run (880-41). In addition, JPL received the labor
distribution report tab run weekly, 4 days after
the date of the report.

(10) Supplemental reports. The following supplemental
reports were provided along with the regular 533
report: controller’s report, report of undefinitized
contract changed by work item, management re-
serve report.

c. Cost negotiations. Cost negotiations were used on
the Surveyor Project for two reasons: (1) to accommo-
date the contractual changes made during the history of
the Project, and (2) to reach a clear and detailed agree-
ment between JPL and HAC on the complete meaning
of each change.

Each time a contractual change was made to the con-
tract, a formal detailed cost proposal was required from
HAC. These proposals included a reiteration of the state-
ment of work for the change; a detailed breakdown of
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the estimated cost of the change; supporting cost data
and its rationale; the impact on schedule, if any; and a
justification and rationale for any fee claimed.

The manner in which Surveyor negotiations were
handled was somewhat dependent on the size and mag-
nitude of the change; normally, however, negotiations
took place between two teams representing JPL and
HAC. Each team was chaired by the cognizant contract
administrator from the Surveyor Contract Office. Team
members generally included the cognizant engineers, the
cost analyst, and any other parties interested or involved
in the change. The major changes and the proposals and
negotiations were resolved into smaller groups that often
involved all cognizant engineers and administrators on
the Project.

Technical personnel were required to review in depth
the proposed direct labor and other direct costs. The
cost analyst reviewed the direct labor rates, direct labor
overhead rates, general and administrative expense rates,
and other direct costs. The JPL Negotiating Team usually
visited HAC and conducted fact-finding meetings before
each negotiation. After all proposal and fact-finding in-
formation had been evaluated, the Negotiation Team
would prepare a prenegotiation plan; upon approval of
this plan, formal negotiations took place.

In addition to agreeing upon the equitable adjustments
in the contract necessitated by the change, the negotia-
tions also served a second purpose. The contractor’s pro-
posal represented his understanding of the change and
the depth of review by JPL; the subsequent detailed
communications and negotiations necessary to settle the
change represented a valuable means of reaching an
agreement with the contractor on the work to be per-
formed and baseline from which the contractor’s perfor-
mance could be judged and controlled. Since the final
negotiation represented a commitment and formal posi-
tion on the part of the contractor, those agreements were
carefully monitored and any deviation from those agree-
ments, related to costs which were subsequently incurred,
or to estimated manpower or manpower which had been
agreed to be required, was carefully assessed. As a device
for controlling their performance, HAC was often asked
to explain differences between a negotiated position and
their actual performance.

d. Management reporting. There were three basic
ways to report Surveyor Project cost information to
Laboratory management and to NASA Headquarters.
(1) Financial management reports (FMRs) of the major
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Surveyor contractors, including HAC, RMD, General
Precision Instruments, EOS, and their ancillary reports.
(2) Accounting reports generated by the JPL Financial
Management Division, which contained performance in-
formation on Project obligations, commitments, costs,
expenditures, and manpower utilization. (3) A semi-
annual budget submission (the Program Obligation Plan)
generated by the Surveyor Project and, in the last years
of the Project, a supplemental monthly Program Man-
agement Report, which presented actual performance
information and estimates for cost and manpower for
the completion of the Project.

The major contract administered by the Surveyor
Project was with HAC for the design, fabrication, test,
and operations of the Surveyor spacecraft. For the man-
agement of this contract, the Surveyor Spacecraft Devel-
opment Plan provided the framework upon which the
Management Control System section of the HAC contract
was based. In addition to outlining hardware delivery
requirements and contractual milestones, this document
defined the work structure of the Project. The cost
collection for the program was accomplished through the
use of the HAC work authorization and accounting system
and was based on the work structure for the program
under contract at the time. Cost reports were submitted
to JPL monthly from the inception of the Project. How-
ever, since the life span of the Surveyor Project was more
than 7 yr, the method of financial management and the
format of the cost reports were modified periodically in
order to remain compatible with changes in HAC’s cor-
porate cost accounting procedures, Surveyor Project
configuration, and government reporting requirements.

The initial work structure was patterned after the
technical disciplines of HAC and JPL. The original con-
tract was resolved into 14 major tasks (or work packages),
each task composed of a number of subtasks. As the
Project matured, additional work was authorized, result-
ing in new tasks and subtasks; and by mid-1966, the
contract consisted of 20 tasks and nearly 100 subtasks.

In the early stages of the Project, monthly financial
reports from HAC were prepared on an expenditure plus
outstanding commitment basis at a total task level. Cost
analysis by JPL was primarily limited to that performed
by the JPL Surveyor Contract Administration Office.

Along with the expansion of the Project and extension
of its schedule and cost came the need for greater visi-
bility into the contractor’s financial performance and in-
volvement of the technical organizations and the Surveyor
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Resources Management Office at JPL in financial data
analysis. The FMR format was converted to the NASA
type 533 report and expanded to include cost collection
and projections at the subtask level.

In late 1966, JPL and HAC agreed that the work break-
down structure had become unwieldy in size and content
and the FMR equally unwieldy in detail. Agreement was
reached to redefine the work breakdown structure so that
it was more compatible with the existing JPL and HAC
internal organizations, resulting in a structure consisting
of 5 major active categories and, within them, 31 work
items.

At the same time, a comprehensive cost and manpower
reporting system was developed and served as the con-
tractor FMR. This new report system satisfied a variety
of reporting requirements and included a top level cost
incurred 533-type report for reporting to Headquarters,
a commitment and equivalent man report in the work
item level, which allowed easy comparison between last
month’s estimates and those of the current month, and a
comprehensive narrative report on each work item,
emphasizing the problem areas and the corrective actions
taken. After review and analysis by the JPL technical
representatives responsible for each work item, major
items concerning financial and manpower performance
were reviewed by JPL, and HAC at each of the monthly
executive management meetings. The elements of the
HAC FMR and -the manner in which this review was
accomplished are outlined in Fig. V-10.

The cost and manpower performance of the other
major contracts let by the Surveyor Project was moni-
tored through their monthly FMR in a similar, but far
less rigorous, manner. These reports were in different
formats, depending on the size of the contract, its scope
of work, and the duration of its performance. Finally,
cost reports were submitted to JPL by HAC for several
of HAC’s major subcontractors, notably Electric Storage
Battery, Ryan, Thiokol Elkton, and National Waterlift.

Starting in 1962, JPL submitted, on a quarterly basis,
a Program Obligation Plan (POP) describing the
resource requirements for each of its NASA-funded
projects. Originally, the POP presented cumulative com-
mitments to date and projected resource requirements
for the current fiscal year at gross cost elements. Over
the years, the POP has expanded in detail and content
to include each project by system and within each system
major cost categories, major contract detail, calendarized
costs to complete, and ancillary narrative and manpower
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detail. In 1966, the Surveyor Project began complementing
its POP submission with a formal presentation to repre-
sentatives of NASA Headquarters; and in 1967, the POP
was changed from a quarterly submission to semiannual.

In the early stages of the Project, the POP was supple-
mented with a biweekly status report, which contained
manpower and dollar performance and projections, as
well as schedule and technical information. In 1966, the
biweekly status report was superseded by a monthly
formal submission to Headquarters, originally known as
SARP, later as MICS and finally as the Project Manage-
ment Report (PMR). This report contained a brief narra-
tive of recent events and problems, schedule and resource
information, thus providing the Project Office with a mech-
anism for updating its POP projections more frequently.

The third means for reporting cost information to Lab-
oratory management and to NASA Headquarters consisted
of the detailed accounting reports generated by the
Financial Management Division. These reports are, for
the most part, on a monthly basis and include the Finan-
cial Activity Report, Expenditure Report, Cost Incurred
Report and various funding and manpower reports. These
reports allow one to monitor the fiscal performance of the
Project against its POP projections, its internal budget,
and its latest manpower plans.

Internal to the Project, several mechanisms were used
to keep Project management informed as to financial and
manpower status and requirements. In addition to the
periodical preparation of the budget submission to Head-
quarters and the monthly Project reports, a formal review
procedure was implemented within the Project for the
orderly review of the FMR from HAC. This review con-
sisted of analyses at the work item level by each cog-
nizant engineer; the analyses were combined with an
overall contract analysis performed jointly by the Project
Control and Administration and the Contract Adminis-
tration sections. These analyses were summarized and
presented to the Project Office monthly. In addition, the
Project Control and Administration Section prepared a
monthly comptroller’s report to the Project Office, out-
lining financial and manpower status and projected
requirements and identifying major financial problem
areas and recommended actions. Finally, the Project
received a monthly Laboratory Budget Performance Re-
port from the Financial Management Division; this report
presented the current-year manpower and obligational
status of each job with respect to its currently approved
budget. This report was summarized and charted by the
Project Control and Administration Section for distri-
bution and review by elements of Project management.
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The overall JPL and HAC manpower profiles for the life
of the Surveyor Project are presented in Figs. V-11 and
V-12, respectively.

6. Schedule Monitoring and Control

HAC was obligated to provide:

(1) Basic planning and programming support at the
spacecraft system level.

(2) Master program plans, Project task plans, and de-
tailed development plans.

(3) Schedule control of all hardware items.

(4) A Program Evaluation and Review Technique
(PERT) and control system.

These items were the prime responsibility of the HAC
Program Control and Administration Office.

Basic planning and the development of master program
plans, detailed development plans, etc., were a continu-
ing effort. until the launch of Surveyor VII. Biweekly
dissemination of this information was accomplished pri-
marily by publication of the Management Control Report
which evolved, in September 1965, into the Surveyor
Program Plan. These reports included master program
plans, individual spacecraft assembly and test plans,
delivery schedules for major items of hardware, engi-
neering schedules, etc. Issuance continued on a biweekly
basis through September 1967 when it became a monthly
publication.

PERT was developed and maintained by HAC to cover
the Project from the spacecraft subsystem level through
assembly, test, and launch of each spacecraft and included
a master program network. Copies of the updated PERT
networks, with computer printouts and critical path
analyses, were delivered to JPL on a monthly basis. With
the SC-7 (Surveyor VII) spacecraft delivery to system
test, it was agreed that PERT would be of little, if any,
further value, and the decision was made to terminate
the effort. The last reports delivered to JPL reflected
status as of February 24, 1967.

Schedule control of hardware items was the prime
responsibility of the Master Scheduling and Program
Control Section of HAC. Configuration Status Reports
were prepared weekly for each spacecraft and set of
spares. These reports identified each item of hardware,
per spacecraft, by part number and serial number and
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reported status on a continuing basis through final ac-
ceptance of each spacecraft. Changeouts, reworks, etc.,
were shown if they covered more than a full reporting
period.

The effort of the JPL Surveyor Project Control and
Administration Section in schedule monitoring and con-
trol was divided into four major functions:

(1) Personal contact and observations at the HAC
El Segundo and Culver City sites.

(2) Review of the HAC published schedules and re-
lated information.

(3) JPL in-house discussion and evaluation of HAC
published information and the personal observa-
tions of JPL personnel.

(4) Periodic reports to NASA Headquarters.

7. Quality Assurance and Reliability

The Surveyor Quality and Reliability Assurance
(Q&RA) Office, established within the JPL Project, re-
ported functionally to the Project Manager’s Office and
administratively to the JPL Q&RA Office. The Surveyor
Q&RA Office assisted in the conduct of specific tasks,
recommended measures to be taken to improve mission
success, and monitored mission operation readiness tests,
spacecraft system and subsystem tests. As a part of the
Project management team, their role was to bring a con-
stant reminder to all personnel of a continuous need for
quality, reliability, and minimum risk considerations in
all decisions. The latest organizational interface elements
of JPL and HAC Q&RA activities are shown in Fig. V-13.

a. Reliability.

1. Responsibilities. Responsibilities of the JPL Q&RA
Office included establishing a reliability program for the
JPL Surveyor Project Office, auditing all reliability tasks
and performing specific tasks that other elements of the
Project Office did not perform. Responsibilities of the
Spacecraft System included management control and
engineering support to reliability system design analyses
and spacecraft subsystem interface problems. The space-
craft subsystem sections were responsible for subsystem
reliability activities.

Reliability tasks were identifiable in all organizational
systems of the Project. Reliability mission success model-
ing was performed at the mission level. Failure reporting
and corrective action programs were established and
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conducted on each major system element. For the space-
craft contract, an extensive and rigorous reliability pro-
gram was establishesd. Thus, the reliability programs on
mission and system elements were different, but were
developed to provide a minimum, but adequate and
effective, response to NASA contractual requirements for
a reliability program.

2. Reliability Program at HAC. Specific identifiable
tasks were conducted by HAC Reliability Department
in consonance with the requirements of NASA Publi-
cation NPC 250-1. Among these tasks, and perhaps
most rewarding to the Surveyor Project in terms of both
its significance and its contribution to the flight mission
was the T/FR task effort. The details of this task, which
impacted all levels of Project management, senior Project
engineers,and cognizant design personnel, are described
elsewhere in this report.

The HAC Reliability Department provided the me-
chanics of the basic T/FR system. A HAC management
team sat as peers in “open” T/FR reviews and critiqued
the status and significance of each open T/FR to the
Project. The JPL Project Office conducted a “second look”
closed-loop T/FR review to provide assurance of ade-
quate analysis and effective closeout action. T/FR
material was, in fact, a significant portion of the docu-
mentation which was offered as visibility for spacecraft
shipping or launch-readiness reviews. The JPL Q&RA
Office provided control loop for JPL cognizant approval
as well as responsibility for the HAC control T/FR loop.

Other key tasks performed within the HAC Reliability
departmental cognizance were: parts and materials pro-
gram, subcontractor program, and spacecraft reliability
assessment. The total reliability program is described in
Section XII-B of this report.

b. Quality assurance. The basic responsibilities of the
JPL Surveyor Q&RA Office were to:

(1) Prepare and implement requirements in consonance
with applicable tasks of NASA Publications NPC
200-1A and NPC 200-2.

(2) Approve, audit and monitor all JPL Surveyor con-
tractor quality systems.

(3) Participate in accepting, and certifying flight hard-
ware, flight spacecraft, and support equipment for
the Project.

(4) Represent JPL in contractor Material Review
Board activities.
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(5) Provide assistance to the Project in all pertinent
aspects.

(6) Establish and perform necessary inspection of hard-
ware at key/critical points.

(7) Report quality status and recommend to the Project
measures necessary to enhance product quality.

Each JPL contractor was responsible for establishing a
JPL-approved Quality Assurance Program in consonance
with JPL requirements. Basic responsibilities were to:

(1) Evaluate subcontractors and perform source in-
spection.

(2) Establish and perform necessary inspections and
controls to ensure hardware integrity, conformance,
and function.

(3) Identify nonconforming material and ensure initia-
tion of corrective action to prevent recurrences.

(4) Participate in determining acceptability of hard-
ware for flight.

The total quality assurance program is described in
detail in Section XII of this report.

8. Management Participation

a. Executive management meetings. Meetings were
held between the executive management personnel from
HAC, JPL, and NASA Headquarters, normally on a
monthly basis, for the purpose of reviewing the status of
key aspects of the Project. In the early part of the program,
these meetings were held primarily for the purpose of
informing the management attendees on the important
details of the Project. During the last 3 yr of the Project,
these meetings took on the aspect of a forum for dis-
cussing critical problems, reaching decisions, and making
management commitments. The agenda for each meeting
was normally coordinated between the HAC Program
Manager, the JPL Project Manager, and the NASA Pro-
gram Manager. The meeting usually took a full day, and
a typical agenda is listed below:

(1) Review of the minutes of the previous meeting:
NASA/JPL/HAC.

(2) Cost and manpower status and projections: HAC.
Key HAC management personnel would distribute
the most current data available showing actuals
and trends in the areas of cost and manpower and
would be asked to explain the variation from pre-
vious predictions.
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(3) Contract status: JPL. The JPL Contract Manager
would report on pertinent aspects of contract
activity including such things as the status of
changes made to the contract, and the schedule
for definitizing and incorporating the changes into
the contract.

(4) Spacecraft status: HAC. HAC would present sum-
mary results of any mission accomplishments since
the previous meeting, and a review of key aspects
of each spacecraft being readied for future missions.
The contractor was always required to review in
depth the major problems that currently existed
on each spacecraft.

(5) Control item hardware summary: JPL/HAC.
Reports relating to the control item hardware
deliveries that HAC was either manufacturing or
obtaining from subcontractors. JPL would report
on control items furnished by JPL for use by HAC.

(6) Milestone status: HAC. HAC was required to pro-
vide a graphical analysis of the number of mile-
stones achieved during the reporting period vs the
number of milestones that HAC predicted would
be achieved.

(7) Other topics: NASA/JPL/HAC. This item was
placed on the agenda for the purpose of offering
attendees an opportunity to bring up subjects which
were not specifically listed on the formal agenda.

(8) Review action items: NASA/JPL/HAC. Action
items generated from previous management meet-
ings were reviewed with relation to compliance
with the directions from those meetings.

(9) Summary of action items: NASA/JPL/HAC. Action
items for the meeting were summarized and agree-
ment was reached as to who was responsible for
taking the required action.

The executive management meetings contributed a
great deal to the success and continuity of the Surveyor
Project. Since the participants represented the top level
of management of each of the agencies involved, the
meetings were an effective means for complementing
communications and action.

b. Consent-to-ship meetings. Consent-to-ship meetings
were instituted to: (1) permit senior management review
and acknowledgment of the demonstrated readiness of
the spacecraft for shipment; (2) ensure a complete, formal
overview of past decisions, problem dispositions and
performance of the spacecraft as it was tested through
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the system test cycle; (3) define future action required
for completion before launch; and (4) obtain from NASA
and JPL Project Management formal concurrence for
shipment of the spacecraft from HAC to either Combined
Systems Test (CST) at San Diego or to AFETR for launch
preparation.

The meetings were held a few days before the scheduled
date of shipment. A data package was transmitted by
HAC to JPL and NASA a few days before the meetings
to allow adequate time for final review of the material.
The data package consisted of:

(1) T/FR status report for spacecraft.

(2) T/FR status report for AGE/CDC.
(3) Spacecraft configuration index.
(4)

4) A volume containing: schedules, test results sum-
mary, hardware changeout, hardware repairs,
hardware modifications, open vehicle discrepancies,
open test requirements, operational constraints/
waivers, reliability assessment, spares status, AGE
status, procedure status, personnel deployment
schedule, and subsystem review.

It is to be noted that the continuous participation by
JPL cognizant personnel provided insight into these areas
so the data package represented a documented collection
of the information.

The chairman of this meeting, which was held at HAC,
was the JPL Spacecraft System Manager. The meeting
was attended by a Consent-to-Ship Board consisting of
representatives from NASA Headquarters, JPL, and HAC.
The Consent-to-Ship Board typically consisted of the
NASA Surveyor Program Manager, NASA Program Engi-
neer, JPL Surveyor Project Manager, JPL Surveyor Space-
craft System Manager, JPL Assistant Project Manager for
Operations, HAC Associate Manager of Space Systems
Division, and HAC Surveyor Program Manager. Cog-
nizant members of the JPL and HAC Surveyor Project
also participated.

The agenda covered:

(1) Previous spacecraft significant problem status.

(2) Spacecraft history and status: history and sched-
ules, design aspects, test program summary, and
assessment of test requirements.

(8) System review.
(4) Subsystem reviews.

(5) Reliability assessment.
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(6) AFETR readiness.

(7) Management review.

As the various areas were discussed, the Board disposi-
tioned the various unresolved problems as:

(1) Category A: unrelated or insignificant.

(2) Category B: problems that required additional work
to classify or close out before launch.

(3) Category C: problems that could not be solved
before launch and as such were recognized and
accepted liens against potential spacecraft mission
performance.

At the end of the presentation, the Consent-to-Ship
Board convened to assess the various problems and liens
in force and to decide whether the spacecraft and its
supporting elements were in an adequate state to warrant
shipping.

c. Consent-to-launch meetings. The consent-to-launch
meetings were similar to the consent-to-ship meetings in
that the material presented and discussed and personnel
participation were similar. The consideration at this time
was the spacecraft readiness and its condition for launch-
ing and performing its intended mission. At this time,
all problems were resolved or the risk was considered
acceptable against spacecraft mission performance.

d. Management interface relationship. The organiza-
tion of the Project by major systems resulted in the
establishment of several important interfaces, all of which
required exacting definition and comprehensive verifi-
cation. Management control of these and lesser interfaces
was essential since the systems or subsystems (spacecraft
telecommunications) involved were dispersed geographi-
cally and managed by several different agencies or com-
panies. The main interfaces considered were the Launch
Vehicle System Spacecraft System, T&DS, and MOS.

In organizing for control over these interfaces, it was
essential that well delineated responsibility and authority
be established, that individuals and/or groups be identi-
fied for formal communications and that good documen-
tation be developed and maintained. At the same time,
it was important that the system of control allow easy
interchange of information at the working level. It also
was considered essential that each interface undergo
testing for adequate verification. This entailed testing
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each side of an interface separately, followed by com-
bined testing during joint operations.

The overt and concerted efforts made to maintain
constant and appropriate management communications
contributed to the success of the Surveyor Project. This
communication was necessary within each of the par-
ticipating elements of the Project; that is, at NASA, JPL,
HAC and other major contractors, as well as between
those participating elements.

Because of the magnitude, importance, and urgency
of the Surveyor Project, it was necessary that an effective
day-to-day interface exist between the key management
personnel of NASA/JPL/HAC. Although the guidelines
for the relationship and roles of these personnel were
informal and never put in writing, several key factors in
the relationship were important.

(1) HAC management personnel were always accessi-
ble and responsible to JPL management personnel.

(2) NASA management restricted relationship with
HAC management personnel to the lowest prac-
tical minimum. The exceptions were those instances
in which all three parties met, JPL, HAC, and
NASA, such as at executive management meetings,
and consent-to-ship and consent-to-launch meet-
ings. Information was passed from HAC to NASA
via JPL. NASA directions were passed to HAC via
JPL.

(3) An environment was created where problems were
surfaced and exposed at the earliest appropriate
time and handled at the most appropriate level of
management.

(4) An effort was exerted to maintain the closest pos-
sible relationship between like levels of JPL and
HAC. Since JPL and HAC had intentionally formed
similar Project management organizations, man-
agers of specific disciplines were expected to main-
tain a close and continuous interface to deal with
progress and problems in that discipline top level
management also maintained the same day-to-day
relationship.

Another significant interface, which is briefly mentioned
here as an example, was that between the Spacecraft
System and the Launch Vehicle System. This was an
important interface because of the functional and physical
complexity between the Spacecraft and Launch Vehicle
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Systems and because of the organizational complexity
involving several agencies and companies (Fig. VIII-4),
In addition to the formal relationship between the
Surveyor Project Manager (at JPL) and the Centaur
Project Manager (at LeRC), informal information flow
channels permitted technical information to be ex-
changed at the working level between each of the
agencies involved.

Verification of the Spacecraft System/Launch Vehicle
System interface was carried out by CST at a specially
constructed CST stand at San Diego, as well as at Cape
Kennedy. These tests provided for direct hookup of all
interface elements between the Spacecraft Launch Ve-
hicle Systems and the exercising of the interface by a
series of tests that provided functional simulation of the
countdown and launch phase of flight. The test was
designed to check the proper operation of each function,
as well as to demonstrate the absence of any degrading
interaction.

During early phases of Spacecraft System/Launch Ve-
hicle System and spacecraft interface development, joint
meetings were held in which representatives of all ele-
ments of the interface met to define, review, and evaluate
all facets of the interface. As the program progressed,
such action was reduced since the test and flight results
continued to demonstrate a well qualified and trouble-
free interface.

A similar pattern of design, review, test and control
was conducted between the various other system inter-
faces, i.e., Spacecraft System/MOS, Spacecraft System/
T&DS and MOS/T&DS. These interfaces are described
in greater detail in the related sections of this report.

e. Special management action. During the Project
history, events occurred that occasionally posed a serious
threat or concern to the Project. Such situations varied
from a relatively simple technical problem of a repetitive
or chronic nature, a failure causing interruption of a

key test, or the extreme of an inflight, abortive failure,
ie., SC-2, SC-4.

In such cases, it became imperative that top manage-
ment, from within the Project or, in the more serious
cases, when special outside consultants were designated,
participate in the review action. If the situation warranted
or prevailed, key members of management were con-
vened as a review team to assess the situation and recom-
mend or initiate corrective action. In simple situations,
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1 day might be adequate for review while a more serious
situation might entail several months of intensive investi-
gation and review.

Several instances of abortive failure, such as the early
crash of the T-2 radar-controlled landing test vehicle, the
SC-2 flight failure, or the SC-4 flight failure, were of such
importance that various members of upper management
from HAC, JPL, and NASA were convened in Failure
or Technical Review Boards. The main review board
usually asked for special technical working groups to be
convened for in-depth studies of a particular technology
under scrutiny. Such groups would then report their
findings and recommendation to the review board. Thus,
independent, experienced individuals were provided any
reasonable resource they might request to explore the
conditions leading up to the problem, to assess the
problem, and to recommend corrective action. In addi-
tion, followup reviews were undertaken to assess the
adequacy of the results achieved.

The primary function of such special groups was to
cause or direct comprehensive studies and analyses of the
problems for consideration. This would then permit cer-
tain actions to be decided or directed from the review

body.

60

Where smaller problems were involved, outside man-
agement or consultants were not used, but a similar
procedure was followed. Usually, technical specialists
and members of management were brought together in
a group to conduct the review. Such groups were usually
kept small; but if it became too large and unwieldy,
splinter groups were organized to provide inputs to the
main reviewing group.

Frequently, in either the case of major review boards
or the lesser review committees, many organizational and
technical interfaces were crossed. In such cases, clear
and concise delineation of what was desired, who was
to be involved, responsibility, and schedule of events was
mandatory. Thus, a chairman for such action was re-
quired who would be firm, yet equitable, to provide
comprehensive coverage of the problem under considera-
tion. This was particularly true where large-scale activ-
ities were involved requiring significant commitment of
resources from parties that might not have been respon-
sible for the situation under review. However, the
cooperation of such parties was essential to the integrity
and thoroughness of the final outcome. In the instances
cited, as well as others not discussed, the outcome dem-
onstrated the success of such reviewing action conducted
by Surveyor Project management.
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VI. Mission Analysis and Engineering

The Mission Analysis and Engineering function was
composed principally of Mission Design and Analysis,
Telecommunication System Analysis, and Launch Ve-
hicle Integration. Mission Design and Analysis included
trajectory design, navigation and guidance, launch con-
straints definition, and related functions. These activities,
which are described in Subsections A-I, were supported
through the coordinated efforts of JPL, HAC, LeRC,
GD/C, TRW Systems, and the AFETR. The Telecom-
munication System Analysis activities are described in
Subsection J. Launch Vehicle Integration was particu-
larly concerned with assuring spacecraft/launch vehicle
hardware compatibility, but also monitored all other
spacecraft/launch vehicle interfaces. This section pre-
sents a discussion of these activities.

A. Surveyor Trajectory Design

Surveyor trajectories consisted of three distinct phases:
(1) The boost phase, during which the Atlas/Centaur
launch vehicle lifted the spacecraft from Launch Com-
plex 36 at Kennedy Space Center (KSC) to the required
translunar injection conditions. (2) The translunar phase,
during which the spacecraft separated from the Centaur
and began its ballistic flight to the moon. Translunar
injection occurred between about 11 and 34 min after
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launch, corresponding to a location anywhere from the
North Atlantic ocean to South Africa, as shown in
Fig. VI-1. The time and location of injection were deter-
mined by the earth-moon geometry at lunar encounter,
the ascent mode, and launch azimuth. Duration of the
ballistic, or cruise, phase of flight ranged from 62 to
67 hr, depending on lunar declination at encounter. (3)
The descent phase, during which the spacecraft made a
powered descent to the lunar surface. This phase began
with the ignition of the spacecraft’s vernier engines
immediately before main retroignition, and usually lasted
2 to 3 min.

The boost phase of the trajectory was designed by
LeRC and GD/C with regard for the constraints set
forth by JPL. Determination of the programmed steering
rates used during programmed Atlas booster phase and
the guidance logic used during Atlas sustainer and
Centaur phases of flight were involved, as well as many
other complex functions. Because the boost phase and
the translunar phase were strongly coupled, the boost
phase had to be simulated in the design of the translunar
phase. However, the translunar phase and the powered-
descent phase were coupled through only two ballistic
(i.e., unbraked) lunar-impact parameters: speed and inci-
dence angle. Consequently, the translunar phase was
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designed to unbraked lunar-impact conditions, which
eliminated any need to simulate the powered-descent
phase in series with the translunar phase. The translunar
trajectory design was, therefore, reduced to the process
of selecting, from the continuum of ballistic translunar
trajectories, those trajectories that could achieve the
mission objectives while satisfying the mission constraints
and ground rules. To examine the great number of tra-
jectories of interest in the selection process, highly effi-
cient, approximate, trajectory generation techniques were
developed. These techniques are discussed in this section
of this report; the ascent modes used for Surveyor also
are discussed and compared. The 90-hr trajectories,
which were considered and rejected, are compared with
the 66-hr trajectories used by Surveyor. The final tra-
jectory design process is discussed in some detail (also see
Section XIII for a discussion of terminal-descent-phase
trajectory design).

1. Computational Techniques

a. Conic approximations. For the trajectory design
(and all other preflight analysis), the Surveyor translunar
trajectories were adequately approximated by modified
conic techniques. That is, the basic two-body equations
of motion were used in conjunction with several empirical
correction devices. These equations dictate that the
translunar trajectory is a portion of an ellipse with one
focus at the earth’s center as shown approximately to
scale in Fig. VI-2. The plane of the ellipse (i.e., the tra-
jectory plane) must contain the earth’s center, the injec-
tion point, and the moon' at the time of lunar arrival.
Although the boost trajectory is not exactly planar, it can
be assumed to be for the following discussion. For a
planar boost trajectory the launch site also lies in the
translunar trajectory plane. Figure VI-3 presents this
three-dimensional geometry. Knowing that the moon’s
position at arrival changes very slightly during a launch
window,? it can be seen from Fig. VI-3 that the launch
azimuth ¥, and in-plane central angle ¢, required
to intercept the moon vary with launch time because of
the earth’s rotation. The ranges of the values to which
these two parameters were restricted determine the initial
definition of the launch window.

The size and shape of the translunar ellipse (Fig. VI-2)
are determined by the perigee radius 7, and the geo-
centric energy Csp as given by:

'To compensate for the bending of the trajectory caused by the in-
creasing influence of lunar gravity as the spacecraft approaches the
moon, the conic approximations were “aimed” for an empirically
determined point slightly ahead of the moon rather than the moon.
’A launch window is the interval of time on a given day when a
launch may be attempted.
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Eccentricity
e =1+ 12232 Csn
PE
Semimajor axis
BB
a=— =
Cap

where py is the earth’s gravitational constant.

The perigee altitude was fixed at 90 nmi based on con-
sideration of injected spacecraft weight requirements
(ie., Atlas/Centaur payload performance capability) and
aerodynamic heating constraints. Geocentric energy C.p

VR

MOON

LUNAR
ENCOUNTER

\'TRA_NSLUNAR

TRAJECTORY

EARTH
PERIGEE

Fig. VI-2. In-plane translunar geometry
(approximately to scale)
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was then the key parameter in defining the translunar
trajectory. The required geocentric energy was deter-
mined from a polynomial in required translunar flight
time and earth-moon distance at lunar arrival:

Cizr = Cyp (Tf, Tm)

where T is translunar flight time and r,, is earth-moon
distance at arrival. The coefficients of this polynomial
were determined by curve-fitting precision, numerically
integrated, n-body trajectory data. This polynomial was
one of the most significant empirical devices used to
achieve the required accuracy in the design process.

To determine the unbraked lunar-impact conditions, it
was necessary to “patch” the translunar geocentric conic
to a moon-centered (selenocentric) conic. This is known
as the patched conic technique, illustrated in Fig. VI-4.
In the vicinity of the moon, the trajectory is essentially
a hyperbola with the principal focus at the moon’s center.
The hyperbolic excess velocity® Vpy , is obtained by
vectorially subtracting the geocentric (i.e., earth-relative)
velocity of the moon from the geocentric velocity of the
spacecraft. The corresponding unbraked impact speed
Vi is then:

2“1![ Ve
Vi = [I VPMwlz =+ R_:I
i

where uy is the moon’s gravitational constant and Ry is
the moon’s radius (1738 km). It was also necessary to
determine the selenographic latitude and longitude of the
unbraked vertical impact point. This is the unique point
at which the spacecraft would impact if it approached
the moon along a straight path (see Fig. VI-4). This point
is found analytically by determining the point at which
a line parallel to the hyperbolic excess velocity vector
and through the moon’s center pierces the surface. The
incidence angle I';, at any point on the lunar surface
was determined from the basic conic equations to be
given by:

F[“[ = 0.70

where 6 is the angle measured at the moon’s center be-
tween the vertical impact point and the point in question,
as illustrated in Fig. VI-4. However, in generating the
conic design trajectories, location of the landing site was

*Hyperbolic excess velocity is the theoretical velocity the spacecraft
would have possessed at an infinite distance from the moon if it
arrived at the moon from this distance in the absence of all forces
except lunar gravity.
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of little concern. In fact, the design frequently was
initiated before the landing site was selected.

b. Boost models. As previously noted, the boost phase
had to be simulated in the design of the translunar
trajectories. Only the end points (i.e., launch and injec-
tion) had to be modeled; the powered flight path was not
required. The modeling differed for the direct- and
parking-orbit ascent modes; therefore, they are treated
separately below.

Direct ascent. The direct-ascent boost phase was char-
acterized by nearly continuous thrusting from launch to
translunar injection (i.e., there was no parking-orbit
coast phase). To compensate for the fact the boost phase
was nonplanar because of earth rotation and some yaw
steering, the trajectory was constructed in the plane
containing the launch site and injection point, but, con-
sequently, not the actual velocity vector. The orientation
of this plane was specified by empirically adjusting the
launch azimuth. The adjustment, determined from preci-
sion AC-5 and AC-6 powered flight simulations generated
by GD/C, proved to be adequate for all direct-ascent
flights.

Figure VI-5 shows the adjusted, in-plane, direct-ascent
geometry. To intercept the moon, the spacecraft must
sweep out the central angle ¢, which is determined by
Jaunch azimuth and the moon’s declination at arrival.
This dictates the following geometrical requirement:

¢ — vi = ¢rr — vr

where ¢ is the burn arc, v, is injection true anomaly, and
vy is target (moon) true anomaly. The target true anomaly,
vr, was relatively fixed at about 170 deg, but exactly
determined by the earth-moon distance at arrival and
the geocentric energy, C,z. The Atlas/Centaur burn arc
$5 was directly related to the injection true anomaly v,
as shown in Fig. VI-6. Note that the burn arc is relatively
fixed at 28 deg, which would be expected for a single-
burn boost phase. Consequently, ¢z was curve-fit to the
quantity ¢5 — v; using the AC-5 and AC-6 data men-
tioned. Once the quantity ¢, — vy was determined,
¢5 and v, could be readily obtained and the injection
point located.

The amount of weight the Centaur could inject into
the translunar trajectory was a strong function of the in-
jection flight-path angle* I'; and a weaker function of

‘'t is readily determined from »;, Csp, and e (»r = 2I%).
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Fig. VI-4. Lunar encounter geometry
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Fig. VI-6. Direct-ascent burn arc

launch azimuth =, and geocentric energy C,z. Centaur
payload capability (i.e., allowable spacecraft weight)
was reported by GD/C at the performance reporting
point given by I'; = —2.5 deg, 5, =108 deg, and
Coz = —0.85 km?2/sec?. The variation in payload capa-
bility about this point, called the payload capability
margin, was curve-fit in terms of I';, £,, and C,5 using
the AC-5 and AC-6 data. The resulting curves are shown
in Fig. VI-7. If, for example, GD/C reported that the
“net margin” was 150 1b, this meant that Centaur could
inject Surveyor at a performance point 150 Ib more
stringent than the reporting point. Thus, the capability
margin given by Fig. VI-7 could be as low as —150 Ib;
or the total margin (equivalent to excess propellant) was
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the sum of the GD/C reported net margin and the com-
puted payload capability margin. Atlas/Centaur could
inject Surveyor at any point where the total margin was
positive. In summary, the direct-ascent boost model
was used to determine the burn arc ¢, injection true
anomaly v;, and Centaur excess propellant in addition to
adjusting the trajectory-plane orientation. The mission
design implications of direct ascent are discussed in
Subsection A-3. Note that the propellant availability
manifests itself principally in limitations in injection true
anomaly (—6° < »; < 14°) that, in turn, limits ¢.r
(184 < ¢rr < 204), thereby restricting direct-ascent mis-
sions to lunar encounter declinations below approximately
—16 deg, a very severe limitation.

Parking-orbit ascent. The parking-orbit ascent mode
consisted of three phases: (1) the first burn from launch
to parking-orbit injection, (2) the coasting period in a
circular parking orbit to satisfy the in-plane geometrical
requirement, and (3) the second burn from parking orbit
to the translunar trajectory. The state vector (i.e., position
and velocity) at parking-orbit injection was a function of
launch azimuth only. Moreover, since the geocentric
radius was fixed at 6545 km (based on an equatorial
altitude of 90 nmi), the path angle necessarily zero, and
the speed fixed by the radius, only three parameters
remained to be specified as a function of launch azimuth:
geocentric latitude, longitude, and the azimuth of the
inertial velocity vector at parking-orbit injection. These
parameters were tabulated against launch azimuth at
intervals small enough to allow linear interpolation. For
a given launch azimuth, the parking-orbit injection point
was immediately defined and then treated as the launch
site for a boost trajectory with parking-orbit coast and
second-burn phases. This method accounted for all non-
planar effects of the first-burn phase. Furthermore, as
the coast and second-burn phases were truly coplanar
with the translunar trajectory, a high degree of accuracy
was achieved with the conic approximation.

Figure VI-8 shows the in-plane parking-orbit geom-
etry. The required launch’-to-target central angle, ¢.1,
had to be achieved by adjusting the coast arc, ¢., as
specified by:

be = brr — Pps T vr — vp

Since the parking orbit was circular, the required coast
time ¢, was a linear function of coast arc ¢, given by:

— sec
t. = 14.638 deg ¢

*Recall launch was assumed to be parking-orbit injection.
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Fig. VI-8. In-plane parking-orbit ascent geometry

The second-burn arc, ¢z, and injection true anomaly,
v, were essentially fixed at 9.3 and 4.9 deg, respectively,
based on optimization of the second burn. To summarize,
the parking-orbit boost model was used to determine the
parking-orbit injection point (which was then used as a
pseudo launch site) and the required coast time. Mission-
design aspects of the parking-orbit ascent mode are
discussed in Subsection A-3.
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¢c. Powered-descent interface. The nominal powered-
descent trajectory, which was a gravity turn, was essen-
tially coplanar with the unbraked approach trajectory.
These trajectories are shown in Fig. VI-9. The unbraked
approach trajectory was completely defined (in-plane) by
its impact speed and incidence angle. Consequently,
unbraked impact speed and incidence angle were the
only parameters required from the translunar trajectory
in the design of the powered-descent trajectory. Once
the ignition altitude was selected,® basic two-body equa-
tions were used to determine the speed and flight-path
angle at ignition. The altitude, speed, and flight-path
angle were then used as initial conditions for a three-
degree-of-freedom (two translational, one rotational),
numerically integrating, powered-flight simulation. Once
the impact speed and maximum incidence angle were
determined, the spacecraft ballast loading could be de-
termined. The allowable range of ballast loadings dictated
the range of allowable impact speeds, which was a con-
straint on the translunar trajectory design.

d. Conclusions. The conic approximation techniques
and boost models described in this section were incorpo-
rated in the JPL near-earth conic computer programs,
which were based largely on techniques developed dur-
ing the Ranger Project. These computer programs proved
to be highly efficient tools for generating the masses of
required trajectory data with adequate accuracy. This
demonstrated the wisdom of devoting the necessary
resources to the development of appropriate computer
tools rather than using existing overaccurate and ineffi-
cient ones. It is emphasized that the computational tech-
niques described were not used in the final targeting. All
real-time trajectory computations were done with the
JPL precision, numerically integrating, n-body space tra-
jectory program.

2. Ascent Mode

Surveyors I, II, and IV were injected into translunar
trajectories via the direct-ascent mode; Surveyors III, V,
VI, and VII used the parking-orbit ascent mode. The
parking-orbit ascent mode was clearly superior from a
mission design standpoint, since, using a parking-orbit
ascent, it was geometrically possible to launch on any
day of the month. The execution of a parking-orbit coast
sequence introduced considerable complexity into the
launch vehicle; the direct-ascent mode permitted some
simplification in the launch vehicle, but severely re-
stricted launch opportunity.

*Ignition altitude was determined by iteration to achieve the desired
main retro burnout conditions.
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a. Characteristics. As discussed previously, the space-
craft had to sweep out the launch-to-target central angle,
¢, to intercept the moon. The ¢.r is determined by
launch azimuth and target declination (i.e., declination
of the moon at encounter), as shown in Fig. VI-3. Once
ér is determined, the trajectory problem becomes essen-
tially planar. In-plane geometry for both the direct- and
parking-orbit ascent modes is presented in Fig. VI-10.
Since the true anomaly of the target, v, is nearly con-
stant at 170 deg, the launch-to-perigee angle ¢.p, must
be adjusted to achieve the required value of ¢.,. The
value of ¢,» equals the sum of the burn arcs” and coast
arc minus the injection true anomaly ;.

Atlas/Centaur payload capability was highly sensitive
to the injection anomaly v, For parking-orbit ascent, v
was fixed at the optimum value of 4.9 deg; the coast arc
varied to achieve the required ¢.». Because of the fixed
duration of the propellant settling sequences, the mini-
mum allowable coast time was 116 sec. The maximum
coast time limit of 25 min was adopted as a compromise
between launch opportunity and required Centaur oper-
ating time. These limits restricted ¢, to the range from
about 202 to 296 deg. For direct ascent, the only means
of adjusting ¢.» was to vary the injection time anomaly
at the expense of payload capability. As the payload (i.e.,
Surveyor spacecraft) weight was fixed during a launch
period, variations in payload capability were manifested
as variations in excess Centaur propellant. Consequently,
injection true anomaly could be varied only within the

“The burn arc for direct ascent and the sum of the two burn arcs for
parking-orbit ascent were nearly constant at 28 deg.
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range corresponding to greater than zero excess pro-
pellant. This range was from about —6 to +14 deg,
restricting ¢, to the range from about 184 to 204 deg.

Launch window duration was closely related to the
¢rr limits because ¢nr decreased monotonically with
launch time because of the earth’s rotation (see Fig.
VI-3). Figure VI-11 presents the launch windows avail-
able for both direct- and parking-orbit ascent missions as
a function of lunar declination at arrival. Parking-orbit
launches were possible for all lunar declinations and the
associated launch windows always exceeded 1 hr. Direct-
ascent launch windows were available only for lunar
declinations less than —16 deg.

Lunar declination varies sinusoidally, having a period
of 27.3 days as shown in Fig. VI-12. During the 1966-
1968 time period, the moon was achieving its near maxi-
mum excursion in declination of +28 deg yielding 7-9
days each cycle with declinations below —16 deg. Only
during the summer and fall months did any of these
days also correspond to acceptable lighting conditions at
the planned landing sites.

Predicted payload capability of each Atlas/Centaur
launch vehicle was reported by GD/C monthly, based
on these mutually established ground rules:

Direct Parking
Parameter .
ascent orbit
Launch azimuth, 2, deg 108 114
Geocentric energy
C., km?*/sec? —0.85 —0.85
Injection true anomaly
178 deg —5.0 ~4.5
Coast time ., min - 20

The set of direct-ascent parameter values was adopted
as a reasonable performance goal at the time direct
ascent was established as the primary ascent mode. A
reported direct-ascent net margin® of zero implied a 7- to
8-day launch period with launch windows of 5-20 min
on the first and last days and about 80 min on the
other days. It is emphasized that increases in direct-
ascent net margin implied increases in launch opportunity.
In contrast, parking-orbit ascent launch opportunity was

SNet margin = Atlas/Centaur payload capability — Surveyor space-
craft weight.
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determined by the launch azimuth and coast-time con-
straints. Changes in positive net margin had no effect
on launch opportunity. Negative net margin implied the
vehicle could not launch the Surveyor.

For a given Atlas/Centaur vehicle, the parking-orbit
net margin was typically about 150 1b less than the direct-
ascent net margin. This difference was primarily due to the
additional Centaur hardware required for the parking-
orbit mode. For example, if a vehicle had a parking-orbit
net margin of —150 1b, parking-orbit ascent would be
precluded. The same basic vehicle, however, configured
for direct ascent could provide the limited direct-ascent
launch opportunity.

b. Historical note. During early stages of the Surveyor
Project, all missions were planned for the parking-orbit
ascent mode. However, difficulties experienced in Centaur
development indicated that Centaur would not be ca-
pable of launching a 2500- or even a 2100-Ib Surveyor in
the parking-orbit ascent mode. This dictated drastic
reduction in spacecraft weight to 2100 1b and, in 1962,
adoption of the direct-ascent mode for the Surveyor I
through IV missions. This performance goal appeared
feasible; and elimination of the parking-orbit ascent had
the additional benefit of substantially reducing Centaur
development time. Development of the parking-orbit
capability, however, continued at a low level of effort
in the hope that it might be available for the Surveyor V
mission, which was to use a 2450-1b spacecraft.

In 1965, the parking-orbit ascent mode was reinstated
only for the Surveyor IV mission with the AC-12 launch
vehicle. Subsequently, parking-orbit ascent was rein-
stated as the prime ascent mode for the Surveyor V, VI,
and VII missions. By mid-1966, schedule delays made ad-
vantageous the reassignment of the AC-12 parking-orbit
vehicle to the Surveyor IIT mission and the AC-11 direct-
ascent vehicle to Surveyor IV, which was rescheduled
for a summer launch. This was the final reassignment
of ascent modes.

3. Flight Time Considerations

The requirement that the spacecraft be visible from
Goldstone (DSS 11) during the lunar encounter phase
constrained allowable translunar flight time within certain
intervals. The difference in right ascension between
launch and arrival at the moon, A®,y, is a function of
launch azimuth and lunar declination, as shown in
Fig. VI-38. The launch position must be located at the
angle A®;; behind the moon’s position at arrival, as
indicated on Fig. VI-13. Goldstone Tracking Station is
36.31 deg in right ascension behind the launch site at
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the time of launch; therefore, the earth must rotate
through the angle A@,, + 36.31 + 360N deg (where N
is an integer) during the flight so that Goldstone will be
under the moon at arrival. Since the earth’s rotation rate
is uniform, there is a unique correspondence between
this required rotation angle and the flight time. An aver-
age value of AQ,, yields flight times of 66 and 90 hr (for
N =2 and 3, respectively), which were of interest for
Surveyor missions. Flight time could vary as much as
4-6 hr from these values because of the variation of
AO®,, and because the moon did not have to be precisely
at the Goldstone meridian at arrival. Selection of the
66-hr rather than the 90-hr flight time class for Surveyor
missions was based on the following factors:

(1) Payload. In general, the shorter the flight time, the
higher the energy requirement at each end of
the trajectory. Thus, for a given Atlas/Centaur
performance capability, the maximum weight in-
jected into translunar orbit decreases as the flight
time is shortened. Also, the fraction of this weight
that can be soft-landed on the moon is lower be-
cause of the higher de-boost velocity requirement
at the moon.

(2) Accuracy. Shorter flight time higher-energy tra-
jectories are less sensitive to injection guidance
errors (in terms of lunar miss for a given injection
error) than trajectories with longer flight times.
Although this effect is partially offset by a similar
difference in trajectory sensitivity to midcourse
corrections, the midcourse correction requirements
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for 90-hr trajectories were expected to be some-
what larger than for 66-hr trajectories.

(3) Landing site accessibility. Usually, if the flight time
was increased, the vertical impact point moved
westward across the lunar surface. Since the space-
craft off-vertical incidence capability was fixed at
45 deg, the eastern boundary of the accessible
landing area als, moved westward, diminishing
available landing area. For example, use of the
90-hr flight time class would have precluded
the Surveyor V landing in Mare Tranquillitatis.

(4) Spacecraft performance. Various aspects of space-
craft design and operation were directly affected
by flight time class; thermal, power, reliability,
and flight control performances would have been
degraded with the longer flight times requiring
more stringent design requirements.

At the outset of the Surveyor Project, the 66-hr flight
time class was selected. In 1964, concern over the ability
of the Atlas/Centaur to inject the weight of Surveyor
into translunar orbit reopened the flight time question.
Extensive recomparison of the 66- and 90-hr trajectories
was performed. It was found that Atlas/Centaur direct-
ascent payload capability could be increased by about
200 Ib (maintaining the same launch opportunity) by
changing to 90-hr trajectories, which, however, would
have necessitated significant spacecraft changes. It was
decided not to change to 90-hr trajectories because of
renewed confidence in Atlas/Centaur performance.
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4. Final Design

The trajectory selection was governed by the following
ground rule:

Trajectories shall be designed and targeted to im-
pact the lunar surface with a constant unbraked
impact speed. This speed, known as the design im-
pact speed, shall remain fixed over the launch pe-
riod. However, the actual impact speeds may vary
over the daily launch windows when it is impossible
to design trajectories to the design impact speed
without violating the arrival time constraints. In
this situation, the trajectories that would violate the
time constraint shall be designed to arrive at that
constraint.

a. Constraints. The constraints pertinent to the tra-
jectory selection are presented in Table VI-1. Final
launch windows were invariably less than those dictated
by these constraints because of the development of
launch constraints as discussed in Subsection I.

b. Design charts. To facilitate the trajectory selection,
design charts were developed which displayed all the
pertinent trajectory data relative to the constraints. Ex-
amples of these charts for direct-ascent and parking-orbit
ascent missions are presented in Figs. VI-14 and VI-15,
respectively. The charts present the unbraked impact
speeds required to arrive at the early arrival constraint
(ie., 2 hr after DSS 11 rise) and the late constraint (i.e.,
3 hr before DSS 11 set) as a function of launch time. Data
were presented only for launch times within the launch
azimuth and coast time (excess propellant for direct
ascent) constraints. Since direct-ascent launches were
geometrically possible only 8 or 9 days each month, data
for all possible launch days were presented on the direct-
ascent charts. Parking-orbit launches were geometrically
possible each day. The launch dates presented on the
parking-orbit charts were selected on the basis of cor-
responding lunar lighting conditions at all landing sites
under consideration. (See Subsection A-4-c for a discus-
sion of lighting criteria and launch periods.) Since the
partial derivative of arrival time with respect to impact
speed was nearly constant at about —7 min/m/sec, the
pre and postlanding visibility for a given launch time and
impact speed could be readily scaled from the charts.
For example, Fig. VI-15 shows that an impact speed of
2630 m/sec is required to arrive at the late constraint
for a launch of 08:30 GMT on launch day 3. Therefore,
an impact speed of 2640 m/sec would yield about
4.2 hr of postlanding visibility (3 hr + 7 min X 10 m/sec
= 4.2 hr).
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Table VI-1. Trajectory design constraints

Allowable Ascent mode
Parameter range or Parking Reason
value Direct %
orbit
Launch azimuth, 78 to 115 X Range safety
31, deg 80to 115 X
Parking-orbit 116 to 1500 X Centaur propellant
coast time, sec management;
reliability
Minimum flight 235" X Ensure with high
performance probability
reserve sufficient
(FPR), Ib Centaur
propellant
Minimum pre- 2 X X Allow adequate
landing time for
Goldstone acquisition and
(DSS 11) commanding of
visibility, hr terminal
maneuver over
DSS 11 with
allowance for
flight time
dispersion
caused by
injection errors
Minimum post- 3 X X Allow adequate
landing time for post-
Goldstone landing
(DSS 11) engineering
visibility, hr assessment and
television over
DSS 11
Design impact b X X Spacecraft
speed range propulsion and
ballast
capability
Allowable 12 X Allocation of
variation in midcourse
nominal impact maneuver
speed, m/sec capability
w175 Ib for Surveyor | (AC-10).
bVaried with spacecraft.

The charts also present the launch azimuth and park-
ing-orbit coast time or payload capability margin as a
function of launch time. This facilitated translation of
design impact speed selections into usable launch azi-
muth sectors and coast time intervals or payload margins.
The use of these charts is discussed further in Subsec-
tion A-4-d.

¢. Launch period selection. Launch periods for the
parking-orbit missions were constrained primarily by
the lunar lighting conditions at the landing sites under
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consideration, while the direct-ascent launch periods
were dictated by both lunar lighting and lunar declina-
tion. It was highly desirable to land the spacecraft as
early in the lunar day as possible to maximize the lunar
operating time and to obtain television pictures at valu-
able low-sun elevation angles.® It was, in fact, desirable
to land immediately before dawn to study the sunrise
phenomena. However, the Surveyor spacecraft were
limited in survival capability following a pre-dawn land-
ing, and the time of sunrise could not be predicted
accurately because of uncertainty in the local slope at
the planned landing site. (An adverse slope of 15 deg
could delay sunrise for 30 hr.) Consequently, a mission
design constraint dictated that nominal (i.e., zero slope)
landings were to occur in sunlight. Compatible with the
above objectives and this constraint, the first day of a
launch period was the first launch date when landing at
the most easterly landing site under consideration would
nominally occur in sunlight.

For direct-ascent missions, the launch period included
all subsequent days that were geometrically available,
which yielded an 8-day period at most. However, there
was no hard constraint on the length of the launch
periods for the parking-orbit missions. Also, there was
not sufficient launch experience to quantitatively deter-
mine the launch period length required to achieve a
specified probability of launching. Project Science re-
quested that landings be restricted to lunar morning at
sun elevations below 70 deg; this would yield 6-day
launch periods, which were acceptable from the software
generation standpoint and appeared reasonable, based on
limited Atlas/Centaur launch-on-time experience (see
Subsection I). The 70-deg maximum sun elevation ground
rule was thus adopted.

d. Design impact speed selection. Once the launch
period was selected, the trajectory selection was reduced
to selecting the optimum design impact speed for the
launch period. At this point, however, the launch period
often consisted of the superposition of launch periods for
two or more landing sites, resulting in a period slightly
longer than the final launch period. In some instances,
this resulted in a design impact speed that was not
optimum for the final launch period.

The primary consideration in the selection of this
design impact speed was that it be within the spacecraft

*The lunar day and lunar night are both approximately equal to
354 hr (except very near the lunar poles) corresponding to the
east-to-west terminate movement of 0.508 deg/hr.
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capability, which was defined by the range of design
speeds that could be adequately ballasted for, based on
the spacecraft weight and main retro motor capability.
Selection of the design impact speed within this available
range was based primarily on pre and postlanding
Goldstone (DSS 11) visibility. The prelanding DSS 11
visibility was constrained to be at least 2 hr. Although
the postlanding visibility was constrained to be at least
3 hr, it was desirable to maximize the postlanding DSS 11
visibility. For nominal landings, postlanding DSS 11 time
was valuable in maximizing low-sun elevation television
data return after the standard engineering assessment.'°
For nonstandard landings such as the Surveyor III mis-
sion, postlanding DSS 11 time was extremely valuable
for extended engineering and television investigations of
the spacecraft condition. Since postlanding DSS 11 visi-
bility increased with increasing impact speed, the highest
available impact speed was selected subject to launch
window considerations.

As noted in Table VI-1, trajectories could be designed
to impact at speeds as much as 12 m/sec less than the
design impact speed. Therefore, when a trajectory vio-
lated the early arrival constraint at the design impact
speed, it was retargeted to arrive at the arrival constraint.
This procedure, known as corner targeting, is illustrated
in Fig. VI-16. Any part of the launch window that re-
quired an impact speed more than 12 m/sec less than
the design speed was eliminated. Consequently, selection
of the design impact speed involved a tradeoff between

EARLY LATE
CONSTRAINT CONSTRAINT
DESIGN
IMPACT
- SPEED
4 CLOSING 12 m/sec
L (TOLERANCE)

UNBRAKED IMPACT SPEED

3,= 78 deg

~

WINDOW
OPENING

TIME OF ARRIVAL

Fig. VI-16. Corner targeting

Tt was not possible to obtain real-time television at the SFOF via
the overseas Deep Space Stations.
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postlanding visibility and launch opportunity. The cri-
teria used in this tradeoff were: (1) reducing launch win-
dows to less than 2 hr should be avoided, (2) postlanding
visibility should be at least 5 hr. The earlier launch
period days were more influential in the selection be-
cause of the high probability of launching early in the
period. Preference was sometimes given to certain launch
azimuth sectors because of anticipated launch constraints.

For a given launch period, several candidate design
impact speeds were selected by inspection of the design
charts (Figs. VI-14 and VI-15) considering all of the
above factors. For each candidate speed, minimum post-
landing visibility, available launch window, and usable
launch azimuth sector, were tabulated for each launch
date. These parameters were obtained directly from the
design charts. The optimum design impact speed was
determined from the tabulations and from additional
inspection of the design charts.

The design impact speeds for Surveyors I and II were
the lowest speeds that would satisfy the 3-hr post-
landing DSS 11 visibility constraint. The importance of
postlanding visibility was not fully recognized at that
time. In January 1967, preliminary design impact speeds
were specified for each launch period from April 1967
through February 1968. These speeds were not optimum
in all cases because the numerous landing sites still
under consideration necessitated consideration of launch
dates subsequently eliminated. This preliminary selec-
tion was used to determine which spacecraft would
require the larger A-22 main retro motor. Immediately
before issuance of the target criteria for a mission, the
final design impact speed was selected following the
procedure given and weighing all refinements in landing
site selection and trajectory constraints that occurred
subsequent to the preliminary selection. The design im-
pact speed selection is summarized below:

Spacecraft Design impact speed, m/sec
Surveyor 1 2662
Surveyor 11 2663
Surveyor 111 2670
Surveyor IV 2662
Surveyor V 2642
Surveyor VI 2635
Surveyor VII 2660

e. Target criteria and trajectory characteristics. Tar-
get criteria for each mission consisted primarily of the
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specification of the launch dates to be targeted and
the design impact speed, landing site coordinates,"" and
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