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Preface 
Thi, two-put document constltutea the Project Final Report on the Su,,,.,, 

spacecraft. Part I of thil Technical Report consl1t1 of a technical c:leacrlption and 
an evaluation of enlfneertn1 re1ult1 of the 1y1tem1 med on Suf'Np. Part II 
preaent1 the science data derived from the lunar IOft-landin1 mluiom, and the 
adentilc analy1e1 conducted by the Surwror Sclenti8c Evaluation Advilory Team, 
the Surwrc,r lnveatlptor Team,, and the aaoclated Working Croupa. 

Reaulb liven in thil part of thu Technical Report are hued on data evaluation 
before June 15, 1988. It ii expected that future evaluationl ud anal)'NI will pro­
vide adctittonal ldence result,. 
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I. Introduction 
L. D. Jaffe and It H. Steinbacher 

Preliminaa)' science results from each successful Suroeyor 
have been presented in separate Mission Reports, issued 
just subsequent to the end of each mission (Refs. 1-1 
through 1-5). In this Suroeyor Project Final Report, 
these preliminary findings are reviewed and summarized, 
the results from each mission are compared, and, in some 
cases, the results are given of analyses made after the 
publication of the Mission Reports. 

This seci:ion presents briefty those spacecraft charac­
teristics most necessary to an t.nderstanding of the scien­
tific data obtained, and tho corresponding characteristics 
of spacecraft operations. An account by the Suroeyor 
Scientific Evaluation Advisory Team of the major 8ndings 
from Surveyor is presented in Section II. Subsequent 
sections, prepared by Suroeyor lnv~.tigator Teams and 
Working Groups, provide further information in indi­
vidual technical areas. 

Selected lunar pictures, along with appropriate explan­
atory material, are presented in Part III of the Mission 
Reports (Refs. 1-6 through 1-10). 

A. Spacecraft 
The Surveyor I spacecraft con8guration is shown in 

Fig. 1-1. The spaceframe structure was of tubular alumi­
num; hinged to the spaceframe were three landing leg,, 

,6'1 TICHNICAL 11,01r 12· J 26$ 

each with a shock absorber and a hinged footpad. The 
footpads and blocks, attached under the spaceframe near 
each leg hinge, were constructed of energy-absorbing 
aiuminum honeycomb to reduce landing shock. Two 
th,.-rmally controlled compartments housed the electronic 
equipment. A vertical mast carried th~ movable solar 
panel and planar array antenna (high-g,dn). Two deploy• 
able omnidirectional antennas (low-gain) were also 
available for communication. 

The main retro engine of the spacecraft utilized solid 
propellant. Each of the three liquid-fueled vernier en­
gines was throttlable from about 480- to l20-N1 thrust. 
Nitrogen gas jets provided attitude control when the 
engines were off. For attitude reference, the spacecraft 
carried sun and Canopus sensors, and gyroscopes. A 
rad,r altimeter furnished an altitude mark to initiate 
main retro Bring during ~.escent to the lunar surface. 
Another radar, providing measurements of velocity and 
altitude, was used with the vernier engines in a closed 
loop under control of an on-board computer for the 8nal 
phases of the descent. 

Sun,eyor I, designed to attain the engineering objec­
tives of the Sun,eyor Prof ect, carried a television system 

'N (newton) f• a standard fntemattonal untt · 1 N f1 equal to 
10• dynes. 

I 

. \ , 
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for operation on the lunar surface and over 100 engineer­
Ing senaon, 11w.h u resistance thennometen, voltage 
aenaon, atnln pgea, accelerometen, and position lndl­
caton for movable spacecraft parts. No Instrumentation 
wu carried 1ped8cally for aclentl&c experlm~nta. 

The television camera Sown on Sun,er,or I ii shown In 
Ffg. 1-2. The vldlcon tube, lenses, abutter, 81ter, and Iris 
were mounted along an optical ula Inclined approxi­
mately 16 deg to the central axil of the spacecraft, they 
were topped by a mirror that could be turned In azimuth 
and elevation. The azimuth, elevation focal length, focus, 
e,-posure, bu, and 81ter were adjusted as needed by 
commands from earth. Focal lensth adjustment provided 
either narrow-angle (6.4-de1) or wide-angle (25.3 deg) 
ftelds of view. The vldlcon could be scanned to provide 
either a 200- or a 600-line picture. The 200-line pictures 
could be transmitted over an ornraidirectlonal antenna or 
the planar array antenna, the planar array antenna was 
used for all 600-line pictures. The observed resolution for 
600-line pictures was O.S mm at 1.6 m from the camera. 

At the time of the Suroer,or I landing, additional 
spacecraft were In various stages of fabrication as part 
of the engineering effort. Changes were made to the 
design of these spacecraft to accommodate a acientfftc 
payload commensurate with spacecraft capability and 
schedule (Fig. 1-3). Table 1-1 lilts the scientlftcally sig­
nfftcant spacecraft variations used. Many of the engineer­
ing changes made to increa,;e Sun,eyo;, relfabflity and 

performance, though not lilted here, resulted in a better 
quality and greater amount of data (Ref. 1-11). 

On Surv.r,or 111, a simpllfted surface-sampler instru­
ment replaced the approach ( downward-looking) televi­
sion camera which had been carried, but not used, on 
Sun,er,or I. The surf ace sampler conalated primarily of a 
scoop, approximately 12-cm-long and 5-cm-wide, with 
a motor-operated door. The scoop was mounted on a 
pantograph arm that could be extended about l.S rn or 
retracted close to the spacecraft by a motor drive. "."lie 
arm could also be moved In azimuth or elevation by 
motor drives, or dropped onto the lunar surface under 
force provided by gravity and a spring. The surface 
sampler could manipulate the lunar surface material in a 
number of ways, and the result11 could be observed by 
the tele, 1ion camera. 

The hood on the Surveyor 111 television camera was 
8tted with a bonnet tixtenslon to provide additional 
shading for the lens and Riter, thus extending the area 
of glare-free operation. Two auxflfary mfrron were at­
tached to the spaceframe 10 that the camera could pro­
vide a better view of surface alterations produced by the 
vernier engines and by a crushable block. 

Surveyor, V and VI carried a television camera and 
an alpha-scattering Instrument to chemically analyze the 
lunar soil. nafs instrument was designed to irradiate 
the lunar surface with alpha particles from curlum-242 

Tobie I• 1. Poylead differences amen1 Surv•r•r 1,acecraft 

.................. .. ,..,.,, . .,,..,.,,,, h,..,-,V ,.,,..,.,v, lvne,., VII 

Televl1lon co■.,. Yea Yea Yea Yea Yea 
Plltera Cole, Cole, Cole, Polorl1h,9 Polorl1h,9 
Glore hood lte11dar41 late114e41 latonda41 ... ... 
llevotle11 ll■lt 35 .. 35 .. 35 .. 10.-.. 70Det 
Phote■etrlc ,.,.. .. Twe Twe Twe Twe ThrN 

Surface •••pier No Yea No No Yea 
All111uth ro111• - +,o .. -12._• - - +11 to -'1.a .. • 

Alpho-1eotterh11 l111tru■ont N• No Yea Yea Yea 

Aualllory ■lrron NoH Two (flat) Two (COIIYH) ThrN (COIIYel) ThrN (COIIYH) 

View u11der olpho-1cotterl119 l111tru■e11t - - Yea Yea Yea 
View u11dar ver11ler e111l11e - l119l11e1 2 Olld 3 1119111• 3 l119l11e1 2 Oll4' 3 lll9l11e1 2 Olld 3 
View u11der cru1holtte ltlocll - llocll 3 llocll 3 llocb 2 Hd 3 llocll1 2 ond 3 

Mo911et1 .... ,. ... - - llocll 2 llocll 2 llocb 2 ond 3 
lurfoce ... ,,., - - - - Yea 

ltereoacoplc Hd 41uat detectle11 ■lrrort No No No No Yea 

•A,.....-.. , CW(+l •lllf CCW(-1 ,.._., .. .,._tile ,.,,._1c111e, te Hie IINIC9fNI••• 
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1119. 1-2. Surveyor I televl1lon camera. 
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SURFACE-SAMPLER INSTRUMENT 

SURFACE-SAMPLER AUXILIARY 

ALPHA-SCATTERING-INSTRUMENT SENSOR HEAD 
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P19. 1-3. Confl9uratlon of various Surveyor spacecraft 1howln1 chan9e1 In scientific payload, (models). 
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soul'Ct's and to measure the spectra of alpha partlcl s 
scatten.-d hack. It also provided spectral data on pro• 
toN produCNI by (a, p) reactions with th atoms of the 
lunar surface. Th 11e 11pectra c.'<>uld he Interpreted In 
terms of the kind and quantity of elem ntl present in 
the surface. Physically, the Instrument consisted of a 
sensor h ad, a cube about 15 cm on a side, which, on 
command, c.'Ould be lowered to the lunar surface by n 
nylon c.-ord; and an alpha•scattering electronic• compart• 
ment located on the spac.-eframe (Refs. 1.12 and 1·13). 

Surveyor VII carried, in addition to the camera and 
alpha-scattering Instrument, a soil mechanics surf ace 
sampler similar to that on Surveyor I I I. The Surveyor VI I 
surface ampler, however, was mounted with a slightly 
different orientation so that it could reach the alpha­
scattering Instrument after deployment; because of the 
orientation change, it was not able to reach a spacecraft 
footpad. 

The Surveyor V television camera was the same as 
that on Surveyor Ill. However, on Surveyor, VI and VII, 
a new hood was udded to provide better protection from 
glare and a better range in azimuth and elevation for the 
mirror. Polarizing Biters were used on the Surveyor VI 
and VII cameras rather than the color filters used on the 
early missions. For camera calibration, Surveyor, I, Ill, 
V, and VI carried photometric targets on a footpad and 
on an omnidirectional antenna boom; Surveyor V 11 car­
ried an additional target on the other omnldirectionul 
antenna boom. 

To give greater area coverage, the auxiliary viewing 
mirrors were changed from flat to convex for Surveyor, 
V, VI, and VII. For Surveyor V, one mirror was oriented 
t i1 provfrle a view of the alpha-scattering-instrument 
senso1 head on the surface rather than of the area under 
vemier engine 2. An additional viewing mirror was used 
on Surveyor, VI and Vil so that the area under vemier 
engine 2 and crushable block 2 could be observed. 
Surveyor VII also carried a mirror on th~ mast to provide 
a stereoscopic view of an area intersecting the arc of 
surface-sampler reach, and seven small mirrors to detect 
adhering dust. 

Surveyor, V and VI carried a bar magnet and a non­
magnetic control bar on one footpad to indicate the 
presence of lunar surface material with high magnetic 
susceptibility. Surveyor VII carried a similar magnet and 
control bar on two footpads and two small, horseshoe­
shaped magnets placed in the p.essure pad of the door 
of the surface-sampler- scoop. All magnets could be 
obst rved by the television camera. 

6 

S11n:er,or, v·, VI, and VII incorporated some pelnt­
pattcm changes 1.0 reduce the brightnn1 (.'Ontralt be­
tween the dark lunar 11urf ce and some spacecraft parts 
painted white on earlier mil1ion1. The footpad top were 
pointt-d in strlpe1 to rev al clearly any luna1· material 
that might ht• deposited on them. 

I. Landing Sites 
Four Surveyor spacecraft landed in the lunar maria, near 

th,• equator (Fig, 1•4), These sites were selected primarily 
because they Wf're being considered for Apollo manned 
lunar landings, Survr,or Vil, the last in the series, landed 
in the highland region close to the crater Tycho, a site 
chosen primarily for it. scientific interest; it was thought 
to be a sample of very young highland material, which 
could have originated at c.'Onsiderable depth. The avail­
ability of Lunar Orbiter photographs of the area wa1 
considered in selecting landing sites for all Surveyor, 
excert Surveyor I, which preceded the Lunar Orbiter 
flights. The suitability of each site for making a safe 
landing was evaluated as part of the site selection process 
(Refs. 1-14 and 1-15). 

Table 1-2 lists the varieties of terrain on which the 
Surveyor, landed and their selenographic locations. Four 
sets of coordinates are given: The first set is based on 
radio tracking of the spacecraft during its Right to the 
moon; the second is based upon radio doppler tracking 
of the landed spacecraft from earth. Both of these methods 
locate the sf te in inertial coordinates relative to the center 
of gravity of the moon. The third set Is a listing of the 
selenographic coordinates, tn the system used in 
the Orthographic Atlas and in the Lunar Charts of the 
Aeronautical Chart and Information Center (Refs. 1-16 
and 1-17). The fourth set is a listing in a more recent 
selenographic coordinate system, based on the catalogs 
of Mills (Ref. 1-18) and of Arthur (Ref. 1-19). These co­
ordinates were obtained by determining the position of 
the landed Surveyor, on Lunar Orbiter photographs 
by matching features shown in Surveyor pictures with 
corresponding features in the Lunar Orbiter photographs 
(Refs. 1-2, 1-4, 1-59 and 1-19) (see Section Ill of this 
Report). The Lunar Orbiter photographs were, in tum, 
related to the Orthographic Atlas and Mills/ Arthur co­
ordinates by matching large features, visible from earth. 
Surveyor I was ph<'tographed on the lunar surf .1ce by 
Lunar Orblf~rl) I and III; Fig. 1-5 is L ' enlargement 
of a Lunar Orbiter photograph of Surveyor I, together 
with a laboratory photograph of a !>urver,o, model with 
similar configuration and lighting. The Lunar Orbiter 
photographs of the other Surveyor landing sites were 
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Pit, 1-4. Surveyor landln1 1lte1. 
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P19. 1-5. lunor 0t•1,-, Ill phet .. raph ef Surveyor I on the lunar 1urface Cenla'led fnNn hl9h•re1olutlon fn11110 H-194, 
fra,nelet 241). The 1uperl111po1ed 111109• 11 • ,nodel of Surveyor 1,acecroft In • 11,nlktr confl9uratlon •nd ll9htln1 
to the lunor o,.,,., 91ho ... raph. TIie 1111•1• ef the 111odel and 1hadow wa1 pheto-,oduced on n-tlvo fll111 to 
altout tho 10111• 111• •• It 11 on the lunor Orftlfer fll111. The re1ultln1 print wa1 ro,h .... raphed throu1h a televl1lon 
ca,n.,. to produce • acan pattern. 
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made before the Surwr,on landed. Sun,er,o, V has not 
yet been identlfted in Luna, Orbiter photographs; it may 
be out1ide the Lunar Orbiter high-resolution coverage. 

The dilerencea among the four sets of coordinates are 
due in part to random erron and In part to systematic 
enon in the model, med. Differences between the In­
ertial and the aelenographic coordinates arts,, from uncer­
tainties in the aelenographic pid and from dilerencea 
betw«n the center of figure and the center of gravity 
of the moon. 

C. Spacecraft OD on, 
Sun,er,o, spacecraft were launched from Cape ICennedy, 

Florida, by Atlaa/Centaur launch vehicles. After Injec­
tion on a trajectory Intersecting the moon, the spacecraft 
were separated from the launch vehicles. Midcoune 
maneuven, utilizing the vemier engines, were perfonned 
to bring the spacecraft within the desired landln1 areu. 
For the terminal descent, the main retro engine wu 
ignited to provide most of the brakln1, After the main 
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1.10•1 
• 

u.u•w , .o••• u.u•w , ..... u.i••w , . ., .. 
u.10•1 I.O•N Net lec■tH Net lec■tH 

,.,1•w 0.•6•N t.Jt•w o.s1 •N ,.,o•w 0.IJ•N 

11.u•w ,0.,1•1 "·"•w ,0.11•1 11.,1•w ,o.u•• 

engine burned, nominally at about 10-lcm altitude,• It was 
jettisoned, and the vernier engines continued to slow the 
1pacecraft. To reduce disturbance of the lunar surface by 
engine exhaust, the vernier engines were turned ol (ex­
cept for Sun,er,or 111) when the spacecnft altitude was 
about 4 m and approach velocity was about 1.5 m/1ec. 
The 1pacecnft then fell freely to the surface. The velocity 
components at touchdown were in the range of 3 to 
4 m/sec vertically and less than 0.5 m/aec horizontally. 
The 111pacecnft masses at injection were 995 to l(MO leg; 
at touchdown, 294 to 308 kg. 

The vernier engines on Sun,er,or III did not shut down 
before initial touchdown, but continued to bum, Jtfting 
the spacecraft from the surface. It landed again about 
20 m from the initial position, with engines still on, and 
lifted ol a second time. The engines were then turned 
off, and the spacecraft touched down again 11 m from 
the position of the 1econd touchdown. The vertical 

'The main en,ilne on Su~ V, however, bumed at about 1-lan 
altitude. 
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velocity ,-orna,o~nt for the thn-e touchdowns w • 1 to 
2 m/sec; the horizontal ,,c,mpcnwnt, 0.3 to 0.9 m/at.-e. 

Table 1-3 1how1 the tlm 11t which the St1n>er,or1 
landNI. Aftttr touchdown, an englncc•rin1 intc-rroptlon 
wa1 made, tht·n an Initial K"ri of 200-llllf' te~vl Ion 
picture• wu tnm mlttt-d through n omnidirectional 
antenna. n,tt planar array ant nna was then pointed 
toward tht• eerth, and the tran mission of 800-Une t I • 
vision pictures wa11 Initiated. Englllffring Interrogations 
were lntcnpened with the various sci nee operations. 

Opt-rations ,-ontlnu !d and 10rne d11ta were rt-<..'t.'lved 
for periods of 2 wk to 8 mo after I ndlng, 111 hown In 
Table 1-3. Operation• were not alw1&y1 contlnuou ; e.g., 
the spacecraft were shut down a few houn or days after 
t•ach local 1un1et. 

Lu mar operation» were ,-ommandcd from, and •P c ~­
craft dat~ wen- received through, the Deep Space Station 
25-m <.'Ommunlcatlons antennas at Goldstone, California; 
Tidbinblllo (near Canberra), Auatralla; Robledo (near 
Madrid), Spain; and Johanneabur1, South Africa. Occa­
sionally, the 63-m antenna at Goldstone and the 25-m 
antenna at Hon ysuckl Creek (near Canbena), Austr1&1ia, 
were u1ed. 

A variety of data, not all from sclentlflc instruments, 
was received from each spacecraft; aenson carried aboard 
the 1pacecraft for englneerin1 infonnatlon also provided 
aclentiflc: data about the moon. The types of measure­
ments and the sclent18c Instrument or sensor that pro­
vided them are listed in Table 1-4. 

There were 87 ,fff 4 television pictures obtained from 
the lunar surface (Table 1-5). Photogrammetric, photo­
melric, polarimetric, and colorimetric data were included. 
Among the objects observed were: 

Lunar surface 

Earth 

Luen on earth 

Solar corona 

Planets 

Strua 

10 

Five sites in maria and highlands 
(Fig. 1-4); objects 1 ~ m to SO 1cm 
from camera; undisturbed surface 
and that disturbed by spacecraft; 
at sun angles of O to 90 deg, and 
in earthlfght 

In sunlight, at various phases and 
time intervals; eclipafng sun 

At 1-W output 

Inner and outer, to 50 solar radii 

Mercury, Venus, and Jupiter 

To sixth magnitude 

,_,. l•I. TIMN fer lvrwe,., teudNlew111 ...., ..., ... ,...,,.., 
.,....,... , .......... .... .......... 
,_..,., I , .... , ..... , , ••• .,, 7, ... ,, 

ot,17,HOMT 07,HOMT 
,_..,., Ill A,rll 10, I t•7, Mey, .... ,, 

00,0,,17 GMT 00,CM OMT 

IWYe,.,V a.,te•Mt 11, IH71 Dece.tM, 17, ... ,, 
OO,,.,o OMT CM,HOMf 

lw1'9,., VI ...... M, 10, lt.7, Dece•Mt 9', 1t•71 
01,0li0, OMT lt,9'OMT 

lwff,., VII , ..... ,, 10, .... , •• .., •• ,, 11, I ... I 
01,01,HOMT 00,U OMf 

T•ltl• 1•4, MN1ure111et1t IevrceI •n4 .,,., ef tclentlflc 
lnfe1111atlen 4erh,etl fre111 Sur~•,., •1Nc•craft 

............. ,......, 
L111te, ~,.,..,, 111tfece 1trwct11re Htl 

...... ,, lvne, ,h ... , .. ,,y, ,.a.,1 ... 
tle1t, eittl celet, cehe,lell ef ,.,..., ,.,,. ,., ..... , .,, ,.,,.,.,,., ,.. ..... .,,. ,.,.,, .. ,, ......... ,...,, ,.,,.,,,,., ••· 
ae,,he,lc tre1t1al11le1t, cele,, e1ttl 
clevtl ,etter1t1, ,eler ce,eita Htellt, 
,heteaetry, eittl ,elerl1etle1t I eltlllty .. ,., .. , ... .,. ,,.. "'"' .. , .... , 
lecetle1t1 

Chealcel cea,e1ltle1t ef l111ter 111tfoce ..... ""' ,.,,..,., ,. .. ,., .... , ... , ... 
l111tor 111,foce 

hll 111ech0itlC1 11,rfoce ·••· '"''"' ..... lhNt ,,,.,.,,h, ef , .... , 
,i., 1vrfece •"ti ""'••vtf•c• aete,lel, c•• 

he1left, l1tte,ftel f,lctleft, eittl tlefl1lty 

ef '""•' avtfece ••terlol, ,vtfoce reel! 
1trHtth efttl tlH1lty 

l,ececroft let ,,,.1,. , ... ,. leo,l"t 1trt119th, ceh••••"• ,,.,.,,.., frlc, 
l0ittllflt retie, ,,,tea, tle1t ef lvno, ,v,f•c• ••terlel, ,etlor 
flltht cet1trel ty,.., Htl reflectlYlty Htl tllelectrlc co111t0itt ef 

lvitet 111rfote aote,lel I tlefl1lty eittl 
elo,tlc .. 1eclty ef 11111■, 1vtfece aete,lel 

1,-cecreft re1l1to11ce th•r• LvH, 1vtfoce tea,ereture,. therael ,,.. 
••••te11, Nier ,e11el1, ertlo, entl tllrectleflel lftfreretl ••l11le11 
'"" ,.,...,,, entl tllrec, , ..... , .,.,.,. ... 

C.11te11t ef a .. itetlc ,artlcle1 111 lviter 
,utfece 111ote,lel 

~ecroft "'"* ,re,vl• Luflor 111tfoc• ,eraHltlllty te .... ,, ce• 
•'•" •r•••• 0ittl eHltutle h••••"• etlhe1le11, ,.,,.,.,. te ... 
ce11tret let •r•••• ere,len 
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By 1m-11n1 of tht• alpha-M:11ttertn1 in1trument, chemic I 
analylt"s, coverin1 maajor l'Oll titu ntl with tomic num­
~n from carbon to iron, were maade on ,Ix surface and 
slightly 1uh1urfaet" 1umpl I at two mart' alt I and at orw 
highland site. Further analy1i1 of the data obtained may 
permit wme extension of thi1 ran1e of lementa and 
d termination of th flux on th lunar surf ce of protons 
with energies on th order of 100 MeV. 

With the surface ,ampler, measurement, were made 
of the bearing load vs penetration curve for th granular 
surface material and of it, bearing capacity and *hear 
resistance a1 a function of depth tn the depth ran1 of 
1 to 20 cm. The natur of surface deformation wa1 
observed from trenchinl, static be rtn1. and impact; data 
were obtained on cohesion, internal friction, and poroaity 
of the near-surface granular material at on rnare and 
one highland site. Strength and density of individual 
rocks were also meuured. 

Strain p on the lea shock abaorbns of th. •pace• 
,'1'11ft provkW ft'l'Ords of th. le1 loacb durtn1 touchdown. 
In conjunc.-tk>n with ftiaht control data on the spacecraft 
1>e>1itlon and velocity, and tele\'islon ohtervaUon1 of th. 
surf at di1turbanc.'t• auoc'8tNI with landlnp. thtv aft• 

ords furnished information on beartn1 ltrmsth, cohesion, 
int rnal friction, ttha1ttc velocity, and poroalty of the 
matt-rial at. and Just b.low. thf' 1urf ace at all Sun,.,,or 
l11ndlntt sites. 

Thermal Rn.on, fflt'111urtn1 tt•mper turn of 1pacecraft 
l'Olnponentl radiatively l'Ouplt-d to thf' 1urfa,'t!, permitted 
determination of 11urfaet- tempt-raatum, thermal Inertia, 
und dil't'Ctionul inf r"Jred ,•mi 1ion at 11II 1lte1. 

Tht• mulJlt"t• l·urrit,d hy Surver,on V, \'I, and Vil pre,. 
vided informaaUon on ttw l'Olltent of ferromapetlc and 
f ttrrimagr tic &>ilrtlcle, at two mare and ontt hlpland site. 

At the mure laancUng 11ite1, &rlnp apfn1t the lunar 
surface of the vernier rocket engines on Sun,er,or, Ill, V, 
and VI and of the 11ttftude control jt't1 on Su~,. 1 .9'd 
VI provided Information on the permeability of tht-
1urface to gue,. th lunar surface cohe•~>n, re1pmit~ to 
gas eroaion, and adh 1lon to terreatrlal materials. On the 
Surur,or VI mlalion, 8 days after landln1, the engines 
were &red in such a way u to lift the apa~c.-raft 3.5 m 
from the surface; It landed 2.4 m from lt1 ort1lnal position. 

Telt>vilion picture, and other aclentiftc data from 
Sun,t r,or may be obtained from the National Space 
Science D ta Center, Greenbelt, Maryland. Individual 
pictures can beat be identifted by the spacecnft number 
and GMT day of year and time at which they were 
taken. Mosaics can beat be ldenti8ed by cataloa number. 
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II. Principal Science Results From the Surveyor Proiect 
L. D. Jalle (Chairman}, C. 0. Alley, S. A. 8offer,on, E. M. Chrilfen,en, 

S. E. Dworl'!ik, D. E. Gault, J. W. Luca,, D. 0. Muhleman, 
II.. H. N,,rton, It F. Scott, E. M. Shoemolcer, 

R. 1"1. Steinbacher, G. H. Sutton, 
and A. L. Turlcevich 

The i1uccessful soft landings made by 8ve Surveyor, 
permitted detailed examinations of the lunar surfice at 
four mare sites along an equatorial belt and at one high­
land site in the southern hemisphere. The aiming areas, 
selected before launch, were chosen after examination of 
telescopic and Lunar Orbjter photographs ( except for the 
Sun,eyor I mission, which preceded the Lunar Orlnter 
Rights). All five spacecraft landed within theie selected 
areas. The landing sites were: 

Surveyor I. Flat surface inside a ll'O-km crater in 
Oceanus Procellarum, one radius from the edge of a 
rimless 200-m crater. 

Surveyor Ill. Interior of a subdued 200-m crater, 
probably of impact origin, !n Oceanus Procellarum. 

Surveyor V. Steep, inner slope of a 9- by 12-m crater, 
which may be a subsidence feature, in Mare 
Tranquillitatis. 

Surveyor VI. Flat surface near a mare ridge in Sinus 
Medii. 

Surveyor VII. Ejecta or flow blanket north of, and less 
than one radius from, the rim of the crater Tycho in 
the highlands. 
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At each of the Surveyor landing sites, the lunar surface 
is covered by a layer of fragmental debris, predominantly 
fine-grained, which is littered with a variety of rock 
fragments and spotted with overlapping, small craters. 
The average thickness of the debris lay~r, or regolith, 
was dAtermined for each of the mare landing sites from 
the depth of the smallest craters with blocky rims. The 
thickest r,·aolith (10 to 20 m) was found at the Surveyor VI 
site. The regolith near Surveyor I is 1 to 2 m thick, and at 
the Surveyor V site is less than 5 m. The thickness of the 
regnlith within the 200-m crater where Surveyor III 
landed varies from about l to 2 m on the rim to perhaps 
10 m or more at the crater center. 

A. Small Craten 

Small craters account for the irregularities of largest 
relief on the surfaces at the mare landing sites. Most of 
the small craters at each of the landing sites are cup­
shaped with walls and floor concave upward and low, 
subdued rims; some are nearly rimless. Most of the cup­
shaped craters are believed to be of impact origin. 
Dimple-shaped craters lacking raised rims and crater 
chains are common at the Suroeyor V site and were 
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observed at the Surwyor Ill site; these may have been 
formed by drainage of the 1ur8cial fragmental d bris 
into subsurface &uurea. 

Many irregular craten, ranging in size from a few 
centimeters to several meters in diameter and lined with 
clods of fine-grained material, were observed at all 
landing sites. These are inferred to be secondary impact 
craters formed by cohesive Llocka or clods of weakly 
cohealve, fine-grained material ejected from nearby 
primary craters. 

fhe cumulative size distribution of small craters a few 
centimeters to several tens of meters in diameter ts 
consistent with a power law having an exponent of -2. 
Thia corresponds to that expected for a 1teady-1tate 
population of craten produced by prolonged, repetitive 
bombardment by metec.roids and by secondary fragment• 
from the moon. There are fewer craten larger than 8 m 
in diameter at the Sumryor VII site than at the mare 
landing sites; this indicates that the Tycho rim material 
on which Surveynr Vil landed i1 relatively young. 

I. lnolvable Ioele Fragments 
Some rock fragments are on the surface and others are 

partly embedded to various depths in a finer-grained 
matrix. The fragmt-nts are scattered somewhat irregu­
larly, but strewn fields of blocks are found around some 
of the larger craters. The Surwyor Vil landing site has 
the largest number and variety of resolvable rock frag­
ments; the SurveyorVand VI sites have the least number. 
Most are relatively angular, but some well rounded 
fragments are present and appear, in general, to be fairly 
deeply flmbedded in the flner surface material. The frag­
ments tend to be equant in shape, but some are distinctly 
tabular and a few have the form of sharp, narrow wedges. 

Most of the resolvable fragments on the surface are 
brighter, under all observed angles of illumination, than 
the unresolved 6ne-grained matrix. A knobby, pitted 
surface ts the most common surface texture developed 
on the bright, coarse, rounded rock fragments. The pitted 
texture and the rounding of fragmenu are probably pro­
duced by impact of small particles. Further evidenet! that 
the surfaces of the rocky fragments have been subject«! 
to an erosive, or abrasive, action is evident on one of the 
rocks overturned by the surface sampler on Surver,c r VII. 
This rock was rounded on the exposed side and angular 
on the subsurface side. Spotted rocks, oLserved at the 
Surveyor I and V sites, are common near Surveyor VII. 
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Jn many cases, the lighter material forms slipt protru. 
1ion1 on the fragment, suggesting that it II more resistant 
to lunar erosion processes. 

The density of one rock near Sum,yo, Vil wa1 found 
to be in the range of 2.4 to 3.1 glcm•, with a most prob­
able value of 2.8 to 2.9 glcm•. A similar rock was broken 
by n moderately strong blow from the surface sampler. 
Most of the resolvable blocks on the lunu surface appear 
to be dense, coherent rock, but some appear lea dense 
and porous. Many blocks at the Sumryor VII site, and a 
few at the Sumrr,or I site, are distinctly vesicular. Some 
coane fragments are clearly aggregates of smaller par­
ticles. Some of these aggregates are compact and angular, 
whereas others appear to be porous and probably are 
only weakly compacted. 

C. Particle 511• 
Between 4 and 18% of the lunar surface is covered by 

fragments coarse enough to be resolved by the television 
camera (coarser than 1 mm). The size-frequency distribu­
tion of re10lvable fragmental debri11 Rt each Sumrr,or land­
ing sf te can be represemed by a simple power function. 
At the mare sites, the exponent of the size-distribution 
function Is, In all cases, less than - 2; at the Surwr,or VII 
site, on the rim flank of Tycho, the exponent ts -1.8. 
Fragments coarser than 10 cm are flve to ten times more 
abundant on the rim of Tycho than on the maria. 

The ability of the finer-grained matrix material to 
conform to smooth surfaces and to preserve fine imprints; 
its permeP.biltty to gases; its cohesion; and its optical 
properties, before and after disturbance, all suggest that 
the bulk of the material has a particle size between 
2 and 60". 

D. Structure and Mechanical Behavior of the 
Fine Material 

At all landing sites, the flne matrix, or lunar soil, is 
granular and slightly cohesive; the soil Is compressible, 
at least in its upper few centimeters, as Indicated by the 
footpad and crushable block imprints; and its static 
bearing strength Increases with depth u follows: 

(1) In about the upper millimeter: less than 0.1 N/cm2 

(from imprints of small, rolling fragments). 

(2) At a depth of 1 to 2 mm: 0.2 N/cm2 (from imprints 
of the alpha-scattering-instrument senso,: head). 
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(3) At a depth of about 2 cm: 1.8 N/cm2 (frorn im­
print, of cnuhable block, on Surver,or, VI and Vll). 

(4) At a depth of about 5 cm: 5.5 N/cml.! (from pene-
tration, of footpads on Sun,eyor I). 

The higher rock population at the Surveyor Vil site did 
not, in general, increase the bearing strength of the soil 
oompared with that at the Surveyor I, Ill, and VI sites. 

The estimated soil shear wave velocity is between 15 
and 36 m/sec, and the oompressional wave velocity 
between 31 and 91 m/1ec. These estimates, based on 
oscillations in the spacecraft landing leg forces at touch­
down of four landings, are low r than those expected for 
terrestrial soils with other mec:hani<.-al properties as li11tcd 
in this Report. 

Visoous soil erosion ( erosion by the "ntrainment of soil 
particles as gas ftows over the surface) occurred during 
vernier engine and attitude control jet &rings. During the 
Surveyor V vernier engine ftring, soil and rock fragments 
up to 4.4 cm in diameter were moved by viscous ,rosion. 
At engine shutdown, exhaust gas, which had diffused 
into the soil, eru1,ted, producing a crater 20 cm in 
diameter and 0.8 to 1.3 cm deep under one engine. 

The permeability of the lunar soil at the Surveyor V 
site to a depth of about 25 cm is 1 X 10-1 to 7 X 10-1 cm2• 

This corresponds to the permeability of terrestrial silts. 
The soil cohesion bounds were determined to be: 

(1) 0.007 to 0.12 N/cm3 (from vernier engine &rings). 

(2) 0.05 to 0.17 ~dcm2 (from attitude control jet ftrings). 

Lunar material thrown against sp.cecraft surfaces in 
several cases adhered to the spacecraft components. 
Adhesion of soil to the Surveyor VII surface-sampler 
scoop was observed to increase toward the end of the 
lunar day. The adhesive strength of the lunar material 
impacting, and adhering to, the Surveyor VI photometric 
target is estimated to be between 102 and 108 dynes/cm2• 

Soil properbes, sir.dlar to those described, also were 
indicated during tha surface-sampler operations. The 
bearing strength values and the soil behavior during all 
tests are consistent with a granular material possessing a 
cohesion of 0.035 to 0.05 N/cm2, an angle of internal 
friction of 35 to 37 deg, and a density of about 1.5 g/cm1• 

These values apply to soil depths between a few milli­
mete.n and about 10 cm. An increase of strength with 
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depth in the soil near Surwyor 111 was observed to a 
depth of about 20 cm; this Increase was not found at the 
Surveyor Vil location. The soil was also found to be more 
brittle at the Surveyor Ill site. 

Assuming that the lunar soil is derived from the rock 
fragments, the above rock and soil densities Indicate a 
soil porosity of 0.4 to 0.5, on the average, from depths 
of a few millimeters to about 10 cm. 

I. Optlcal, Thermal, ancl laclar Characterl1tlc1 

Television observations with color ftlters indicate a 
gray moon even in disturbed areas. No demonstrable 
differences in color were observed on any of the coarse 
blocb so far examined, which are all gray, but lighter 
than the Sne-grained gray matrix of the surface. Photo­
metric measurements at each Surveyor landing site show 
that the undisturbed 8ne matrix of the mare surface has 
a normal luminance factor (normal albedo) that varies 
from 7.3 to 8.5%, and the mare material disturbed by the 
footpads and by the surface sampler has a normal lumi• 
nance factor that ranges from 5.5 to 7.6%. The normal 
luminance factor for the ftne-grained, undisturbed and 
disturbed material at the Surveyor Vll site is higher than 
that of the corresponding mare material. The normal 
luminance factor for the rock &agments ranges from 
9 to 21% both on the maria and on the rim Sank of 
Tycho. Light scattered from the surfaces of some rock 
fragments at the Surveyor Vil site Is as much as 30% 
polarized at phase angles near 120 deg. This suggests 
these rocks are crystalline or glassy, and that their 
surfaces are relatively free of ftne particles. 

Observations of the ftne-gralrJed parts of the lunar sur­
face disturbed by the landing and liftoff of the Surveyor VI 
spacecraft, and by rolling fragments set in motion by 
the spacecraft, have shown that lunar material exposed 
at depths no greater than a few millimeters has a signil­
cantly lower normal luminance factor than the undisturbed 
surface. A similar, abrupt decrease in normal luminance 
factor at depths of 3 mm or less was observed at the 
Surveyor Ill and V landing sites. The occurrence of this 
rather sharp contact of material with contrasting optical 
properties at widely separated localities on the moon 
suggests that some process, or combination of processes, 
lightens the material at the lunar surface. If this is true, it 
may imply that a complementary process of darkening 
occurs at depths of a few millimeters and deeper, so that 
the abrupt albedo contact i~ not destroyed as a result of 
repetitive turnover of the l..nar surface by solid-particle 
bombardment. 
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\Vhere th<' ftne-pained matrix of the surface material 
wa1 c.-ompreHed and smoothed by th Sun;eyor footpads 
or the surface sampler, the photometric properties were 
changl'd, The photometric function of the smoothed 
surfaces ls mor like that of a Lambertlan &eatterer than 
the undisturbed, 8ne-graint.>d lunar material. This indi­
cate the pore spaces of the ftne-grained material tend to 
be Riled in by compression against smooth surface. on 
parts of the spacecraft. 

In gcnrrul, lunar surface temperature• drrived from 
spacecraft thermal data taken during the lunar day rue 
in qualitative agreement with earth-based data. For each 
mission during which there was an eclipse, the same 
value of thermal parameter (kpc)-'• was obtained from 
spacecraft eclipse and post-sunset data, whereas the 
value for earth-based post-sunset data are lower than 
those from earth-based eclipse data. On all spacecraft 
except one, the same values were obtained in the two 
directions viewed by the pertinent spacecraft sensors. 
In the case of Sun,eyor VII, the thermlll parameter values 
in the two directions were different; this discrepancy 
apparently was caused by some rocks close to the space­
craft. When Surveyor, Ill and V landed in craters, it was 
observed that the local lunar surface temperature de­
pended primarily on the sun elevation angle to the local 
lunar surface slope. It should be noted that all earth­
based and spacecraft data indicate that the lunar surface 
material is a very good thermal insulator. 

Radar backscatter data from the lunar surface, at 2.5-
and 3.2-cm wavelengths, were obtained during the last 
3 min of the descent for each Surveyor landing. The 
radar system consisted of four independent radars. Signal 
strengths from each beam have been interpreted in the 
form of the radar cross section as a function of the angle 
of incidence in the range O to 60 deg. The general form 
of these functions for all landing sites is approximately 
the same. However, the entire curve is higher by nearly 
a factor of two for the Tycho region than for the mare 
sites. Because of strong fading on the radar beams near 
normal incidence, a reliable estimate of the normal­
incidence reflectivity cannot be made. The radar reflec­
tivity of the Tycho rim area is cbout 30% higher than 
the average reflectivity of the moon as measured from 
earth; the mare areas are about 30% lower. In particular, 
it is estimated that the reflectivity of the Surveyor V area 
(Mare Tranquillitatis) is between 3 to 5%. The Surveyor 
data confirm a rather low value (about 2.5 to 3) for the 
dielectric constant of lunar surface material, with a clear 
distinction between the mare and highland regions. 
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P. Chemlcol Compo1ltlon 
Surveyor obtained the ftnt direct Information about the 

chemical nature of th Jun r surface material. At two 
murc sites (Sura,eyor V and VI mi11ion1) and one hip­
land site (Surwyor VII mi11lon), the presence of ma1-
n<"tic material in thl' lunar soil was demonstrated, and 
the amounts of the most abundant chemical element• 
were e1tabli1hed. 

Analytical datn Wl're obtuined on six samples of lunar 
material, three at the mnre sites and three at the hipland 
site. The analyses indicate that the most abundant chemi• 
cal element on the moon i• oxygen (57 ±5 atomic 9' ); 
second in abundance is silicon (20 ±5 atomic '1' ), and 
third is probably aluminum (about 7 atomic % ). These 
are. in the same order, the most common element• in the 
earth's crust. The three ample• from the maria are 
almost identical chemically, implying that the surface 
material of large fractions of the lunar maria have this 
composition. The highland umple dilers principally in 
having about half as much of the iron-group elements 
(titanium through copper) as do the samples from the 
maria. 

The amount of oxygen is estimated to be sufBclent to 
form oxides of all of the metals, and so Indicates that the 
bulk of the material is relatively stable chemically 
(although a small amount of radiation-decomposed ma­
terial cannot be excluded). The relative abundance of the 
principal elements on the lunar surface II Aimtlar to that 
of terrestrial basalts, which often have the amount of 
magnetic material observed fn the lunar soil. Th~ chemi­
cal composition found is signi&cantly different from the 
most common meteorites (metallic or stony) falling on 
the earth. 

These chemical analyses are in strong disagreement 
with that expected for primordial solar system material, 
whether this be considered condensed solar atmosphere, 
terrestrial ultrabasic rocks, or chondritic meteorites. They 
clearly contradict a lunar origin for most meteorites and 
are inconsistent with a lunar origin for tektites. 

The similarity of the lunar samples with basaltic com­
position and the morphology of surface features observed 
in terrestrial and Lunar Orbiter photographs are strong 
circumstantial evidence that some melting and chemical 
fractionation of lunar material has occurred in the past. 
The bulk composition of the moon, however, remains 
obscure. The lower abundance of the iron-group elements 
in the highlands, as compared with the maria, provides 
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an explanation for the albedo differences between these 
two major geologic units nd, In addition, 1ugnt1 a 111· 
nl&cant difference In rock density consistent with l101ta1y. 

G. OltMrvatlont of the larth ancl of the 
Solar Corona 

Pictures of an eclipse of the IUD by the earth were 
made durin1 the Su,wr,or 111 ml11lon. U 1in1 the camen 
C.'Olor 8lten, 1ufBctent data were accumulated to produce 
C.'Olor picture11 of the light transmitted through the earth's 
atmosphere during the eclipse. These results Indicated 
that the observed light primarily was due to refnctlon by 
the earth's atmosphere and that clouds preMent at the 
limb occulted the light. 
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During the Su,,,.r,or V 11 mi11ion, picturel of the earth 
were taken with various polarizing &lten. The hlply 
polarized component of U1ht appcan to be due to ,pecu. 
lar relection from ocean surfacn. Pictures of earth•basecl 
laser Iwami directed toward the 1pacecraft'1 lunar Joea. 
tlon were also madr In o teat of the ability of earth 
stations to direct very narrow beams to a 1pecllc location 
on the lunar surface, in preparation for a pos.,lble wer 
reRflCtor experiment. 

n1e solar corona wo1 photographed after ,unset on the 
su,,,.r,or I, V, and VII ml11ion1, from the lnnermoat 
K9"'roru& a• 2 solar r:1di1 to w~ll bey, nd tl1e known outer 
F -corona at 20 11olar rPdft. The data will provide Infor­
mation on tb11 rrevlou1ly unobserved rPgion between 
15 M\d 60 1olar Adil. 
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Ill. Television Observations From Surveyor 
E. M. SltoMtake, lPrlnclpol lnvedlfl(ltorl, E. C. Monl,, I. M. lot,on, 

H. E. Holt, IC. I . Lar,on, D. I. Montgomery, J. J. lennll,on, 
and E. A. Wltltoke, 

Five 111cceuful Su,wr,or spar.ecraft landed on the 
moon between June 1988 and January 1988 and returned 
over 87,000 pictures from the lunar ,surface. s,,n,l!f/or, I , 
Ill, V, and VI landed on mare surfaces; Su~ VII 
landed in the southern highlands on the Sank of the 
crater Tycho, the youngest, large bright-ray crater on 
the moon. Table III-l lilt1 the days and times of landings 
of each spacecraft, their location and the sun elevation 
at the time of landing. 

Su,wr,on I, Ill, V, and VI provided pictures of various 
lunar mare features, .,.,ch u the surface in inter-crater 
areu, the inner walls of a large subdued crater, the 
inside of a small drainage crater, and a close view of a 
mare ridge. 

The temin around Surveyor VII, ln contrast to the 
tenafn of the maria, oonsist1 of ridges and valleys super-

imposed on a broadly undulatinl surface. Th, Suroe~ 
Vil pk.iure1 revealed a great variety of mane rock 
frapntmb probably excavated from the depths of Tycho. 
Some frapnent1 are vesicular, othen appear dense; some 
fragments are spotted, 1uaesttn1 dUferences in cry1tal­
llnfty or oompositfon in the fragments. 

The 1f2 distribution of craten and frapnenb; the 
thickness of the fragmental debris layer, or regollth; and 
the c.'Olorimetrlc, photometric, and polarimetrlc proper­
tlea of various lunar surface materials were detennlned 
from the plctu:res for each landinl 1f te. 

Stereoscopic pictures of the lunar surface were ob­
tained from su,,,.,,or, VI and VII. SufWflor VI vernier 
~nglne1 were f P1ited; the spacecraft lifted off the lunar 
surface and landed about i.5 m from its ol'llfna) position, 
thus providing a bue for 1tereoscopic pictures. SufW¥()f' 

Table 111-1. Surv•J• ti111et, lecatlent, and a,,,.x1111ate tun elevatlen1 at landln1 

L,...._ (Nll•1.,.,1111 ,11 .. N111) ........... 
L■••·· .......... ......... , .. , ......... , ......... ,1111 ... .......... 

h.-..,e, I 06,17,H • June 2, 1'66 ,1.22•w J.45111 21 
..,,._,., Ill ~'°411:P e,a A,rtl 20, 1967 21.M•w 2.'7•1 11 
..,,..,_ V OO'°'M2 • ..._..., 11, 1 '67 2J.20°1 1.429" 17 

..,,,_,., VI 01.01'°4 • ....... ..., 10, 1'67 1.4o•w 0.539" a 
,_,_,., VII 01 .05,H • Ja-,y 10, I'" I 1.47•w ,0.16•1 u 
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Vil wu equipped with a 9- by 24-cm mirror attached to 
the spacecraft m 1t; thb mirror wu oriented to provide 
a reflected view. a1 seen from the televlllon camera. of a 
small area in front of the, spacecraft. StereC>1COpic pie­
tutti were obtained hy ffl.'Ordlng direct images of thl1 
rea and images reftccted from th mirror. 

Th televislon cameras of Surver,or, I, V, and VII 
were operated more than one lunar day. S11rveyor I trans­
mitted o, er 800 pictures during the sea,nd lun r day of 
operation; 1ubsequent engineering lnterroga~ions were 
continu~J through January 1987. After .a wannup period 
of about 147 h after sunrise on the second lunar day. 
S11rveyor V responded to the Ant tum-on command and 
subsequently trunsmltted over 1000 plcture1 before the 
second lunar day sunset. S11rveyor V was revlvtd again 
the fourth lunar day. hut only a few pictures were taken. 
Surveyor VII was revived about 120 hr after sunrise on the 
second lunar day; about 45 pictures were taken in 
the 200-Une mode before su1ptm1fon of camera O[)f'ratlon. 

Most pictures tram1mitted by the Ave St1rvcr,or space­
craft were received at the Goldstone. California, Track­
Ing Station of the Deep Space Network. Pictures were 
also received at the Canberra, 1'.ustralia, and Robledo 
(near Madrid). Spain, Tr11cking Stations. 

A. Tel.vision Camera 
D.R. Montgomery and E. C. Morri, 

Surveyor, 7.31-kg (16.1-lb) television camera (Fig. 
111-1) consisted of a mtrror, &lten. lens, 1huttc .. vidicon. 
and attendant elt-cta·onic circuitry. Each picture, or 
frame, was imaged through an optical system onto the 
photoconductivc surface of a vldlcon. which was scanned 
by an electron beam. The camera was designed to ac­
commodate scene luminance levels from about 0.008 to 
2600 ft-L, employing both electromechanical mode 
changes and iris control. On the Surver,or I, Ill, and V 
missions, frame .by-frame 1.:overage of the lunar surface 
could be obtained over 380 deg in azimuth and from 
40 deg above the plane nonnal to the camera Z axis to 
-65 deg below this rlane. On the Surveyor VI and VII 
missions, the coverage in elevation was increased to + 90 
deg above the plane nonnal to the camera Z axis. The 
camera was capable of a resolution of about 1 mm at 
4 m and could focus from 1.23 m to infinity. Camera 
operation was controlled by commands from earth. Com­
mandable operation allowed each frame to be taken with 
a lens setting and mirror a:dmuth and elevation position 
appropriate for a lfven view of the lunar surface. 
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P11, 111-1. Surveyor I televl1lon camera. 

The edge of the mirror (Fig. 111-2) was a 10.5- by 
15-cm ellipse. and the mirror was supported at its minor 
axis by trunnions. Its reflecting surface was fonned by 
vacuum deposition of Kanigen on a beryllium blank. 
followed by a deposition of alu1ninum and ftnally by 
deposition of silicon monoxide. The reflecting surface 
was flat within ¼ wavelength. at A = 5SO m~ and had an 
average specular reflectance of 86%. The mirr.,r rotated 
about two mutually perpendicular axes by means of two 
drive mechanisms, one for azimuth and the other for 
elevation; the position of the mirror about each axis was 
measured by a potentiometer. 

Within the mirror housing wu a Siter wheel (Fig. 
111-3). which contained three color or polarizing 81ten, 
in addition to a fourth section containing a clear element. 

The image was fonned by means of a variable-focal­
length lens (Fig. 111-4), placed between the vidicon and 
the mirror assembly. The focal length could be varied 
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P19. 111-2. Miner a11emltly of the lun•r• televl1len 
camera. (a) lun•r• I televl1lon .... .,. heN anti •lnw 
a11emltly. A 1111all vl1or wa, allllell te the .., et the 
hooll on the lun•r• Ill camera. (ltl Mlnw a11N1W, 
anll rNNl9nell hfffl u1ell on luneron V, Vl,and VII. 
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fr<,m 25 to 100 mm, re1ultin1 in optical 8elda of view of 
about 25.3 to 8.43 d g, however, the camera wu always 
01,erated at ttfther the 25- or 100-mm focal length. Addi­
tionally, the lens auembly could be varied ba focus by 
means of a rotating focus cell. An adjustable Iris pro­
vided elective aperture changes from f/4 to f/22, In 
lncrem nt1 which resulted in chan1e of aperture area by 
a factor of one-half. The Iris could be controlled by com­
mand, also a,•ail~ble was a servo-type automatic lrt1 con­
trol, which adjusted the aperture area in proportion to ~he 
average scene luminance. A1 in the mirror usembly, 
potentlometen were geared to the Iris, focal length, and 
focus element, to allow detenninatton of these settl11gs 
for each picture. A beam splitter on the lc:m usembly 
sampled 10% of incident light for operation ot the 
automatic Iris. 

Light eneflY from object space wu converted to an 
equivalent electrical signal in the Image plane by the 
vidlcon tube (Fig. 111-5). The size of the image frame on 
the vidicon tube wu 11 mm square. A reference mark 
wu included in each comer of the scanned frame, which 
provided, in the video 1ipal, an electronic level repre­
senting optical black for the scanned image. In the 
normal, or 600-line mode of operation, the frame wu 
scanned once each 3.8 sec. Each frame required nomi­
nally 1 sec to be read from the vidicon and required 
UD-kHz bandwidth for trammwion. In the second mode 

2a 
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P11. 111-1. Yldlcen tvlte ef the lu,~e,., televltlen caMeN. 

of operation, one 200-llne fnme was scanned each 81.8 
sec. Each frame required 20 sec to complete the video 
tnnsmlulon and utflizec:I a bandwidth of 1.2 kHz. 11111 
200-line mode was used for omnidirectional antenna 
transmlulon from the apacecnft. 

A mechanical focal plane shutter, located between the 
camera lens assembly and the vldlcon Image sensor 
(Fig. IJ1-8), oould be operated in two modes. In the 
nonnel mode of operation, upon earth command, the 
shutter blades were sequentially driven by rol..ry sole­
noids acrou an aperture in the shutter hue plate. 'l1le 
time interval between the initiation of each blade deter­
mined the exposure interval, nominally ISO msec. In the 
other abutter mode, the blades could be positioned to 
leave the aperture open and the frame scanned every 
S.8 sec during 800-line opentlon or every 81.8 sec during 
IOO-ltne operation. Thu open shutter mode of operation 
was useful in the imaging of scenes with low luminance 
levels, such u the sky with stan, and planets and the 
lunar surface illuminated by earthlfght. 

A third operational mode, us,.,.:, for stellar observittom 
and lunar surface observation under extremely low h1mi-
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••· 111-6. Shutter •11•W, ef the lvwer• televl11M 
Ctllll ... 

nance condittom, ii referred to u an intepating mode. 
This mode also could be applied, by earth command, to 
either the IOO- or 800-line scan mode. The shutter of the 
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camen wu commanded open and the vidicon allowed 
to accumulate light c,nc,rgy from the soene, after whicb 
the abutter wu commanded cloae,I and the frame read 
from the ,•ldk'On. Pich,'•"' could Ix- taken when scene 
lumi.nance wu u low u 0.008 ft-L with the integrating 
mode. 

Two photometric/colorimetric reference tarseta were 
mounted on the spacecraft within view of the camera 
(Fig. 111-7). These target,, one mounted on omnidirec-

tional antenna B and the other on the apamcraft Jes 
adjacent to footpad S, were oriented ao that the line of 
slpt of the camera, when viewing the tarset, WU normal 
to the plane of the tarset. Surw,or VII had one addi­
tional target mounted on omnidirectional antenna A. 
Each target wu identical and contained a aertea of 
IS pay wedpa arranged ctrcwnferentially around the 
target. In a~ ;mon, three color wedges, whose CIE 
chromatictty coordinate, are known, were located radially 
from the target center. A series of radial lines wu lncor• 

P19.111-7. Surveyor V picture of photometric reference ta'9et mounted on 1•1 2 of the spacecraft. The 
Iray atep1 are Indicated by numben;. A small pin protrude, from th• cen~~, • the ta'9et and ca1t1 a 
1hadow downward acro11 the tare•t (September 16, 1967, 04136125 GMT). 
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TaWe 111•2. Ce111,-t1 .. n ef luwere, c•111.,. ch•,.cterl1tlc11 600-Nne 111etle 

a. ........... ,_.,...,, 
D,-.kr■111• u,, 
................. , .... ,4 .. H.4 
HerllMtel , ... H•• , • ..,.._ et 600 ll11e1 0,17 

(et ceftter ef v14'1Clellt 

Yertlcel rel•H•• ,. •• ,... et 600 """ Net tett-4 
(et Ceftter If ¥14'1C1eftt 

11■,• ef ,,..._ tre111fer ct.er•cterl1tlc curve 1.4 

porated in each chart to provide a gross estimate of 
camera resolution. Finally, the chart contained a center­
post, which served as a gnomon, to aid in determining 
the solar angles after lunar landing. 

The basic camera design, used on the ftnt three suc­
cessful Surveyor miss.ions, was later tmproved for the last 
two Rights. Advances were made primarily ln mirror 
movement accuracy and, most important, in ftlter posi­
tioning and intermediate iris control. 

The sensitivity and dynamic range were different for 
each Surveyor camera. In general, however, this was not 
a serious problem during mission operations because of 
the large range in iris and shutter capability. A com­
parison of the camera characteristics on each 8ight is 
given in Table 111-2. 

I. Categories of Pictures 
R. M. 8atson and K. 8. Larson 

Surveyor television pictures were taken in s<-,quences 
called panoramic surveys 1md in other sequences de­
signed to obtain optimum photographic coverage of areas 
of special interest. Panoramic surveys cover the area from 
M deg below the camera horizontal to the horizon. A 
mechanical stop, 132 deg counterclockwise and 225 deg 
clockwise from the 0-deg azimuth, prevented taking 
pictures in a very small sector. During the Surveyor I, 
Ill, and V mis~fons, no pictures were taken to the left of 
the 12t ,-deg a1Jmuth or to the right of the - 213-deg 
azimuth becau~e of the possibility that the camera mirror 
might stick on one of the end stops. Stronger azimuth 
stepping motors were used on the Suroeyor VI and VII 
cameras, rl1aking it possible to take pictures at the end 
stops without the danger of sticking. Panoramic surveys 
were taken in both wide- and narrow-angle lens modes. 

Narrow-angle panoramas were taken to record surface 
detail with the highest resolution possible. Between 900 
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....... .. .• ,.v .. .... w ... ,,.w 
1.,., 1'.4,1 U.4,1 ''·"' " "·' 40,0 "·' O,H 0.'1 0.20 0.10 

0.17 0.40 0.46 O,H 

1.4 I.I I.I O.tl 

and 1000 pictures were required to record the full pano­
rama in the narrowwangle mode. These pictures were 
taken every 8 deg horizontally and every 5 deg vertically, 
until the entire area visible to the camera wu photo­
graphed. Successive horizontal rows of pictures were 
offset 3 deg from each previous row to avoid gaps in 
coverage. Iris and focus were set at their optimum values 
for recording lunar surface detail. Figure 111-8 (see Table 
111-3) is a dil\grammatic representation of survey pano­
rama sequences in the narrow-angle mode. 

Taltle 111-3. Calll,ratecl ca111era elevatlen1 lln ., .. , •• ,, 
for elevation 1tep1 ll1ted In Pl91. 111-1 and 111-9 

........ ..., .. ..,., ,. .. .,...,. lwn,-V ,-.,...,w .. .,...,w 

0 -61' -66.7" -10.,' -69.91'» -69.91' 

' 
_., .. 

-61.7' -65.t' - 6,.t7'» -6'.91' 
2 -51' -56.1' -60.t' -59.t7 -5'.91 
3 -53' -St.I' -55,2b -54.97 -54.97 

' -'8' -'6.9' -50.211 -'9.95 -'9.96 
5 -o' -41.9 -45.3' -'4.95 -'4.96 
6 -H' -37.0 -,o.3 -3'.96 -39.94 
7 -33' -32.0 -35.3 -34.97 -3'.9' 

• -21' -27,0 -30.3 -29,96 -29.93 
9 -:3' -22.0 -25.3 -24.96 -2'.tt 

10 -1111 -11.1 -10.3 -19.95 -19,9' 

" - I 3b -12.3 -15.5 -1'.96 -14,97 
12 -•' -7.2 -10.6 -9.96 -9.96 
13 -3b -2.2 -5.6 -4.96 -4.91 

" 
21) 2.9 -0.1 0.05 o.o, 

15 7'» 7.9 ,.3 5.06 5,03 
16 12' 12.1 9,3 10,05 10.05 
17 11'» 17.7 "-' ,s.o, ~ 5.03 
II 22b 22.7 ""' 20.0, 20.0, 

" 21' 27.7 24.3 25.05 25.05 
20 32b 32.6 29.2 30.05 30.03 
21 37'» U.1 :ss.o4 U.99 
22 40.04 3'.91 
23 45.05 "·" 

•TIie ~ ....... ,. ""· 111·1 .... 111., • .,. Nt nM •• ,. .. tlla....,., I 
••la•, IHlt tlle ... , .. , '"'""' I .,..,... ... .,. ..._.. .._. fat ,.,.,_ce, 

~•IM Ht a,eclflcally calllntell, 
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Panonmu could be taken ba the wkle-anp mode bl 
about CMM-tenth the time, and with about one-tenth the 
number of pictures required for a panorama of nurow­
aqle picturet. Althoup wide-angle s.,,,,.,, picture, 
have only one-fourth the anpalar resolution of the narrow­
ans)e pictures, wide-anp survey panoramu were useful 
for reconnauunce examination of the landin1 1ite1 when 
hip resolution wa, not eaential or when time clkl not 
pennlt the taking o( nanow-anale survey panonmu. 
Flpre 111-9 ii a diapammatk "'l)l'ftftltation of the 
survey panonma sequences for the wide-anpe mode. 

Colorimetric or polarimetrlc surveys were taken by 
repeatln1 survey, at each Siter sett1n1, Some were taken 
according to standard panonmlc survey sequence,; 
othen were taken of small areu of special Interest, and 
consisted of only a few frame, In each Siter po1ition. 

Photometric 1urvey1 were taken to record chan1es In 
scene luminance u a function of the ansle betwNn the 

,, . 
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11111 and the surfaee and the camera and the aurface. 
Pictures in photometric IUrve)'I wen taken at 111ected 
Intervals aloq lines atendinl eut, west, north, and 
south from the camera. Special areu of 1U1pected photo­
metric anomalies were allC, photopaphed l)'ltematica,ly 
throupout each million. 

Photometric, colorimetric, and polutmetric data were 
not meuured on pictures taken dunn1 panonmAc sur­
veys because the photoanetnc response of the camera 
changed nonunlformly with time. It wu neceaary to ,top 
periodically durinl photometric, colorimetric, and polari­
metrlc 1urvey1 to take control picture, of callbnted color 
and photometric targeb mounted on the spacecraft. 

Pictures of ,tan were taken durinl each million to 
meuure the orientation of the camen with respect to the 
lunar surface. Durln1 the Sun,qo, Ill million, color 
pictures were taken of the earth durln1 lb 8nt quarter 
and during a solar eclipse. Dur1n1 the Su,wvor VII 
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P19. 111-9. Survey ,anora111a ••'lu•nce u1etl fe, wW ... ntlo 1110tle 011eratlon. Plchlret are taken In the order tlllown 
lty drclotl nu111lter1 at the ca111era a1lllluth1 anti elovatfon1 th•wn. loo Table HI-I fer a ll1t1n1 ef ca111era elevaffOII 
valuet In .... ,.., fer Nch elevation ,.., fer Nch Surveyor 111l11lon. Th••• tettuence, anti nu1111terln1 conventlen, 
were u1otl tlurl111 all Surveyor 111l11lon1 exc-,t Surve,or f, when vertical ••tauence, wero utetl. All111uth and elevatto., 
valu.. on the 11lct11re1 were the 1a111e fer Surveyor I at th••• thown In the ••C1uence1, ltut the ,ector nu1111ter1111 
convention wat tllfferent; ••I•, Surveyor I, tecten 1 ancl 2, were •C1Ulvalent to 1ecton 9 ancl 10, on all other ml11lon1. 
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million. pictures of the earth were taken throush polar­
lzin1 81ten throupout the Int lunar clay. The earth 
picture• were used for attitude detennlnatton a, well u 
for color and polarization experiment,. 

Focu1-nngtn1 surveys were taken to measure the 
topGiraphv -,f the near Seid at the landing sites. Ntne or 
more picture• were taken at succeaalve focus steps at 
each elevation along given azfmutha to detennlne the 
points of best focus for each focus •ttlnl, Focus-ranging 
surveys rontaln an avenge of 50 to 100 pictures per 
azimuth. 

Topographic computations were also made by measur­
ing the Images of shadows on pictures taken at dUfen-nt 
times during the lunar day. Shadow progression surveys 
were taken at regular interval, during each Sun,er,or 
mtssfon. These surveys usually consisted of 1 to 24 wide­
and narrow-angle pictures of the shadow of the space­
craft aa it moved across the eastern temtn during the 

lunar aftemoon. Durtn1 the Su,,,.,, VI million, shadow 
pn>pe'Jllon 1urvey1 allO were taktm from the second 
camen poaltlon of the oripnal lites of cnnta<-t hetween 
the lunar surface and the spacecraft in its 8nt location. 

Special area 1urvey1 comllted of a sertn of small 
1urvey1 of ar,acecraft parts and spacecraft/surface con­
tact areas. These were taken to eumlne parts of the 
1pacecraft for pouible dama1e and to eumlne the Inter­
action of spacecraft parts with the lunar surface. When 
panonmlc surveys were taken. the camera iris and focus 
were set at values appropriate for the lunar surface; 
duling the special area 1urvey1, they were set at values 
appropriate for the 1pacecnft parts. The 1equences of 
these surveys were rnodifted slightly on each mission. 

The solar rorona wu photosnphed after ll,nar sunset 
on the Sun,~, I, V, VI, and VII missions. These survey,. 
which consisted of a aeries of wide- and narrow-angle 
pictures taken alon1 the western horizon immediately 

Taltle 111-4. C• ... •rle1 ef 1tlcture1 taken ltr the luwe,., calfte,.,• 

lww•~• twu,• V ,.....,w lwu•• W 

c.e..-, ' ...... .... .,.,. , ... , ,.,., Pint ...... ..... ,....., ,......, ""' ....... ..... _ ..... ., 
----

.... ., ..... ., ..... ., .... ., 
.. .,,..., .. "•'• , ......... 6,ASfb 251 3,HSb 6,601b ,,sio' l,3H1 f,'10 2s4 • 1,211 
Wl4•••ntl• ,.nor .... , 1,,so• 106 ,so' 2,509' ,oo' 1,2'1 1,227' ,,u, 
......... etrlCIWftfl ,0 11," 2,ou" 2,2 .. 1 3,H .. 2,,.,. 10,100 
,._.,en,•t ...,.re 371 372 2n1 110 1,HI 1,AH 7,091 
,,., .... ,.,., ... r 2ft •' IOS 
Al,.._•ect1tterlftt....,_ent 30 75 21 252 HS ..,,,.,. 
..,._,., VII el,...,ect1Herlftt• 251 253 

....,_ent 4e,-p1ent eu,,e,t ,, 
lwt.ce•NM,.., erH Mftfl 151 Ito 1,0,s 
lwface•N•,e., .,., • .._. 707 1,503 2,210 ..,,,.,. 
~ecl•I erH eun,er,, ••fft•h, 1,119 us 653 2,613 1,015 t,d 2,062 1,'61 1,251 10d 11,159 

·"' .. 1ec ........ 
..... "" ,3' 121' '30 
lhmeMI ,1 .... ts 57 23 112 ,1 1'2 71 623 .... ,,.., ..... 202 11, 177 HS '" 161 2,AO• .... , ....... ., 11. HI 155 6'1 

, ..... 10,732 611 6,301 17,7'2 1,015 ., 12m 17,137 20,916 '5 17,JH 

11,350 6,301 11,170 2,,,1, 20,'61 17,JH 

•n. H•llllr et ,1ct11,_ Ila♦., fe, NC• •l•let1 ,_,, ...... Hie .... , 1111•llllr et ... , ............... ,,ctllfel. 
,1ct11re l-♦lfl..._11 ... 111tri. rec.I.- ~ UIOI ,,._ ll'L, C:.IIMtlell •l11ellNlat IOO-ll11e ,ictllfel eN ,idllNI ..._ .. ,_.. .a., fl.._., 
,,...., "1"''"' ....,.., 9N _,_, ... Nfff• Mell M tlleN fer Hie .... ,lct11,. 

'l11elM1e lOO-ll11e ,lctll,_ eN ,tctllfel ..._ .. ,.... ,.._,.11111 flltM. ,__... It twe D-, l,ece ......... , ..._ llet Mell IIICI.._. llt Hie ce1111t. Dlf• 
ferNCll ....... ttle .... lttlYN 11111111..a...-tlleNtlYN Ill le,.tl111 I ef ll11el11411 200-IIM ,....,_, 
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after sunset, were repeated at re,r.;lar interval, for several 
houn after aunaet. 

S~lal surveys were made of the entire area in which 
the surface sampler operated, and picturea were also 
taken durin1 the operation of the instrument. 

The alpha-1eatterin1 Instrument requin.-d only minor 
support from th television cam ra. Short pre-deployment 
surveys and ~rfodlc post-dt-ployment surv ya w~re taken 
to examine the Instrument itself for chang or damage. 
The alpha-scattering instrument was turned ov r durtn1 
th S11rveyo, VI hop, and part of its Interior was visible 
to the cam ra. Sev r,a.! pictures were taken of this art-a 
under different 1111•,ninatton. 

During the Surveyor VII mission, the alpha-scattering 
instrument did not deploy normally to thl' lunar surface, 
and the surface 1ampler wu used to deploy the ln1tru­
ment. This activity was 1upported by pictures from the 
television camera. 

Surveyor, V, \'I, and Vil carried 1mall bar magnets 
attached to the spacecraft footpads; Surwr,or Vil had 
an additional mapet attached to the scoop of the surface 
sampler. These were surveyed under varying illumi­
nations to investigate th m for accumulations of magnetic 
material. 

A small mirror, mounted on the mut of the Sun,,r,o, 
VI I spacecraft, was used to take stereoscopic pictures of 
a small part of the area in which the surface sampler 
operated. 

Table 111-4 lists the categories and numben of picture, 
taken by each SU""flOr camera. 

C. Location of the Surveyor Spacecraft 
E. A. Wltlfalcer 

1. Selenopaphlc Coordmate1 

From about 1913 to the present day, the bull for all 
selenographic coordinates has been the well known cata­
logs of Franz (Ref. 111-1) and Saunder (Ref. 111-2); 'f hus, 
the Orthographic Atlas (Ref. 111-S), and all the lunar 
mapa and charts prepared by the U.S. Air Force Chart 
and lnfonnatlon Center, including thole of pl'OpOled 
Apollo landing sites, depend upon these meuura. More 
recently, these meuures were checbd and combined 
into a single catalog by Arthur (Ref. 111-4). 
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New meuuremrnta have been made over the lut few 
yean by U.S. Army Map Service, U.S. Air Fora Chart 
and Information Center, Baldwin (Ref. 111-5), MIiia (Ref. 
111-8), Arthur (Ref. 111-7), and othen. At the time of 
writtn1, the most recent c:atalos ii that of Milla, which 
111e1 Schrutka-Rechtenatamm'• reduction of Franz'• mea-
1urr1 (Ref. 111-8) u control. A 10meWhat more extenaive 
catalog fa that b)· Arthur (Ref. 111-7), which ii to be 
published in late 1988 or early 1989.11111 catalos 111e1 the 
raw meuures m de on veral aet1 of platea taken at 
various Observatork-1, and again usea the Schrutka oontrol 
net; however, the absolute orientation was det rmfned 
from st r trails impreued upon a number of Yerkea 
Observatory 40-in. refractor plates. Typical dilt-rences 
among the various catalogs are shown in Table 111-5. 

T•ltl• 111-5. C.111,-rt1e11 ef the a.cetten ef three lun•r 
creten •• NttH 111 the catal .. , ef launtler, 

,,.,.,, Mlllt, •ntl Arthur 

CNN, ........... ,,...,A IJMIA 

C■lalet A, .. , ... A, .. , ... A, .. , ... 
.._., _,, ... -, ... _,,,, +10.0 +14,H +H.H ,, .... - - -ti" +20.4' +14.H +11.H 
MIit -O.ff -, ... -11,0 +10.0 +14A0 +11.,1 .,.,, -••·" -, ... -11.6' +10.'6 +14,H +ti.ti 

Of the four catalog,, that of Franz probably contains 
the largest erron, u it wu hued largely upon early 
Lick Observatory plates of mediocre quality. That of 
Saunder is generally oonstdered to be more accurate, 
being baaed upon Observatory of Paris and Yerkes Ob­
servatory plates of 1ood quality. The Mf111 catalog la 
bBsed upon meuuremenb made from 80 &Ima from the 
Observatory at Pie-du-Midi, and may be superior to 
the Saunder catalog, but it oontain1 far fewer points. 
The Arthur catalog may prove to be the most accurate 
of all, as it employs an improved determination of the 
position of the moon's axis with respect to the surface 
features. 

I. Location of Suf'NfO' I 

The Su,wr,or I spacecraft landed at a position esti­
mated from pre-landing tracldn1 data to be 2.49°S, 
43.32°W. An early attempt to correlate bright hilla on the 
horizon, visible in the Su,wr,or I panoramu, with topo­
graphic features on ACIC chart LAC 75 wu inconclu-
1ive, and led to a location situated well outside the 2c, 

error ellipse of the tracking data (Refs. 111-9 and 111-10). 
Whitaker repeat-,d the attempt, however, and obtained 
good correlation by ualng a low 1unriae earth-hued 
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photopaph of the np,11, aecured a few ~tM Nrlier 
with the Univenity of Arizona 81-ln. NASA relector. 
'nli1 yielded coordinates of m •s, 48.&t@W, w U within 
the 2. elltpae (Ref. 111-11). 

The completion of a narrow-anp fflOMic of Su,wwo, I 
plcturet of a part of the horizon contatntna both the 
brtaht hills and the shadow of the spacecraft at sunset 
made It pouible to detennine the true aelenopaphlc 
azimuths of the bdb without maldn1 reference to camera 
coordinates. Luna, Orbltn I mecllum-l'ftOlutton photo­
paph, of the area (the hiah•ret0lutlon photopaphs were 
not usable) showed that the oorrelatton between the hills, 
u viewed by Su~, I and Lunar Orbllr I, wu excel• 
lent. Thu narrowed the area of search for the location of 
Sun>elfO" I to an area S by 1 1cm (Fla, 111-10). However, 
the tuk of correlattn1 craten and other features visible in 
the Surwror I panoramu with similar features in the 
Lunar Orbiter photopaphs proved diSlcult primarily be-

Pit, 111-10. Part ef lutt• Ora.He, I ,.......,h M-210 
1hewln1 the ••1tectH II.) anti actual CS.t , ..... .,., ef 
lurYe,., I. The ,,,acecraft 11 vttlltle •• • tllffu•• INl1ht 
,,et. A anti I are reek 11Nw11 a11ten anti C It a ender 
1 IO m In tllam .... 

cause of the Inability to judp dlltancet, and hence dimen-
1iont, from the su,,,.,, :,enoramu. 

Suhlequently, re&ection data from the on-board radar 
doppler telllOl'I of the Su,wvar I spacecraft were made 
available (Ref. 111-11). Two distinct enhancement, In 
re&ectlvity recorded by the radar doppl r ret'elver 1 were 
interpreted by Whltak r u havtns been caused by the 
beam sweepln1 acroa two craten of anomalous appear­
ance (A and B, Fill, 111-10), u they wen of the correct 
orientation and spacin1. 

Othen workin1 on this problem uaumed that the radar 
enhancement• were caused by the opposite walls of a 
comparatively larp ( > 1 km) crater (Ref. 111-12). Thu 
pve a location that could not be reconciled with either 
the tracldn1 data or the hills on the horizon. 

The problem wu not lnally solved until the general 
area wu photopaphed in both medium and high resolu• 
tion by Lunar Orblt•r Ill. The location proposed by 
memben of JPL and ACIC wu searched without succeu. 
That propoaecl by Whitaker also wsa aearched umucce11• 
fully, althouah a brtpt, rock-like object cuting a Iona 
thin shadow wu detected close by. It wu not p011ible 
to reconcile the Su,wror and Lunar Orbll,r data until 
further work by Whitaker, et al., established the ldenti• 
&cation of the brtaht object cuttn1 the lon1 thin shadow 
u the Sun,~or I spacecraft. The anomalous craten A 
and B (Fil, 111-10) were found to be strewn with rocks, 
undoubtedly the cause of the enhancements in radar 
reflectivity. 

A re-examination of the Lunar Orbiter I photographs 
showed that Su,wror I wu visible u a brtaht spot on 
almost all frames that included the landed area; it can be 
seen in Fil, 111-10. An lnvntiption similar to Whitaker'• 
wu conducted by Spradley, et al. (Ref. 111-lS), .·ho 
arrived at the same results. 

The landed location of Sun,qor I wu carefully pin• 
pointed on Lunar Orbiter IV photograph H-143. '111e 
centen of 13 craten with known coordinates situated 
•~'OUDd this location were also pinpointed, Ulinl a small 
transparent overlat pmvfded with concentric circle, for 
accurate centerln1 of the craten. All 14 pointa were then 
transferred to a plutic overlay, and the positions of the 
IS craten, taken from catalop of aelenopaphic positions 
(Refs. Ill-!, 111-4, and 111-8) wen noted at the appropriate 
places. fllese craten and the source, of the coordinates 
are shown in Table 111-8. 
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, .................................. , .. ..... 
•N4 • ........... Ille '"811111 ef ..,..,_ I ... MM, 

Clllllf 
A, ... ,, .. ~- ,, .. ...... - - -,0.11 +o.u 

- .... o -0.01 +2.,, - -...... - - - ... 62 +1.11 ....... -0.11 +0.21 - -.......... - - - ... 21 _, .. , ........ ,, - - -"·°' _,,, .......... ,,. - - -,o,, ·-I.A• 

"···'"'" - - -,0,H -I.JI 
.......... 1 -•1.61 -1.0, -•1.61 -1.0, 

Pl1■1t"4D - - - ... 11 -1.16 ........ ,. -,s.ff -a ... -••·" -a ... 
........ ,c - - - ... IO _, .. , 
17001 - - -0.0, -, ... 

It will be aeen that two craten common to both cata• 
lop have idendcal coordinate,. atvin1 some con8clence 
In the accuracy of the meuurn. A compartaon between 
the coordinates given by Saunder (Ref. 111-2) and those 
luted in the tabulation, where duplicated. 1how1 a 
deftnite 1y1tematic dllerence in both A and fl, "nle mean 
value, are A(Arthur)-A(Saunder) = +0.01 °; fl(Arthur) 
-,(Saunder) = +0.01 °. 11ie coordinate, for point 37000 
were corrected by these amount, to brin1 them in line 
with the othen. 

A network of lines wu next dnwn, predominantly in 
the 1enenl directions eut-we1t and north-south. by 
joining thf' centen of appropriate cnten. By simple 
proportion, points were then marked on these lines giving 
the intenectt of each full degree line of latitude or longi­
tude, a, e_ppropriate. Because the Lunar Orblt,r photo­
graph wu taken nearly vertically and because of the 
small size and equatorial location of the area photo­
graphed, it was expected that the grid lines in the region 
of interest would depart less than 0.01 ° from linearity. 
This wu indeed found to be the cue. Local divergences 
in linearity of some of the latitude line, were directly 
attributable to one crater (37000), whose location wu 
lea, certain than the other craten. 11ieae intercept• were 
therefore ignored when drawing the grid. 11ie coordi­
nate, of Sun,eyor I were determined by 1lmple inter• 
polatton from the enclosing latitude-longitude line,. They 
are: 

43.22°w ±0.01 ° 

2.45°S ±0,01 ° 
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On the tndiltaaal S.UDder/l'nm sy1tem t would 
be '-'·••w. 1.41•1. t~ .,..w. erron \VeN not de­
duced •thematiaally hut wete hued upoa the deputu,e 
f,am hneartty al the ptcl lntel'IIOtl . 

3. Lontloa el......, Ill 

The lanclecl location of the Su""'°' Ill lplCICNft wu 
pinpointed (Ref. 111-14) on L.,,.., OrN#·IV photopaph 
H-125. u were the followina elpt meuured pomta: 
Milla SOJ, Cambut R, Fn Mauro B. Saunder ISS, 
Lansbera fl, Euclldes JC. Arthur 840'J511. and Lambers N. 
Adopttna a similar procedure to that used for Su,.,.,, I, 
the followtn1 coordinates were determined for s.,,.,.,, 
Ill: 

IS.M•W ±0.01 ° 
1.97°S ±0,01 • 

On the Saunc:ler/Fnnz 1yate,11, these would be M.84"W, 
2.99•S. 

4. Location of s..,,.,, V 

111'1 landinl point of s.,,,,.,, V wu situated IOffl8 

distances away from the nominal aiminl point. The coordi­
nates of the landed position. obtained from the pre-landina 
tncldn1 data, were IS.19°E, 1.5C>0 N. Thia location, IIC• 

cordin1 to the ACIC charts, ii situated at the weatem 
extremity of Lunar Orbltn V photopaph H-78, the only 
high-resolution fnme of the entire Lunar Orb#•r aeries 
to include it. 

Becauae it landed in a ,mall enter, S.,,,,.,ar V 
obtained a foreshortened view of the 1urroundin1 tenain. 
Although many temin features seen in the Surw,c,, V 
panonma appear to be too small to be seen in Lunar 
Orbiter photograph H-78, this frame wu ae.;..!'Ched ex­
tensively, but unsucceufully, in the appropriate area for 
point, of correlation (Ref. 111-15). 

11ie beat post-landing tnckin1 coordinates available 
at the time of writing were 23.f0°E ±0.00°, l.-d0 N 
±0.01 °, a In order to note this position with respect to 
the western border of Lunar Orblt•r V pbotoaraph H-78, 
Lunar Orbiter IV photograph H-85 wu uaed u a bue. 
A local pid wu constructed on it. u described for 
Suroer,or I, uaing the ftve control points Sabine B, c. D, 
E, and Ara10 CA. The tracked location wu then pin• 
pointed on this fnme, and by noting its position in 
relation to nearby topographic features. transferred to 
Lunar Orbiter V photograph M-74. the beat quality 
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P11, 111-11. Part of Lunar OrlJlfer V photo1roph M-74 
1howln1 the estimated po1ltlon of Surveyor V and error 
elllp1e obtained from po11-landln1 tracldn1 data. The 
boundary of Lunar 0rlJlfer V photo1raph H-71 11 alto 
Indicated. 

medinm-resolutton frame of the area. The probable error 
ellfpse was added, also the boundaries of l ,unar Orbiter V 
photograph H-78 (shown in Fig. 111-11). All topographic 
details visible in the Surveyor V panoramas are too tmall 
to be visible in this photograph. This process revealed a 
systc '.natic error amounting to 0.1 ° in longitude on the 
ACIC charts of the region (RLC 7 and 8). 

5. Location of Surc-,o, VI 

The landed location of Surveyor VI was pinpointed on 
Lunar Orbiter IV frame H-108, as were the following 
measured craten: Pallas D, Flammarion A, R~aumur X, 
and Oppolzer A. The Surveyor VI landing site fell close 
to the edge of Lunar Orblte~· photograph H-108, which 
prevented the inclusion of control points on the west 
side; it was, therefore, necc...:.sary to use the overlapping 
frame H-102 on th~ west. A number of fiducial points in 
the overlapping portion was provided by pinpointing the 
craters Oppolzer A, Bruce, Mills 449, Reaumur Y, Blagg, 
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R,aumur D, and Seeliger A on frame H-102 and con­
structing an accurate coordinate grid between these 
points and a number of grid intenects pinpointed on 
H-108, using the Jocal topography for positioning. Using 
these intenects and the four craten already noted, it was 
possible to construct an accurate (Did enclosing the 
Surveyor VI location. The coordinates were measured 
to be: 

1.40°w ± 0.01 ° 
0.5.'3 °N ± 0.01 ° 

On the Saunder/Franz system, thtse would be 1.39°W, 
0.51 °N. 

8. Location of Surve"or Vil 

The methods used for obtaining the positions of 
Surveyor, I, Ill, and VI could not be used for determin­
ing the location of Surveyor VII for two reasons: ( 1) The 
selenographfc grid is not selenodetic; i.e., it assumes the 
moon is spherical. For points elevated above the mean 
sphere and situated some distance from the center of the 
moon's disk, measured coordinates are greater than the 
true coordinates. (2) At the latitude of Tycho, latitude 
circles are sufficiently curved to cause further difficulties 
in att, ·mpting to draw a grid. 

The following method was therefore adopted for deter­
mining the location of Surveyor Vil. A careful comparison 
was made with respect to the local terrain, between Lunar 
Orbiter V frame M-128 and a photograph (123) taken with 
the 100-in. telescope at Mt. Wilson, which enabled the 
transference of the pinpointed Surveyor Vil location from 
the former to the latter. As this photograph was used as 
a basis for sheet D7a in the Orthographic Atlas (Ref. 
111-3), it was then possible to transfer the point accurately 
to this sheet. The coordinates of the point, as read directly 
from the -ci-eta grid, were xi, - 0.1500, and eta, -0.6550. 

Next, ft was necessary to check the accuracy of the grid 
in the general area. The centen of 13 features of known 
position were marked, and their apparent positions read 
fro~n the grid. These readings wen• then compared with 
the Saunder catalog positions (Ref. UI-2) and the mean 
systematic erron noted. These amounted to - 0.00023 in 
xi, and + 0.00007 in eta. Thus, the corrected position was 
-0.H502, -0.6549, or 11.46°W, 40.91 °S. 

If the :iurveyor location is now assumed to lie 1 km 
above the measured craten, then these figures reduce to 
11.45°W, 40.88°S (Saunder/Franz system). Allowing for 
the ~ystematic difference between this system and that 
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of Arthur in this region. the 8nal result ii: 11.47°W ± 0.02° 
longitude. 40.86°S ± 0,00° latitude. 

7. Summary 

Table 111-1 lists the derived selenographic coordinates 
for Surveyor, I, III, VI, and VII. As Suroer,or V has not 
been located on Lunar Orbiter photographs. the coordi­
nates from tracking data represent a best estimat~ of its 
location. The derived coordinates of the four located 
Surveyor, are repeated here: 

Surveyor I: ·i3.22°W ± 0.01 ° longitude; 
2.45°S ± 0.01 ° latitude 

Surveyor Ill : 23.34°\V ± 0.01 ° longitude; 
2.97°S ± 0.01 ° latitude 

Surveyor VI: 1.40°W ± 0.01 ° longitude; 
0.53°N ± 0.01° latitude 

Surveyor Vil: 11.47°W ± 0.02° longitude; 
40.86°S ± 0.00° latitude 

The probable errors refer to the precision of the deter­
minations with respect to the Arthur and Mills triangu­
lations, which show small systematic dUferences from the 
traditional Saunder/Franz network. 

D. Orientation of the Spacecraft and 
Televlslon Cameras 
J. J. Rennil,on and R. M. 8at1on 

The spacecraft attitude, n· ferenced to a local seleno­
graphic system, can be determined from three inde­
pendent kinds of data telemetered from the spacecraft: 
( 1) gyro error signals and strain-gage deflections on the 
spacecraft legs. (2) gimbal angles of the solar panel and 
planar array antenna, and (3) star and planet sightings 
with the television camera (Ref. 111-16). In addition, the 
attitude of the camera and the sp:icecraft can be eval­
uated from observations of the horizon; the east-west 
component of the camera and spacecraft attitude can be 
ac ·curately determined from measurement of the position 
of the western horizon in camera coordinates and the time 
of sunset 

1. Gyro Error Determination of Spacecraft Attitude 

The gyro error signals are initiated by the rotational 
changes from the ~pacecraft inertial coordinate system 
to the final landed attitude. The reference coordinate 
system before these changes occurs ts the "attitude hold" 
orientation of the spacecraft during descent. This refer­
ence is established when the spacecraft is about 13 m 
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above the surface. At this altitude, the 1pa~raft's Z axis 
may not coincide w!th the local vertical; however. the 
maximum mlsaligument is seldom larger than 1.45 deg. 
Once on the surface. the leg strain gages oler further 
corrections to this attitude detenninatfon. 

I. Antenna/Solar Panel Posltloner (A/SPP) 
Determination of Spacecraft Attitude 

Another method of attitude determination of the 
Surveyor spacecraft Is through the use of the solar panel 
and planar array gimbal positions. Measured sun and 
earth sightings of the A/SPP are transformed to agree 
with the local selenographic sun and earth vectors. The 
attitude of the spacecraft is obtained from the difference 
between the sun and earth vectors measured by the A/SPP 
and the true selenographic sun and earth vectors. 

In practice, the measured gimbal angles of the A/SPP 
must be corrected for many errors. These erron arise 
from mechanical and electrical imperfections. They cause 
the angle between the earth and the sun, as determined 
by the A/SPP gimbal positions (the vector dot product), 
to differ from the true selenographic angle. In computing 
the rotational matrix that defines the attitude llf the space­
craft, the contribution of these erron must be mf nimized. 
Statistical methods were applied to determine the mag, 
nitude of the errors involved and their effect on the 
determination of the spacecraft attitude. These methods 
made use of pre-ftigl- 1 calibration of the erron in the 
gimbal angle positions and population studies of the 
errors in the rotational matrice, •Jsed in calculation of 
the tilt of the spacecraft. From the many sun/ earth 
sightings made during a Surveyor mission, a final matrix 
was obtained which minimized the erron in the d~ter­
mination of the spacecraft attitude. 

:J.. Television Camera Determination of Spacecraft 
Attitude From Star and Planetlll')' Observations 

Star and planetary observations with the television 
camera will yield an attitude matrix relating camera co­
ordinates to selenographic coordi1"ates. If the rotational 
matrix for camera coordinates to spacecraft coordinates 
ts known, the attitude of the spacecraft can be found. 

Erron inherent in the television observations of ~ 
stan and planet are numerous. Some errors can be dete:.-~ 
mined accurately, and thus a full correction can be made, 
other errors can be estimated only. Those en'On for which 
the Surveyor cameras were calibrated are: 

(1) Image nonlinearity. 
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(2) Departure of actual focal length from nominal focal 
length. 

(3) Mllallgnment and rotation of the vtdicon. 

(4) Mirror pointing Inaccuracies. 

Enon for which Incomplete or oo calibration wu made 
include optical axil/mechanical ub mllallpmont, 1em 
dbtortlon, and variations of all these erron u a function 
of temperature. Corrections for erron are usually per­
formed in the order given in the following paragmphs. 

Image nonlinearity. The reseau, consisting of a 5 X 5 
matrix of dots deposl ted on the vidicon faceplate, corrects 
for nonlinearit). The buic assumption made in this cor­
rection ls that the reM"au is distorted linearly in the same 
manner as the image data. Programs used to correct the 
image data consist of solving the equations formed by 
the cross ratios of the stellar image coordinates and those 
of the surrounding four closest reseau marks. 

Lena dutortlon. Only one prototype lens of the Sun,eyor 
cameras was measured for detailed distortion characteris­
tics; however, flight acceptance curves were obtained for 
radial or saglttal distortion on each flight lens. These 
curves can be accurately described by a fourth-order 
polynomial equation. 

Departure of actual focal length from nominal focal 
length. The calibrated focal lensth determines t:he angu­
lar scale of the picture. 111-, image coordinates are repre­
sented as angular displacements in azimuth and elevation 
from the coordinates of the center reseau. 

Misalignment and rotation of the oldlcon. Misalignment 
errors of the camera opt!cal axis with the center reseau 
on the vidicon and mirror azimuth axis 1&re known to 
exist. Because they were minimal, they are not considered 
in the preliminary data reduction. The rotation of the 
vidicon as well as the mirror pointing angles determine 
the stel,.tr vector in camera coordinates. 

Mirror pointing lnaccuracle,. Pre-flight photo~n·,v 
metric tests of the Surveyor cameras provi.Jed e~t hmtt1.1s 
of the mirror pointing inaccuracy of each S-uroeftl', i.;aTt,erA 

except that of Surveyor I. The errors of mirro1 point­
ing were sufficiently small as to have a minor effect on the 
attitude determination, and therefore were not considered. 

Once the stellar vectors are determined in• camera co­
ordin'1tes, the camera coordinate to spacecraft coordinate 
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rotational matrix transfonns these vecton to spacecraft 
coordinates. From this point, the reduction follows the 
sam" procedures u the A/SPP attitude determinations. 

The rotational matrix of camera coordinates to space­
craft coordinates b one of the largest uncertainties in 
dett-rminlng the attitude of the spacecraft. Pre-Sight cali­
bration of thb matrix was performed only on Sur~c11or1 V, 
VI, and VII. Stationary points on the spacecraft were 
observed by the camera, and c:orrections to the camera/ 
spacecraft matrix were made after landing. 

Some variations In the standard de"latfon of the .. best­
Rt" attitude matrices have been attributed to slight 
changes In the attitude of the spacecraft on the lunar 
surface. Operation of the camera mirror and A/SPP step­
ping moton caused large oscillations to be imparted to 
the spacecraft. Flexibility of the legs of the spacecraft, 
particularly in those cases when the shock absorben of 
the legs were not locked, also caused movements of the 
spacecraft. Monitoring of the horizon by the Surveyor VII 
earner .. showed variations in position of objec..1s on the 
horizon up to 0.2 deg during the lunar day. 

Table 111-7 lists the camera attitude in se!enographic 
coordinates for each successful mission. The attf tude was 
derived from observations of the stars and planets. Table 
111-8 lists the combined spacecraft attitudes for each ·• \ , 
mission from the three sources of data: gyro error, A/SPP l 
position, and television camera observations. The relation- I 
ship of the angles of spacecraft geometry is shown in 
the sketch. 

I 

I 
{ 
I 

Table 111-7. Camera attitude, In Hleno9raphlc 
coorcllnate, 

,.,....., ..... ♦2, .. .. , .. 
.Svn-eyor I - 51.0 ±0.7 17.1 ±0.5 56.7 ±0.1 
5.,,..,.,,,, 221.5 ±0,9 22., t0.7 8'.0 ±0,9 
s.,,._,., V 263.0 ±0,7 33.5 ±0.5 21.6 ±0.6 
lv1·,eyor VI 

·•for• hop -19.5 ±0,2 15.3 ±0,2 '9.5 ±0,2 
After hc:Jt -32.3 ±0.2 12,2 ±0.2 51.3 ±0.2 

S11,._,o, VII 196 5 ±0.5 1,.0 ±0.3 51.6 ±0,5 
During "'°'' of day 

•• •1111• .. the ca•.,. tllt vect.r •-11,..i 111 the llerl1e11tal pl•u fre111 l11Nr 
Net, 11e1•tlve ce1111tercleckwlM •Ml 111911tlve cleckwlM 

•• vertlcal •1111• ef the c•,.,.,. tllt vecter •-11red fr•• lec•I vertlc•I 
·• llerlse11tal •111le fre• the ca•.,. tllt Yeet.r te the c••.,. O·det esl•11th 

11191ltle11 
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.......... TIii•••.._.,,, .. "" .......... , .. 
....,.,, o., 
..,..,., Ill 12.0 
aw..,.,v lt.5 ± 0,1 
a.,,..,., V lf.7 :± 1.S 
lwN,., VI , ., ± 0.7 
--..,., VI , .o ± 2,1 
1.,,..,., VII 1,2 ± 0,. 

+r 

SOUTH 

G 1111111111th ., tllt dlrtctl111 IIINtllred ,etlth,e clecliwlN fre111 +x •• ,. 
tJ 111e1111t11de ef tllt "'"'"'" peellli,e clecliwlN fre111 -I•••• 

2H 
,,2.1 
262 .• ± 0,1 
HO.I ± 1.5 
,07,1 ± 0.7 
'1.S ± 1,1 

27t,O ± 0,• 

ZENITH 

f "" .... , •• , +r .. ,, '""' "'' IIINtured peeltli,e clecliwlN 111 '"' 9"Ctcreft't .. ,,, .... 

Spacecraft attitudes were verifled by an independent 
method of computing the position of the horizon in camera 
coordinates. If the horizon were a circle with the camera 
in the center, il could be plotted on a cylindrical pro­
jection in camera coordinates as a sinusoidal curve, the 
amplitude of which ( above or below the 0-deg camera 
elevation) is equal to the magnitude of camera tilt. The 
camera coordinates of two or more observed l)<'lints on 
the horizon ( diftering in azimuth by 15 to 165 deg) would 
be sufBcient to determine the camera tilt and the azimuth 
of camera tilt. The orientation of the camera parameten 
can also be determined h, the case of a camera displaced 
from the center of the horizon circle, if the magnitude 
and direction of the displacement are known. 

Errors inherent in computing the attitude of the space­
craft by horizon measurement are the same as those 
listed for reduction of stellar observations. In addition, 
no horizon viewed by Surveyor was perfectly sme>t>Ji, 
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and departure of the observed horizon from the theoretical 
horizon may aoo lead to erron in attitude determination. 
At most Surveyor landing sites, however, the observed 
horizoi. is sufBciently close to the theoretical horizon that 
when large numben of points on the horizon were used 
in several oombinations, the standard deviations in com­
puted camera attitude were small. 

Most of the observed horizon points used in this kind 
of attitude computation are selected by subjective inter­
pretation, but the location of the thffl>retical horizon in 
places can be determined more rigorously. For example, 
several distant ridges of known height were visible along 
the northen. horizon at the Surveyor I landing site. The 
vertical angles between the theoretical horizon and the 
summits of these ridge, therefore, could be computM as 
a function of the height and distance of tbe ridges relative 
to the camera. The accuracy of thu computation is pri­
marily a function of the accuracy with which the heights 
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of the ridges are known; In this cue, It wu about ±0.1 
deg. Several data poinb Wflre added to the detenninatlona 
of horizon position for Sun,er,or I by this computation. 

A single point w • added to the data set for each 
Sun,eyo, by computing th location of the theoretical 
western horimn as a function of th time of sunset on 
the camera. Because of topographic prominences west 
of the spacecraft, sum1et came earlier to moat Sun,eyor, 
than that predicted from ephemeris data. 'nle angular 
height of these prominences above the theoretical horizon 
could thus he computed as a function of the time differ­
ential between actual and predicted sunsets at each land­
ing site. The selenodetic lan<iing site locations and the 
actual sunset times for each Surveyor mission are known 
accurately enough that the location of the western horizon 
can he computed within approximately ±0.15 deg. 

Table 111-9 shows the camera attitudes determined 
from horizon measurements. Most of the measurements 
agree, within probable Umits of error, with those made 
hv the A/SPP and si:ar and planet sightings (Table 111-7). 
The large discrepancy in the different solutions for the 
Su. ··euor V orientation is in a north-south direction, and 
cannot be resolved by using the sunset data. 

Table 111-9. Camera affltude1 from horl1vn 
measurement, 

, .... ..., ..... ♦i, .. ♦a, .. 

Sunoe,or f -63 ±3 16,1 ±0,5 52 ±3 
SurYeyor Ill 227 ±2 23.5 ±0,2 13 ±2 
Sv:-Yeyor V (before 271 ±2 31.1 ±0.2 30 ±2 

S.ptOfflber 2', 1967) 
SvrYeyor V 271 ±2 33.0 ±0,2 30 ±2 

(&optOfflber 2', 1967) 
SvrY•yor VI before hop -22 ±3 15.4 ±0,3 ,1 ±3 

(before Nonfflber 17, 
1967, 10,32 GMT) 

SvrYeyor VI after hop -32 ±3 11.6 ±0,3 59 ±3 
(after NovOfflber 17, 
1967, 10132 GMT) 

Svrvoyor VII' (before 196,5 ±0,5 1'.0 ±0,3 51.6 ±0,5 
Jonvary 19, 19611 

SvrYeyor VII 19'.2 ±0,5 13.1 ±0,3 '9.3 ±0,5 
(January 19, 1961) 

•An •11!1110, 111IMll111111ent of opprHl111otoly 0,25 dot In tho tllrectle11 ef co111oro 
tllt opporontly ••l•tecl In the eptlcel train ef the lurYe,o, I co111ero. 

llfhe herlHn ot the lutff,o, \Ill lentllno alto wot too lrr .. uto, to 111Ne occurot• 
IIINt11re111enh, Therefero, th• ottllutl• of th• COIII.,. ot llttN '" Tolll• 111-7 ,. 
repNtN here, The lecotle11 ef the true w•te,11 herlHn, ot tloter111l11N f,0111 the 
tl111e •f 111neot, i,rovldotl on ottllutle tlotor111l11atlen cen1l1te11t with the vain. 
ahewn. The aocentl erlentotlen, relotlve to the flrtt e,lentotlen, wot tlote,111f11N 
lly 111-1110111enh of the ahlft In the ,..111en ef the truo herlH11, ot tloter1111ne4 
fre111 the ottltud• lltte4 In Tollle 111•7, 
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I. T.,..N1Phlc Mapplftl Methods 
II. M. la~,on 

Topographic and planimetric maps have been made 
from Sun,er,o, t levi1lon pictures by four baste techniques: 

(1) Focus ranging. 

(2) Stereoscopic pht>togrammetry. 

(3) Shadow me 1urement. 

(4) Photographic trigonometry. 

Focus ranging Is a near-Reid (i.e., within 10 m of the 
camera) mapping method that 11 based on the limited 
depth of Seid in pictures taken in the narrow-angle .node 
of the Surt1eyor lens. Pictures are taken at nine or more 
focus settings at each camera elevation position along 
a given azimuth. Small areas in best focus in each picture 
ttre located on u mosaic of focus-ranging pictures taken 
at speciftc focus settings. The camera azimuth and ele­
vation of the center of the area of best focus for that focus 
setting are determined by graphical measurement. The 
location of the point of best fncus on the lunar surface 
is then computed from azimuth, elevation, and calibrated 
focus distance. A point 10 m below the lntenection of 
the camera azimuth and elevation rotation axes is used 
as the origin of the coordinate system, and the .t-y plane 
of the sy-item is oriented parallel to the lunar level plane. 
Contour lines are drawn by interpolation l ctween control 
points. Planimetric features, such as crl.; ters and rock 
fragments, are plotted by reference to a grid system on 
the x-y plane consisting of lines of equal ,:amera azimuth 
and lines of equal camera elevation, as determined by 
focus ranging (Figs. 111-12 .md 111-13). 

Topographic maps can be made by focus ranging only 
if a sufficient number of control points is available. One 
focus-ranging survey (i.e., a survey along one camera 
azimuth) results in 50 to 180 picture3, taken at 5 to 20 
camera elevation settings and 15 to 25 focus settinss. 
For each survey, 15 to 25 control points are computed. 
A minimum of 10 focus-ranging survey~ is required to 
provide a sufficient density of control points to map the 
near Reid at a Suroeyor landh15"C site. 

Stereoscopic photogrammetry is the most accurate 
method for mapping the near field of Suroeyo, landing 
sites. Stereopsis is present in pictures of the same surface 
taken from two different locations. ii the relative posi­
tions of the two camera stations and the relative camera 
orientations at the time the pictures were taken are all 
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Pit, 111-12. Grid on an x-y plane con1l1tln1 of llne1 of e11ual camera a1lmutt, 
(radlatln1 llne1) and llne1 of •11ual camera elevation (curved llnH), Thi• 9rld 
wa1 u1ed to make prellmlnary planlmetrlc map, of the Surveyor I landln1 1lte. 

accurately known, then the locations of the features in 
the pictures can be computed by triangulation. 

Stereoplotting instruments provide a method of con­
tinuous analog triangulation. These instruments are used 
to recreate an optical, three-dimensional mode) of the 
surface to be mapped, which can be viewed and mea­
sured by the stereoplotter operator. This is done with 
an index mark in the form of a pvmt of light or a black 
dot, which appears to float in the three-dimensional 
model and which can be moved horizontally and verti­
cally in measurable amounts by the operator. The mark 
is coupled hy a mechanical linkage to a pencil or stylus, 
so that maps or profiles can be traced directly from the 
stereoscopic models. 

Stereoscopic mapping instruments have been in use 
for many years for terrestrial mapping, but none of them 
were designed to meet unique requirements imposed by 
stereoscopic pictures taken by Surveyor television cam-

J,L TICHNICAL 11,0IT 32· J 26$ 

eras. Measureme.1ts with these pictures must be made 
analytically, one point at a time, or with a stereop1otter 
specially designed for use with Surveyor lcJevision pic­
tures (Fig. 111-14). 

Shadow measurement is basically a technique for 
making a profile along an east-west line througla the 
spacecraft. Data from shadow measurements do not 
have sufficient dt.-nsity for contour mapping, hut are 
valuable supplements to other data from which the maps 
are compiled. The metbod utilizes the known size and 
orientation of spacecraft parts to compute the size of the 
shadows of these pam on the lunar surface. From 
the size of the im11ges of the shadows in the television 
pictures, their distance from the camera is computed. 
Camera azimuth, elevation, and distance to the shndow 
is then used to compute the location of the shadow on 
the lunar surface, with respect to the camera. The shadow 
of the television camera is used in the near field because 
it is relatively small. The shadow of the solar panel is 
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1119. 111-13. Trace of llno1 of ocaual camera a1lmuth and lln•• of ocaual camera 
olovatton on a natural lunar surface. Grids Ille• this are used to plot position, 
of planlmotrlc foatur•• (blocks, craters, etc.) at Surveyor landln1 1lto1. Thi• 9rld 
was made from focu1-ran9ln1 data taken at tho ~urvoyo, V landln1 site. 
Deviation of llnes from mathomatlcal symmetry 11 cauHd by uneven topo9raphy. 

used for disbmccs between 5 and 100 m. This shadow, 
which is epprodmately 1 m wide, is too large to make 
any bu~ ~ross topographic measurements in the near 
Reid. It ha~ ~C'en found to be an accurate (:::5%) way to 
measure distar,~c as great as 100 m from the camera. 

Small-scale mnps of the far Reid of Surveyor landing 
sites are made by correlating features visible on high­
resolution Lunar Orbiter photographs with feab!res re­
corded by the Surveyor television pictures. We refer to 
this technique as photographic trigonometry, or "photo­
trig." The method is based on the locations of the 
Surveyor spacecraft on Lunar Orbiter photographs. 
Heights of features visible on Lunar Orbiter photographs 
and Surveyor pictures are computed as a function of the 
distance of the feature from the Surveyor camera and its 
angular elevation with respect to the Surveyor camera 
and the lunar level. The former is measured on the 
Lunar Orbiter photographs, the latter on Surveyor pie-

tures. From the set of heights thus computed, contour 
lines are plotted by interpolation. The accuracy of these 
... ontour lines is a function of distance from the space­
cmft and density of control points in the immediate 
vicinity of the contour lines. 

It L, difficult to correlate features east or west of the 
spacecraft. During the lunar morning, features east of 
the spacecraft are difficult to see because pictures are 
taken directly into the sun, and glare obliterates much 
of the image area. As the sun rises higher in the sky, 
contrast drops and topographic features become difBcult 
to identify. In the lunar afternoon, features to the east 
of the spacecraft cannot be easily identilled because the 
phase angle in this area is low. Surface detail cannot 
be seen because the contrast generally is low at low 
phase angles, unless shadows arv observed. A comple­
mentary set of conditions applfos to the area west of 
the spacecraft. 
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Fl1. 111-14. Surveyor photo-restltutor. This Instrument wa, orl9lnally de1l1n•d to rectify monoscoph: Svrveror 
picture,, but ha, been modified for use •• an ana9lyphlc ,tereoploffer. loch prolector 11 • 1eometnc analo1 of 
th• televlslon camera. 01011 tran1parencle1, or 11dlapo1lffve1," made from stereoscopic pairs of picture, are used 
at Heh camera position. The prolectors and prolector mirrors are ,et In the 1eme relatlve orlentaffon, •• the 
camera at the time each picture wa, taken. One picture 11 prolectecl with red ll9ht1 the other 11 prolected with blue 
ll9ht on a white screen or platen. The operator WHrt spectacles with one red lens and one blue lens, enablln1 him 
to ••• the overlappln1 Imai•• a, • 1ln9le three-dim en slonal picture or model. A, the platen 11 moved vertlcally or 
horl1ontally, the point of ll1ht at Its center appHrt to float In the stereoscopic model. The horl1ontal position of the 
point of ll9ht 11 ploffed on the map manuscript over which the platen canla1e, or tracln1 table, move,. The vertical 
poalffon of the point of ll9ht can be rHd from a counter on the tracln1 table. 

F. Landing Site Maps 
R. M. Batson 

A topographic map of the landin1 site of Stm eyor I, 
the only Surveyor photographed by a Lunar Orbiter 
~pacecraft (Fig. 111-15 and Ref. 111-13), is being made 
by the photographic trigonometry method. The Air 
Force Chart and Information Center (ACIC) has cor.1-
piled a map of the site by stereophotogrammetric meth­
ods (Ref. 111-17) from the Lunar Orbiter photographs. 
The ACIC maps are being used in conjunction with the 
Surveyor pictures and the Lunar Orbiter photographs to 
make accurate correlations and topographic measure­
ments of the Surveyor I landing site. 

J,L TECHNICAL 11,011 32- I 265 

Only four focus-ranging surveys were taken during 
the Surveyor I mission; ~.,,nsequentiy, features ne11r the 
Surveyor I spacecraft caaa be located only approximately 
by assuming a datum and plottinf the location of the fea­
ture as a function of its vertical angle from the Surveyor 
camera and the height of the camera above the datum. 
Figure 111-16 is a planimetric map made by this method. 
Focus-ranging data were not incorporated into this map 
because thesP. data indicated that the surface was level 
within the limits of error of the method. Figure 111-17 
shows the profiles computed from focus-rangin1 me~ 
ments mRde during the Surveyor I mission. A shadow 
progression profile was also made along a line to the east 
of the spacecraft (Fig. 111-18). 
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Pl9, 111-1 S. Part of lunar or•lter Ill frame H· 1I3. Tho arrow points to the Surveyor I spacecraft. 

The photographic trigonometry method was flnt used 
to make a preliminary topographic map of the Surveyor Ill 
landing site (Fig. 111-19). Whitaker (Ref. 111-14) located 
the spacecraft by resection on Lunar Orbiter IV photo­
graph H-125, which was taken before the Surveyor Ill 
landing. The spacecraft landed in a large crater 200 m 
in diameter, and no features farther than about 150 m 
from the camera were visible. The topographic measure­
ments for the map in Fig. III-19 were based on a camera 
tilt of 23.5 deg along the 83-deg came1-a azimuth (Ref. 
111-14). Focus-ranging pro6les were n~t taken during th-~· 
Surveyor Ill mission, and no large-scale, near-fleld map;,, 
of the site have been r'repared. 

The landing site of Surveyor V was the first on 
which the focus-ranging method was used extensively 
for detailed mapping (Fig. 111-20). Shadow measurements 
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were also made; these measurements agreed with focus­
ranging measurements and were incorporated into the 
map as control points. 

Stereoscopic measurement of part of the Surveyor V 
landing site may be possible because of a shift in camera 
position near the end of the Ont lunar day. The shock 
absorben on legs 2 and 3 contracted and the legs com­
pressect Footpad 1 rotated about 1.4 deg, resulting in a 
vertical •eparation of camera position of approximately 
7.45 cm. This baseline should be sufBcient to make meas­
urements of the near fleld with about the same accuracy 
as that of focus ranging. 

Because Surveyor V has not been located on Lunar 
OrbUer photographs, mapping by photographic trigo­
nometry is not possible. 
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Pig, Ill• 11. Profll•• made from shadow progre11lon 1urvey1 taken during the Surveyor I ml11lon. Horizontal-to• 
vertlc.al scale ratio 11 1: 1. (a) Profll• made from the shadow of the televl1lon camera and solar panel as ~t moved 
eastward from the spacecraft during the mid-afternoon. Cb) Profile made from the shadow of the solar panel a, 
It moved eastward acro11 the lunar surface during the mid- and late-afternoon. 
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tour map of the Surveyor Ill landing sita. Contour lines were drawn by interpolation between control points computed by 
ic trigonometry method. Probable vertical accuracy is ± 0.5 m. 
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P19. 111-21 . Contour map of tho Surveyor VI lancllnI aite. Contour Hnot wore drawn by lntorp1 
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Dopro11lon contou,·1 are not 1hown. P,obablo vertical accuracy 11 ± 3 m. 
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THIS MAP WAI MA~'! IY COMIIIUTING RELATIVE HEIGHTS 0, ,uT­
URH DHIONATED IY LETTERS AND NUMERALS AND INTERIIIOL­
ATINO CONTOUR LINES llTWHN THEil POINTS. THE HEIGHTS 
Wfllll COMPUTED AS A 'UNCTION o, DISTANCE 'litOM THE 
CAMERA Al MUSUMD ON LUNAII or11rc11 zr 
,RAMl H-121, ,111AMt:LETS 214 THIIIOUOH 272, AND VEIIITICAL 
ANGLES A:J MUSUfllD ON $UIIVC'WJR 1lZ IIIICTUflEI . 

THE MAP IS IASf.D ON SPAClCflA,T LOCATION IY IIIHECTION 
OfllOINALLY MAD[ IY £. A. WHITAK[fl o, THE UNIVEMITY 0, 
AfllZONA . ADDITIONAL COflfllLATION 0, ,uTUIIIH WAS MADE 
IY K. I . LAIIISON. 
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ntour map of tho Sun,eyor VI landln1 alto. Contour llnN were drawn lty lntor,olatlon ltetwHn control polntt coffl,utecl lty 
tr11onometry. ArHt known to Ito olt,curod to tho Sun,eyor VI cafflora have ltoon ollmlnatod from tho Lunar Orl,lf•r pho'°9N1th. 
ntoun are not 1hown. Proltaltlo vertical accuracy It ::t 3 m. 
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P11, 111-22. DlatMffl ef the luwe,., VI pan.,.ma, 1hewln1 centrel cerrelatlen1 u1ed te m•ke the m•tt In "•· 111-21. The 1 

•re the camere cNrdlnatN ef the ,aneroma. 
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All four mapplns methocla are beins med to map the 
Surwvo, VI lancllnl lit . A thoroup mrnlaHon of I • 
turn on Lunt1r Orb# , photopaph H-111, fnmeleta 
IN throup 171, hu been made with the Sun,qc,, VI 
ptctum. Many f turn are u far away u 800 m from 
the Su~ VI camen. At thla dlata~. an anpalar 
me aumnmt nror of 0.2 ~I ult, In an ~, In 
hetpt meuurement of ± 2.8 m. For thlt 1011 and 
beca.- of a relatively low dm,ity of c:ontrol points, a 
5-m contour Int rval wu used (Fla. 111-21), No f • 
turrt, wfth the nttptlon of the m,, II ",at r destgnatrd 
B-1. cocld he located and ldentlfk• • n1t of th •~· 
craft. thcrefon•. no mntour Unn were drawn In thll 
are . Areas obacured to the. Sun,e,o, camera haw been 
removed from t~ 1upertmpoaed Lunar Orblt,r mouic. 
Moet of tM i atun.1 In the Lunar Orbit , photogruph1 
1holald he, vl1ible In Su,.,.f/Of' pk:iurn, but they nwy not 
be identlftabl because of Su,.,.,,', forechortenc-cl view 
of the 1urface. 11le ck-8laded are • prohab'y are much 
more 1trn1iv than shown on this lllu1tratlon. Figure 
llt-~O. 11 a dtapammatlc N!pmentatlon of th location of 
th. futures In the Sun,qc,r panorama. 

The hop of Sun,eyor VI dt1placecl the 1per.ecraft :UM 
m hnrb.ontally ,• vertically - 0.12 m, and rotated It 
t'Ollnterclockwlle 4.25 ± 0.25 del, The ~ilt>lacement wu 
d ermined by fOCUI nnlfn1, Becauae of tM ch n1 In 
lllumln tlon nalet, both before and . ; •. ,r the hop, not 
all features rould be ldentl&ed on panoram • of picture, 
taken before nd aft r the hop, A 1lgnlftcant number 
rould he located, how ver, and planimetric maps were 
m de from pre- and post-hop focu1-ranstn1 surveys. The 
rotation of the spacecraft durtna the hop wa, measured 
by compartn1 azimuth angles to horizon ft,atum1 on the 
a11umptlon that these would not be aleeted by ~he par• 
all x hetw n the two camera positions. Focus-ranging 
planlmetrlc maps of th landing site before and after th 
hop were ■uperhnposed, with a .f.25-deg rotation. and 
manipulated latorally until a best 8t of featurei. was 
obtained. 111e result II shown In Fig, 111-23. Wh n 

1An tndependent meaunment made by OartltenNn, It aJ., WU 

obtatnecl by a dllennt method ( IN Section IV of thll Report ) . 

,,, flCHNICAl 11,0lf ff• INS 

,'ertal het1hta w n t'OlllputNI, It wu found that muth 
bftt eonelatlor, between pre• al'lcl polt•hop IIW"ft wu 
poaible If !j er., were 1uhtr.actecl from all helsht mns­
wement1 made Wore the hop. Flpare 111-M la the 
t'Olllpleted focua-nnstn1 map made fNII', ,urwys taken 
before and after the hop. Both spacecraft poeltionl are 
shown, and f turea tclenURed on both of data 
•re dt tlnpllhed froan thole lclentlftab on only one. 

The dllplac:ement In eamna po1itlon procllacl by the 
hop permitted the takln of st ffOICGplc pictures, These 
11r betn1 used to map the landln1 site In tlk, area be­
tw 5 and 1r.o m from the spacecnaft. The ,tereoaa,ptc 
led 11 dlflcult to uae, 1-cauae the hop took plac.-e very 

near lunar noon. when the sun wu htgh ared the con­
trut wu poor In pre• and poat-hop pictures. For thll 
reuon, the atereo1COplc mappln requlrn a mmblnatlon 
of point-by-point analytical meuumnent In conjunction 
with mn.•urement1 made with tlw atereoplotter shown 
In Fig. 111-14. 

The SufWUDr VII landtn1 site II betn1 mapped by 
combination, of all four mapptn1 method,. Fl1ure 
111-25 11 the map made by focus nnlfn1, 11ae only 
st reoseoplc elect In the su,.,.r,o, VII pictures wu pro­
duced over a small are about 0.25 m•, through the use 
of a mirror mounted on the spacecraft mut. 

A contour map of a small rock fnsment (Fta. 111-28) 
was made by 1t reott'Oplc meuurement1 of pictures 
talc n directly and through the mirror. 11111 (ragrnent 
waa pl ced In the ar covered by the stereo mirror by 
th surface sampler, Flt'Ure 111-17 la a lteNOll'8ffl ol the 
roclc showing the measured control points used for com­
pilation of the rontour lines. The map wu made entirely 
hy tht1 analytical method, one point at a time, throup 
use of a computer program developed at the Jet Propul, 
1ion Laboratory, 11ae entire area of atereoseoplc cover­
age on the Surw11or VII landln1 site II beln1 mapped 
by the um method and through use of the ume com­
puter program. A small-scale map of the SufWflCH' Vil 
site 11 also betn1 compiled by photop-aphlc tri&onometry. 
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P11, 111-23. Su,ve,or VI relative orientation,. Peatute1 shown with tcrHned llne1 were located by focu1-ran1ln1 
1urvoy1 taken before tho hop, feature, 1hown with 1C1~ld llne, wore '-catocl by focu1-ran1ln1 1urvoy1 taken after tho 
hop. Th• a"era1• hel9ht of footure1, mea,urecl by fo«.a.11 " ifn1ln1 before ancl after tho hop, lncllcato1 that tho 1econcl 
camera po1ltlon 11 12 cm hl9hor than tho flnt. Horlr.01ttal cll1placement wa, 2.54 m. Moa1urement1 of a1lmuth1 of 
feature, near tho horl1on Ctoo far from tho 1pacocraft to be affected by parallaa) lncllcato that the 1pacocraft rotatocl 
c~untorclockwl10 4.25 clo1 clurln1 tho hop. 
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• COAftll ,ftAGM[NTS 

CftAT(ft ftlMS 

IND£,iN1T£ CONTOUft LINE 

,uTuftts APPEAftlNO It. PICTUMS TAIC(N .,OM 
AND AFTtft TH£ SPACECftAH WAS MOVED Aft( 
,oftTftAY£D WITH SOLID ILACIC LINH. 

0 

,uTUftH THAT COULD ONLY It IDtNTl"ED 
ON ON£ SET 0, PICTUftts Aft£ 0£LINUT£D IY 
LINH THAT HAVE IHN SCftHN[D. THE 
LOCATIONS 0, S,AC[CIIIAFT PAftTS H,OM TH[ 
HOP Aft( ALSO ,OftTftAYED IY SCMENED 
SYMBOLS. 

D 
AftU 0"5CUft£D IY 

SPAC£CftAFT, POSITION i 

AftU OISC:JftfD IY 
SPACECRAFT, POSITION 2 

I 10 II 10 ft 

0 I I 4 Im 
----====!IC--Af!IIL1111[•1·111110r;===----

CONT0Uft INTERVAL 10 cm 
DATUM IS 10 m 1£LOW CAM£ftA MIMOft £L£VATION AXIS 

HOftlZONTAL AND VEftTICAL CONTIIIOL 
IY FOCUS IIIANOINO 

THIS MAP IS PIIIELIMINAIIIY. A FUTUftE EDITION 
WILL INCOftPOflATE ADDITIONAL Oft MFINED 
TOPOOIIIAP .. IC AND GEOLOGIC INTEIIIPlll£TATIONS 
AND HOIIIIZONTAL AND VEftTICAL CONTlltOLS 
OBTAINED IY FOCUS IIIANGINO, SHADOW MUS­
UIIIEMENTS, AND STEIIIEOSCOPIC PHOTOOIIIAM­
MtTRIC MEASUIIIEMENTS. 

MARCH IHI 
IIIEVISED JUNE IHI 

N 

f 
p (by Raymond Jordan) of the near fleld of the Surveyor VI landln1 site. Th• map was mad• from focus-ran9ln1 surveys taken 
the hop. Peatures that could be ldentJfl~d on one Ht of pictures only (taken either before or after th• hop) a•• ,hown with 
he locatlon, of spacecraft parts before the hop. All other featurH are 1ho·wn with solld llnes. 
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P19. 111-26. Contour map of a 1mall rock fra9ment at the Surveyor VII landln1 tlte. The map wa1 made lty photo-
1rammetrlc mea1urement of 1tereoacoplcally ob1erved control point, In the 1tereo mirror area. 
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P19. 111-27, lterfflralll et the fra1111ent ma,,ed In P19. 111-26, The numltered 11•lnt1 were uHcl te 
centrel the centeur llnH et Pl1. 111-26, 

G. O.OIOIY 

1. 11.eponal Setdn1t f. C. Morrl• 

The ftnt four successful Surveyor sp11cecraft landed 
on broad mare plains. Surveyor I landed on a gently, 
undulating mare surface partly enclosed by the rim of 
a large, nearly buried crater about 100 km in diameter 
(Fig. 111-28) in the southern part of Oceanus Procel­
larum. The mare material in the eastern half of this 
crater is considerably darker than the more typical mare 
material of Oceanus Procellarum, and the Surveyor I site 
is on the dark mare material. No large rays are found 
In full-moon photographs of this area. 

Surveyor Ill landed about halfway up the Inner, 
northwest-facing slope of a 200-m-wlde, subdued crater 
(Fig. 111-29) located in the eastern part of Oceanus 
Procellarum, about 120 km southeast of the crater Lans­
berg (Fig. 111-30a). The S:.rveyor Ill site is cro~sed by 
faint rays from the large crater Copernicus (Fig. 1'1-20b), 
400 km to the north. About 20 km west of the site, the 
mare surface is broken by rough, hummocky terrain and 
numerous isolated hills of the F." Mauro fonnation of 
Imbrian age (Ref. 111-18). Low mare ridges and hum­
mocky terrain form the eastern boundary of the smooth 
patch of mare material upon which Surveyor Ill rests. 

51 

Surveyor V landed in the southw~stem part of Mare 
Tranquillftatfs in the eastern part of the moon (Fig. 
111-31), about 70 km north of the southern boundary of 
the mare. The region is crossed by faint rays associated ,, . 
with the large crater Theophilus, SSO km to the south. 
The highlands to the west of Mare Tranquillitatis are 
characterized by prominent northwest-trending ridges 
and valleys, which are part of a system of ridges and 
valleys known as the lmbrfan sculpture. High-resolution 
Lunar Orbiter photographs of an area near the Surveyor V 
site reveal many craters about 10 m across which are 
also aligned In a northwest direction. Some individual 
craters are markedly elongate in this same direction. These 
craters may be drainage or collapse craters that are struc­
turally c.-ontrolled by subsurface fissures and fractures 
that are related to the lmbrian sculpture. Surveyor V 
came to rest in one of these small, elongate, rimless 
craters. The Surveyor V crater is about 9 m wide, 12 m 
long, and about 1 m deep. 

Sun•1yor VI landed In Sinus Medil, an Isolated patch 
of mare material near the center of the sub-earth side of 
the moon (Fig. 111-32). The surface of Sinus Medii has a 
higher average albedo than most of the maria. The de­
tailed shapes and trends of mare ridges, crater chains, 
and small shallow trenches on Sinus Medii reflect the 

J,L TICHNICAL 11,011 32· J 26.S 



Pl9, 111-29. Small part of lunar Orl,lfer Ill photo9raph 
H-154 1howln1 location of Surveyor Ill In a 200-m­
cllameter crater. The ,mall trlan9le repreHnt1 the true 
1l1e and orientation of the 1pacecraft, 

,,, TICHNICAL .,,oar 12- f 265 

Pit, 111-21. &.uner O,.ller IV 11heto••1th H• 141 of the 
Surveyor I landln1 1lte. HIiia north of the landln1 1lte, 
which are part of the rim of the lturled crater 100 km In 
diameter, can lte 1Hn In Surveyor panorama,. 
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Pit, lll•JO, The lurvere, Ill lalMI• 
Int tlte. ••• The ca..., La111Hf1 
■ntl ,.., ... to the Nuthwe,t thew. 
Int the lurye,., Ill lec .... 11 CIM■II 
clrcle), The lew eve11l111 ltlu111l11e­
tle11 ••tth•••••• the lew ••r• 
rltlt• ,._....,... nerthN1t ef the 
la11tll111 1lte entl the reu1h, hu111-
111ec•r te1t•1r•tthr 11erthwe1t •f 
the lendln1 •••• c,h .... retth t8ke11 
with the 12•1n. reflecter et 
Mchneld Olt1ervetory). Cit) le111e 
, .. ,.,. •• F11, lll•IO■ with full­
....... lllu111lnatlen 1hewln1 ,.a.. 
tlen1hltt ltetween lurYer•r Ill 
lecetle11 11111011 clrde) e11d C•tt•· 
nlcu1 ,.,, Ctth•t•1retth .. 1c.,. with 
• 40-ln, ref,actor at Yerke, Olt1erv• ...,,,. 
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P11. 111-31. larth•batecl, teleaco,lc ,h .... ra,h ef Mare Tra11t1ulllltatl1 a11cl the hl9hla11cl1 te the we1t. Pre111l11et1t 
northwe1t-trenclln1 rfcl1e1 ancl valley, In the hl1hla11cl1 •e ,art ef lfflltrfan acul,ture c,hot..,.,h t9kH threu1h 
th• 36-ln. refractor at Lick Olt1ervatoryt. 
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P11, 111-12. l•rth•INHH, teleace,1c 11h•teena11h ef the central , .. ,.,. ef the 111Hn, The white clrcl• 1n•cate1 the 
lecatlen ef lurv•r•r VI C11h•teera,h taken threu1h the 100-ln, teleec-,e at Mt. WIieen Olt1ervatery), 

dominant structural patterm that occur in the highlands 
that surround the maria. The most con1picuo111 1tructural 
p tt rn In the highlands ii the northwnt•trendtnl lmbrtan 
1culpture. The second most prominent set of linear 
1tructure1 11 a northeut-trendlng 1y1tem of acarp, and 
ridge, 

The most prominent topographic feature In the vicinity 
of the landed su,,,.,or VI ii a mare rkt1e about 40 Ian 
long that follow, a zig.zag pattem and trends generally 
east-weat (Fig. 111-SS). Individual elements of the ridge 
trend northwest and northeut. The ridge ii aomewhat 
smaller than ridges that have been atudled throup earth­
hued telest"'pea, but It ii the ftnt such feature to be 
studied from a landed spacecraft. 

62 

Su'"flor VII, the only 1pacecraft sent to a htpland 
area, landed on the outer lank of the rim of the crater 
Tycho, one of the moat prominent and well known features 
In the lunar highlands (Fil, 111-84). The crater ii sur­
rounded by the moat conspicuous and extenalve system 
of bripl rays on the sub-earth 1ide of the moon, From 
the cre1t, e~.endlng outward a dlatance of 10 to 15 Ian, 
the rim of Tycho II compoaecl of irrepllar hills and Inter­
vening depre8'tona. From 15 Ian to a radial distance of 
about 35 to .ffl km, the surface ii marked by numerous 
subradlal ridges and valleys, typically 2 to 5 Ian In length 
and ~ to 1 Ian In width, superimposed on a broadly 
undulating surface. Su,.,.r,or Vil landed about SO Ian 
north of the rim crest of Tycho on the part of the rim 
flank marked by these linear ridges. 
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P11. Ill-ii. L,inar Orttller II ,he...,.,h M• 11 I ef llnu1 Metlll. The lurv•r•r VI l■nllln1 1lte 11 lnlllcatetl lty the white 
clrcle. A 111■r• rlll1e, which ,-11e1 lu•t ,euth ef the lurve,or VI l■nllln1 11te, can lte '"" extenllln1 acre11 the 
center ef the ,1cture. 
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Fl9. 111-34. Luna, 0r•11e, V photo9raph M-127 of the crater Tycho and Its northem flank. The arrow points to the 
Surveyor VII lar.dln1 site. 
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The rim of Tycho la oomposed of debris, probably 
jected from the enter durirag Its fonnatlon, and a se­

quence of Sows that form mappable geologic units. Thtt 
Bows range in form from hummocky. steep-fronted Sowa 
to smooth-surfaced Sows without marginal scarps. The dif -
ferenc s in for. , are attributed to diffl'I ' 1<-e1 in viscosity 
of the Bows at th., time they came to rt . Su~yor Vil 
landing site is on one of the flows whose surf ace is com­
posed of im•gular, low hills and depressions ranging from 
100 m to several hundred meteni across with scattered 
blocks. small craten, and swarms of north-tr nding 81-
sure,s that occur on the Row's crest. The Surveyor Vil 
landing site as geologically more complex and contains a 
greater variety of rock fralJ1lents than any of the Surveyor 

, landing sites on the maria. 

I. Craten, r. C. Morri, and r. M. Sltoemolce, 

Small craters are the most abundant of the topographic 
features observed on the lunar surface and account for 
the irregularities of largest relief on the surface of the 
landing sites in the maria. Several types of small craters 
can be recognized: (1) shallow, cup-shaped craters with 
subdued rims; (2) cup-shaped craters with sharp, raised 
rims; (3) rimless craters; and (4) irregular or asymmetric 
craters. Most small craters in the diameter from 10 cm 
to several meters are cup-shaped with concave floors and 
subdued convex rims. They are difBcult to observe under 
high angles of solar illumination, but are conspicuous at 
low illumination angles. A few percent of the craten 
observed in the Surveyor pictures are r.up-shaped, with 
sharp. raised rims. Most of the cup-shaped craten prob­
ably are of impact origin. 

Rimless craters are prominent at the Surveyor V site; 
Surveyor V came to rest with two of its footpads in one 

' of these craters. The rimless craters commonly are aligned 
in crater chains (Fig. 111-35) and they are inferred to have 
been formed by drainage of sur&cial debris into sub­
surface fissures. 

Irregular craters generally are lined with clods of One­
grained material. and some are nearly RIied with clods 
or angular rubble. These craters (Fig. 111-36) are inter­
preted to be secondary craters formed by low-velocity 
impact of cohesive block~ or clods of weakly cohesive, 
fine-grained material ejected from nearby primary craters. 
An irregular crater (Fig. 111-37) near Surveyor Vil. about 
3 m in diameter and filled with coarse blocks up to 60 cm 
across. is probably a secondary impact crater formed by 
a large block of rock ejected from a nearby primary crater. 

J,t 11CHNICAL 11,01r 32- I 265 

The am-frequency dlatrtbuUon of small cnten. a fr -
centimeten to seven) meten in diameter, was deter­
mined from the Surve~or pictures for each of the Su~or 
landing sites. Pictures taken durin~ low sun illumination 
were used for identiRcation of the craten becaus."' small 
craters are most easily identifted and measured under this 
condition of illumination. Craten smaller than a few 
centimeten. however, are difficult to reco1P1ize at low 
sun elevation angles because the shadows cast by frag­
ments and protuberances tend to hide them. Another 
factor that tends to lower the observed number of very 
small craten is the difficulty of recognizing small craten 
in an oblique view of the lunar surface, such as afforded 
hy the Surveyor pictures. The scale and the ground reso­
lution of the pictures change from the foreground to the 
background making it difficult to recognize small craten 
of a size that are easily seen in the near fteld. 

The size-frequency distribution of craters 2 e:m to 4 m 
in diameter is shown in Fig. 111-38 for each of the 
Surveyor landing sites and is compared with a gener­
alized Ranger Vil. VIII. and IX curve (Ref. 111-19) for 
craters on the mare plains extrapolated to small sizes. At 
all landing sites, except Surveyor V, the distribution of 
the small craters Hes close to the extrapolatt-d Ranger VII, 
VIII, and IX curve. The low frequency of small craters 
observed at the Surveyor V site may be due to incom­
plehmess of the observational data. The Surveyor V 
camera was inclined toward the floor and far wall of 
the crater in which the spacecraft landed; r.onsequently, 
more than 80% of the fleld of view below the horizon 
was occupied by parts of the lunar surface that were 
not more than 6 m from the camera. T,1e low oblique 
vit:w of the lunar surface outside of the Surveyor V 
crater and unfavorable illumination of the walls of the 
Surveyor V crater during the lunar day made recognition 
of the small craters difBcult. 

If most craten observed on the moon are of impact 
origin, the size-frequency distribution of craters a few 
meters in diameter and smaller should correspond to 
that expected for a steady-,tate ptlpulation of craten 
produced by prolonged repetitive bombardment by me­
teoroids and by fragments of the moon itself (Ref. 111-20). 
The general distribution for small craten on the lunar 
plains, determined by Trask from Ranger VII, VIII, and 
IX pictures, is considered to be the steady-state distribu­
tion for level surfaces (Ref. 111-19). This distribution is 
a simple function of the form F = k", where F is the 
cumulative number of craters with a diameter equal to 
and larger than c, and c is the diameter Jf the craters. 
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F19. 111-35. Wlde-an9le picture of the northwest wall of the Surveyor V crater. Chain of small, rlmle11 craters 20 to 
40 cm In diameter e1cte11d1 from th• center to the bottom of the picture (September 23, 1967, 11 :26:21 GMT). 
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Fl9. 111-36. Secondary Impact craters. Cat lrre9ularly shaped crater at the Surveyor I site, 
formed by low-velocity Impact of relatively soft clots of material derived from a small 
primary Impact crater nearby (June 10, 1966, 15:30:11 GMT). Cb) Secondary Impact crater 
In moist sand, formed by a clot of weakly cohesive sllty clay, elected from a ml11lle 
Impact crater at White Sands Ml11lle lan1e, New Mexico CH. J. Moore, personal com­
munication; photo1raph by courtesy of U. S. Army). 
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Pig. 111-37. Secondary Impact crater, about 3 m In diameter near Surveyor VII~ formed by a lare• block of falrly 
strong rock •l•cted from a nearby large primary crater. The blocky materlal In the crater and strewn to the left of 
the crater was probably formed by the breakup of the large block upon Impact. Pragments In the crater range up to 
60 cm acro11 (Catalog 7-S1-22). 
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MISSION 
NUMBER OF 

CRATERS 
COUNTED 

- S~ I (REVISED) 4&9 
79 

14~ 
609 
144 

- .sl.RIIE'>'tw Ill 
- -- SURVE'f'OR V (REVISED) 
- - SlJIWE)'t]R 'fl/ 
- SIJRV£>'tw 1l11 

RANGERS 'Jlll, 7lJII, 
ANDJZ 

1"""-z----~, -----!o--...... ,-----+----... 
LOG10 CRATER DIAMETER, m 

Pig. 111-31. Size-frequency distribution of small craters 
on the lunar surface at Surveyor I, Ill, V, VI and VII 
landlng sites, compared with the size-frequency distri­
bution of craters on the lunar plalns determined from 
lan1•r VII, VIII, and IX pictures and extrapolated to 
small sl1H. 
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The exponent ,. for craten from 1 m to •veral hundred 
meten in diameter wu found to be -2, a value pre­
dicted by the lteady-state model (Ref. 111-11), and the 
oonstant • was found by Trask to be 1010·• /m·• 10- km•. 
The size distributions of cnten a few centfmeten to 
several meten in diameter, detennlned from Su,-,.r,or 
pictures, appe r to flt thls function closely; they show 
that the function may be extended from craten of 1 m 
In diam ter, observed by Rang,,, VII and IX, to cnten 
smaller th'ln 10 cm in diameter. 

The upper limiting crater diameter for the steady-state 
distribution of craters observed ou a given surface is ,1 

function of the number of l11rge craters on thl' surface, 
nnd, by inference, a function of the age of the surfnct•. 
Above u certain crater diameter, the size-frequency dis­
tributions of the craters ut the Surveyor landing sitl's 
are no longer adequately represented by F = cf>C", wher<' 
4> and ,,. have the steady-state values, but can be repre­
sented by other functions, F = xc", where A. < µ.. The 
Intersection of F = xc" with F = cl>c" is the upper limit• 
ing crater diameter for the steady-state distribution, here 
designated c,. In general, the functions F == xc" can be 
found th11t flt the crater distributions observed on Lunar 

, Orbiter photographs very closely between c, and crater 
diameters of 1 km. The magnitude of c, Increases with 
increasing cumulative number of craters with diameters 
greater th,m c,; both c, and the cumulative number of 
craters at any diameter greater th,m c, can be used as a 

' measure of the relative age of the surface. At crater diam• 
eters less than c,, the cumulative number of crRters is 
the same for all surfaces and Is, therefore, Independent of 

1 the age of the surface. 

Functions F = xc" and the values of c, are shown In 
Table 111-10 for the Surwr,or I, V, VI, and VII landing 
sites. The functions and values of c, listed for Surver,or, I, 
VI, and VII are based on crater distributions, shown In 
Figs. 111-39, 111-40, and 111-.U, measured from Lunar 
Orbiter photographs; the function listed for the Sun,er,or V 
site is based on the crater distribution measured by 
Trask from Ranger VIII pictures of Mare Tranquillltatfs. 
The crater distribution at the Sun,er,or Ill landing site, 
although not listed, is similar to that at Sun,er,or I. On 
the basis of the observed distributions, the sequence of 
ages of the surfaces at the landing sites listed, from the 
oldest to the youngest, is: (1) Sun,er,or V, c, = 186 m; 
(2) Sun,er,or VI, c, = 100 m; (S) Sun,er,or I, c, = 56 m; 
and (4) Sun,er,or Vil, c, = 2.7 m. In terms of cratering 
history, the surface on which Sun,eyor Vil landed, on 
the rim of Tycho, is much younger than the surfaces at 
any of the mare landing sites. 
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Teltle 111-10. c.., .. 11t1 •Ml ex,enelltl ef fv11ct1N1 ef 
th• ,.,_ , • xc1, c, S c S I k111, flttetl te the II••· 
........... ., .... .,. ............ ,,...,. eltMffetl ,,. ... 

• 

' 

,.,,.., 0,.,,., er l•111e, 1th• ... ,_,h, ef the 
lurve,., I, V, VI, •Ml VII leM1111111te1 

, ........ X, •-l/1 .. ._,, ~· ..... 

._",.,, 1011.11 -1.15 101·" 

..,,",., v' 1011.10 -2.11 IC)'·" 
h,q,., VI 1 ou 01 -1.10 10'·" 
a.,,,_,., VII 1011 ,11 -2,H IC)•·u 

(,-ttefH4 flewt 

, _,, •-' ••• S • S 1 •• 
• ...,. , ,, .... .., ..... , ..... .., ... ,...,. ., .. ,. .......... , .. Of ..,.., 

........ , .......... , ..... ,. ......... ,...,., ....... 
(. )"'"-"' .. • 'i' , • • ,o .. ••t•" ,oi 111111," • -2.00 

•P111ctl11 flttM to ,1 ... ,,...._., lllltfll111tl11 ef ,,_..,. ..,.. ffM IN.., VIII 
,...._,_.. t,y N, N, ,,_ Clef, 111°1ft, 

3. Frapnental Debris, f. C. Motri, and E. M. Shoemate, 

The surface on which the Ive sut"Cessful Sun,,r,or 
spacecraft landed consists of a fnamental debrls layer, 
or regollth, composed of poorly sorted or w~II graded 
fragmflnts that range In size from large blocks to &ne 
particles too small to be resolved by the Sun,er,or camera 
( <0,5 mm). The number of resolvable particles per unit 
area varies from site to site; S to 189' of the surface was 
found to be occupied by fragments larger than 1 mm. 
The greatest number of large fragments was observed 
at the Sun,eyor Vil site, where fragments larger than 
1 mm In diameter occupy about 189' of the surface and 
fragments coaner than 10 cm In diameter occupy about 
109' of the surface. Coane fragments are an order of 
magnitude more abundant at the Su,wr,or VII site than 
fragments of similar size at the Surwr,or V and VI sites, 
which have the least number of coarse fragments. 

Many of the larger fragments observed at each land­
Ing site are partly, or entirely, surrounded by a ftllet or 
embankment of ftne-gralned material (Fig. 111-42), In 
general, the best developed 811ets occur around the 
largest blocks. These 81lets probably are fonned by 
the balllltic trapping of small particles sprayed out from 
nearby parts of the lunar surface by multiple small 
Impact events. An unusually large and well developed 
fillet occurs around block G at the Surveyor VII landing 
site on a smooth patch of material north of the space­
craft. Block G is about 5 m In diameter and has nearly 
vertical sides more than 2 m high. The tlllet surrounding 
the block is about 20 m In diameter at the base and 
about 1 m high at the contact with the block (Fig. 111-43). 
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P19. 111-40. Cumulative sl1e-frequency distribution of 
craters on the lunar surface In the v•c•nlty of 
Surveyor VI, determ•ned from Surveyor VI plcturH and 
from Lun,,, OrlJlter• II, Ill, and IV. 
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Pit• 111-41. Cu111ulatlve 1l1e-fre.,e11cy tllttrlltutlN ef 
cretera en the lun• turfac. 111 the vlcl111ty ef lurver• VII, 
tleter111l11etl fre111 lu,ver•r VII ,1cture1 e11tl ,.,,.., 
~lie, V ,11et1.,.,h N-12I. 

"•· 111-42. P•rt of • .. •rr•w•• .. ••• SurYeJor Ill plct•r•, 
1h1w1... ... • ...... , 1t••ck cloH to the •11•c•craft ... d 
11 ..... ,.1 .. ed m•terl•• b• .. k•d ... 1 .. ,t the ••de ef the 
1t•1ck f•cl .. • the c•m•r•. Th• 1t•1clc 11 7 cm •cro11. Note 
1111•11 p•rtlc••• 1 to 5 111111 1.. diameter that ca.. be , •• 
•••v•d 1.. the 11 ..... ,.1 .. ec.1 debris CAprll 21, 1967, 
141,C,151 OMTI. 

Fl9. 111-43. Mosaic of .. anow-a .. 1•• SurYeyor VII plct•r•• of a .. area 350 111 .. ,rthea1t of the spacecraft, 111h1w1 .. , a 
•a,.• b•oclc about .s m acro11 Cb•oclc 0) a .. d abo•t 2 m hl9h. The flllet ,.,,. ... d1 .. , the b•oclc 11 about 20 m 1 .. diam­
eter and abo•t 1 m hl1h at the co .. tact with the b•oclc (Ja .. uary 10, 1968, 06154:33 a .. d 06:51112 GMT; Ja .. •ary 11, 
1961, 12:55:16 GMT). 
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It is possible that this lar1e flllet has a different origin 
than most of the flllets observed. 

Most fragments larger than 1 m in diameter are rela­
tively rounded, except in a few cases where they are part 
of strewn 8elds of blocks assodated with sharp-rim 
craters (J.~ig. 111-44). For the rrost part, •~he large, rounded 
fragments seem to be fairly deeply embedded in the 
surface on which they are found (Ref. 111-14). Some 
smaller fragments, however, are resting on the 8ne-grained 
matrix of the surf ace without being signiRcantly em­
bedded in this material (Fig. 111-45). 

Because of the reJatively large size and number of 
blocks in strewn 8elds of blocks at the Sun,eyor Ill 
landing site, it has been possible to conduct a preliminary 
statistical investigation of the roundness and degree of 
burial of these blocks, and the relationship of roundness 
and burial to the characteristics of the principal crater 
associated with each strewn field. 

The coarsest blocks scattered about the surface of the 
Surveyor Ill site occur primarily in two distinct strewn 
ffclds. One Seid (area B, Fig. 111-46) is associated with 
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,.,. 111-45. Part of • • ·fdo-an1I• Surveyor Ill ,1cturo, 
1howln1 rounded fra1mon• 20 cm ocre11 lyln1 on top 
of •h• lunar 1urfac• CAprll ~ ,, 1967, 09s07s06 GMT). 

a sharp, railed-rim crater, about 13 m across, on the 
northeast rim of the main crater in which Suroeyor Ill 
landed; the other Seid (area A, Fig. 111-47) is associated 
with two adjacent subdued craters high on the south-
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P'9. Hl-46. Me .. lc ef 11.,,._••ftll• lunere, Ill ltlctvret, 1hewln1 the_.., II 111 •crett anti •tt•clatM ttrewn 
fleltl ef ltleckt en the netthNtt wall ef the ••In crater which the .,acecratt It lecatetl. Ovttln• thew, the lteun•,y 
ef •r• I, In which reu11tl11e11 focter anti ltlffltll focter ef ltleckt w.,. 111Nturetl CC.tale1 II II). 

west wall of the main crater. M011t of the blocks In the 
strewn Seid usoclated with the crater to the northeut 
of the Sun>er,o, Ill spacecraft (area B, Fla. 111""8) are 
clearly related to the crater, became there Is a rapid 
Increase in spatial density of blocks toward the enter. 
The crater 11 also occupied by blocks. The blocks outside 
are Inferred to have been ejected from this crater and 
to have been derived from material that underlies the 

1 surface at depth, of only 2 or :3 m. The observed blocks are 
1 1trlkln1ly angular and range from a few centtmeten 
1 (the limit of resolution at this distance from the camera) 

to more than 2 m acrou. Blocks usociated with the two 
subdued cnten to the southwest (area A, Fla. 111~1) 
,how a similar range In 1tze, but are more rounded. The 
larger of these two craten Is about 15 m in diameter; it 
11 Inferred that most of the blocks were ejected from the 
larger crater. 

To obtain a meuure of roundnea that oould be used 
for statilttcal studies, a descriptive parameter that may 
be obtained from picture,, here called the roundneu 
factor, wu deviled u follow,. Circles are 8tted to all 
the comen or curved parts of the outline of each block 
silhouetted against the more distant lunar scene (Fig. 
111-48). The 1eometrlc mean of the radii of these circles 
i1 then divided by the radius of the circle that Just 
encloses the outline of the block. This ratio ii the round­
neu factor, and, for blocks that are not deeply buried 
fn the surface, It will vary between the hmfta of 0 and 1. 
For very round fragments whole topt are Just eq,oted 
above the surface, it Is pouible to obtain values for the 
roundneu factor larger than 1, althoup no values thfa 
high were observed for the blocks meuured fn the 
strewn Seid. 
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The roundneu factor wu measured for 215 blocks 
located within a conftnecl area In each strewn Seid (Fis. 
111-49). Blocks usoclated with the sharply formed enter 
to the northeut (area B) exhibit a mean roundness of 
0.17 with a standard deviation of roundness of 0.11. The 
blocks usoclated with the more subdued, rounded-rim 
crater to the southwest exhibit a mean roundneu of 
0.00 and a standard deviation of roundness of 0.17. The 
dllerence in roundneu between these two samples of 
blocks Is slantflcant, by Student'• t test, at the O.Q99-
probablllty level. 

A meuurement of depee of burial of blocks In the 
lunar surface wu obtained by the followfnl method. 
The anpe between a line parallel to the horizon that 
meet, the block where its outline against the more dis­
tant lunar acene tntenectl the surface and the tanpnt 
to the outline of the block at this point wu meuured 
on each side of each block (Fil. 111-50). 111e sum of 
these two angles for each block, divided by Ir radtam, 
Is here de8ned u the burial factor; values of this param­
eter can vary between 0 and 1. Rounded fragments 
whose tops Just barel) show above the surface have 
burial facton that approach 1, whereu rocks that sit on 
the surface and exhibit overhanpn1 sfde1 have burial 
facton that approach 0. 

Meuurement (Fig. 111-51) of the burial factor for the 
same 215 blocks In each strewn Seid that were studied 
for roundness pve the followln1 retUlts: The mean 
burial factor of blocks auoclated with the sharp-rim 
crater to the northeut (area B) Is 0.82 with a standard 
deviation of burial factor of 0.09. The blocks auoctated 
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P11. 111-41. Me•lc ef twe ,..,,.. ....... luwe,., Ill ,1ctun1, 1hewl111 ltleck altevt 0.1 • aoe11 cleH le Ille IP■••• 
craft, enll ,-,ltlen anti 111• ef drcle1 u1ell la MN1urlft1 the reuallae11 fllcter. The 1■,..., dnl• eac...,., ... •• •• 
tire ltleck. IMaller dnl•• .,. flttell te cen1en •II reulMletl ,.,.. ef Ille eutllfte ef Weck that eccultt the ••tellt 
luaar 11••· Th• lffllletrlC MNft ef the Mtlll ef the •••II clnl•• lllvltlell a., the ,. • .,, ef the lafl• drcl• 11 tlefl11ell 
•• the reu11••11 fllcter CA,rll lO, 1M7, 14114121 a11tl 14112122 OMn. 

with the more subdued, rounc:led-rim crater to the south­
west (area A) have a mean burial factor of 0.89 with a 
atandard deviation of burial factor of o.m. The ddference 
between these means ii 1lp'8cant at the 0.995-probablllty 
level, by Student'• t teat. 

No 1lpllcant correlation wu found between round­
neu and burial of individual blocb within each strewn 
Seid. The linear correlatton ,'Oellclent between the round­
neu factor and burial factor for the blocb ,., the strewn 
Seid around the northweat crater la -o.m; for the blocb 
In the 1trewn Seid auoclated with the soutbwett crater, 
It ii -0.18 . .,.h theae coellclenb are well below the 
959' con&dence level. If the blocb In both the strewn 
8elds are examined u a 1lns)e sample, the linear corre­
lation coellcient between roundnea factor and burial 
factor ii +0.lS, which la also below the level of 11pi8-
cance. Eaminatlon of the scatter dlagran1 (Fig. 111-52) 
of burial factor vemu roundneu factor 1how1 that, al­
though there Is no 1ipillcant linear correlation, relatively 
few blocb In the strewn 8elds t-md to have both high 
roundness and a low burial factor. 

Although there II no •lpl&cmt linear oonelatlon be­
tween roundneu and burial for blocb In a given strewn 
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Seid presuanably of one a1e, there should be a correla­
tion between the roundneu and dep,e of burial for 
fragments pnerally mixed t01ether In the debru layer, 
or rep,llth. Further stud• will be required to con8nn 
this hypothesis. 

In summary, the blocb auoclated with the more ,ub­
dued craten have twice u hip a mean rouncleu factor 
u the blocb usoclated with the crater with a sharp 
raised rim, and the blocb around the 1ubdu..J crater are 
lfpillcantly more buried In the lunar IUl'face than the 
blocb around the crater with the sharp niled rbn. 
These results ,ugeat that blocb freshly exposed on 
the lunar IUl'face tend, In time, to be rounded ol by 
solkl particle bombardment and pouibly by evapontlon 
of material by the solar wind or other hip-energy radia­
tion. Initially, the ejected blocb tend to be shallowly 
embedded in the lunar surface; but In time, they may 
become partly or completely covered by ejecta anlvJn1 
from other parts of the IUl'face. Progreuive burial of 
blocb may occur also u a result of downslope move­
uaent of the debris layer. 

Frqments leu than ten or a few tem of centuneten 
acroa exhibit a wide ranp of shapes. and many are 
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F19. 111-49. Hl1t .. ram~ 1howln1 frequency dlttrlbutlon 
of roundnH1 factor, for 25 block, In area A and 25 
block, In CWMI I. llock1 In area A, a11oclated with 1ub­
dued rim craten, are 1l9nlflcantly more rounded than 
bfock1 1n area I, a11oclated with a 1harp-rlm crater. 
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P19. 111-50. Mo1alc ef two nanew-an1I• Surveyor Ill picture,, 1howln1 block alteut 0.5 m acro11 cl••• te 1,aco­
craft ancl ■nil•• mea1urecl te determine burial facter. An1I•• are mea,urecl between lln•• ,arallel with the horl1on 
ancl the tan1ent1 to the eutllne ef the block, where the eutlln• of the block ... 1n1t the more cll1tant lunar teen• 

, meet, tho 1urface. The ,um ef the two an1le1 cllvlclecl by 2 .. racllan1 11 cleflnecl •• the burlal facter (A,rll IO, 1967, 
14154123 ancl 14152122 GMT). 
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P19. 111-51. Hl1totram1 1hewln1 frequency cllatrlbutlon 
of burial factera for 25 block, In arN A ancl 25 ltleck1 
In area I. llock1 In area A, a11eclatecl with 1ubduecl 
rim crater,, are 1l1nlflcantly mere deeply burled In the 
1urface than the block, In area I, a11eclatecl with • 
1harp-rim crater. 
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P19. 111-53. Part of nanow-an1I• Surveyor n, picture, 
1howln1 blocky fra9mentt on north wall of crater In 
which the spacecraft 11 located. Some of the lal'l••t 
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0.1 1.0 block, 1hown are tabular In shape and appear to be 
lamlnated CAprll 30, 1967, 14152135 GMT). 

P19. 111-52. Scatter dla1ram of roundne11 factor v1 burlal 
factor for 50 block, In areas A and I. The roundne11 
factor and burlal factor have no 1l1nlflcant llnear cor• 
relatlon1, relatlvely few block,, however, exhibit both 
hl1h roundne11 and low burlal. 

conspicuoualy angular, especially at the Suroeyor I, III, 
and VII sites. Some of the smaller fragments seem to 
have been broker. t.·.long joint planes and tend to have 
planar surfaces with rectangular outlines, but others are 
highly irregular in shape. Some fragments exhibit fresh­
appearing chonchoidal spall or fracture surfaces. Tabular 
or platy fragments were observed at some of the mare 
landing sites (Fig. 111-M); they resemble rock slabs 
derived from flow-banded lavas. 

The fragments exhibit a wide variety of surface tex­
tures and structures, but those at the Suroer,or VII land­
ing site exhibit a far greater variety than the fragments 
observed on any single mare site. Some fragments are 
plain, but others are spotted. Some fragments appear to 
be massive, but others exhibit well developed linear 
structures on their ~urfaces, which probably correspond 
to internal planar or linear structures. Most fragments 
appear to be relatively dense, but some are clearly 
vesicular. Most of the fragments probably are pieces of 
coherent rock, and the variety of observable character­
istics suggests a variety of lithology. 

Nearly all bright, rounded fragments on the lunar 
surface have a knobby, pitted surface texture (Fig. 
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P11, 111-54. llock 30 to 40 cm acrou about 2¾ m 
from Surveyor VII camera. Knobby, pitted 1urface t••· 
ture 11 common on moat rounded blocks on the lunar 
1urface. Note the large crack, In the block. Separation 
of the pieces of the block may be due to thermal ••· 
pan1lon and contraction or to Hltmlc event, (January 
15, 1961, 11 :51 :36 GMT). 

111-54). The pitted texture ls not present on highly 
angular, faceted blocks; it ls inferred to be produced by 
some of the processes that produce the rounding. The 
pits probably are produced by impact of small particles. 

Light spots, which occur on a large number of frag­
ments at the Suroeyor VII site, are most easily observed 
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P11, 111-55. Spotted fra9111ont about 11h III fro111 
Surveyor VII ca111ora. lrl9ht 1pot1 have Indistinct bouncl• 
arle1 ancl vary f,0111 1011 than 1 111111 to about I 111111 
acrou (January 15, ,,,1, 11151 a05 GMT). 

on relatively smooth. clean fracture surfaces (Fig. 111-M). 
In most cases. the spots on a given fragment hr,ve irreg­
ular. diffuse margins and vary widely in size. In many 

\ 

cases. the light material forms slight bumps. or protru­
sions. from the surfaces of the fragments; the raised 

\ relief of the light material suggests it is more resistant 
to processes of erosion occurring on the moon•s surface, 
A large. angular block near Sun,eyor I was also spotted, 
or mottled, and the light material formed marked bump1 
or protrusions (Fig. 111-56), The block at the Sun,eyor I 
site has a pronounced set of fractures that appear to 
intersect, These fractures resemble cleavage planes pro­
duced during plastic flow of rock under moderately high 
shock pressure. The block lies in a swarm of similar 
smaller fragments that are strewn in the direction ol the 
long axis b1uck. It appears that the main piece has broken, 
perhaps on impact with the surface, and that it has 
relatively low shear strength. Spotted, or mottled, rocb 
were also observed at the Surveyor V site. 

A densely spotted fragment (Fig, 111-57), which lies 
about 2 m from the camera at the Sun,er,or VII site, has 
spots ranging in size from less than 1 mm to about 
30 mm. The spots occupy about 30% of the surface of 
the fragment. The size-frequency distribution of these 
spots (Fig. 111-58) suggests they may be fragments, pos­
sibly xenoliths, which were partly assimilated in the dark 
matrix material. The slope of the integral size-frequency 
function, however, is somewhat steeper thm that expected 
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F19. 111-56. Mottlocl rock about 50 c111 lon1 near 
Surveyor I, Ll9htor aroa1, which ran1• fra111 a few 111llll-
111eton up to 3 c111 acro11, appear to 1tancl out a, knob1, 
perhaps a, a result of cllfforontlal erosion. Noto lntor­
Hctln1 fracture, and 1war111 of 1111allor fra9111ontt to 
tho loft of tho block (Juno 3, 1966, 09133159 ancl 
09133a07 GMTI. 

for most fragmentation processes. A more likely explana­
tion for the light spots is that they represent parts of the 
fragment that dUfer from the matrix in crystallinity, or in 
composition or size of constituent crystals. Somewhat 
similar spots occur in partially crystallized volcanic rocb 
and a variety of metamorphic rocks on earth. 

Small, elongate spots, ranging from 1 to 10 mm in 
length, were obser,ed on " com;:hoidal fracture surface 
on one fragment close to Suroer,or VII (Fig. 111-59), 

79 

' \ 

I 



P19. 111-57. S,•tted rock 25 cm acro11 alteut 2 111 frNI lurv•ror VII ca111era. Th• Ipett ran1• tr.111 le11 than 1 111111 
te 3 e111 In ••••· Nete the lncll1tlnct lteunclarle1 ancl ln .. ua., 1ha,e1 of 1110It I,ota CJanuary 11, 1961, 06129129 
GMT; cNlputer-proc .. ,ed). 

IO ,,, TICHNICAL 11,01r n-, 265 

I 



' \ 
I 

\ 

io• .. 
I 
I 
...... 
u, i 10

1 

"-0 

I 
• 101 

! ; 
c.> 

10 

I 4 I II J2 14 121 

SPOT SIZE, mm 

P11. 111-11. Cumulative 1l1e•fret1uency cll1trlltutlon of 
ltrl9ht 1pott en 1pottecl reek 1hown In ••· 111-57. The 
cla1hecl lln• repre1entt the 111Hn cll1trlbutlen of the 
ltrl9ht 1pot1 ancl 11 the 11lot of the function N = 
2 X IC)10-1•1, where N 11 the cumulative number of 
111ot1, ancl D 11 the diameter of 1pott In 111llll111oten. 

They occupy a few percent of the surface of the frag­
ment, and the long axe, of the spots tend to be oriented 
parallel with one another. Their orientation suggests a 
flow lfneation or Sow foliation fabric; their relatively 
high albedo suggests they may be rich in feldspar. This 
suggestion ii comistent with chemical analyses of both 
the fine-grained matrix of the regolith and an individual 
rock at the Sun,eyo, VII landmg site. These analyses 
indicate the rocb at the Sun,qo, VII landing site are 
rich in the elemental comtftuents of plagioclase feld,par. 
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P11. m-st. An1ular block alteut 11 c111 acre11 alteut 2 'II 111 
f,0111 lurvero, VII camera. lleck ha, a cencholclal 
fradur• 1urface ancl ltrl1ht •l•n .. te 111ot1 that are 
reu1hly parallel ancl ran1• from 1 to 2 111111 wide ancl 
up to 10 111111 lon1 (January 13, 1961, 10131&04 GMT). 

Moat angular frapnents scattered over the lunar sur­
face are conspicuously brighter than the Sne-grained 
matrix of the regolith at nearly all angle, of solar illumi• 
nation. A few angular fragments, on the othet· hand, are 
nearly u dark u the Sne-grained material of the surface. 
These dark, angular fragments appear to be pieces of 
rock, and not aggregate, of Sne-pained material; one 
small, dark fragment was attractec:I to masnets on the 
surface sampler at the Suroeyor Vil site. It ii p011ible 
that most of the dark, angular fragments are rocb rich 
in magnetite or other minerals of high magnetic 1usceptf­
bflity, or that they are mineralogfcally dilerent in other 
respects from most of the other rock fragments on the 
surface. 

Some fragments scattered about the Su"'Bflor 1ite1 
exhibit one or more aetl of linear ridgea and groove. on 
their surfaces. Many of the same fragments also have 
nearly planar surfaces with rectangular outlines (Fig. 
111-60). The low ridges and grooves tend to be parallel 
with the edge8 of some of the larger planar 1urface1 
(Fig. 111-60). These ridgea and grooves probably were 
developed by differential eroafon along the exposed 
edges of planar structure, within the blocb. The planar 
structures may be low banding, joints, rythmic layerin& 
or other primary structure, commonly found in igneous 
rocb. On the surfaces of some fragments, intersecting 
sets of linear structure, are visible (Figs. 111-81 and 
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P19. 111-60. An9ulor block, about 10 cm ocrott, about 
9 m from Surveyor VII, with two •••• of structure, on 
the surface focln9 the camera. One Ht con1l1t1 of rld1•• 
parallel with the top ed1• of the block, the other ••• 
con1l1t1 of rld9.. and 1roove1 that Intersect the first 
Ht at on on1I• of about 70 d•1 CJonuory 11, 1961, 
23156.00 GMT). 

111-62). The presence of intenecting sets of structures 
suggests these fragments have been dynamically meta­
morphosed. One set of structures probably corresponds 
to an original or primary structure; the other set may 
correspond to a secondary structure produced by meta­
morphism such as slaty cleavage. 

Many fragments in the vicinity of the Sun,eyo, VII 
sparecraft and some frapnents near Sun,eyor, I and III 
have deep pits on their surfaces; these pits ran1e from 
a fraction of a millimeter to a centimeter across. They 
are almost certainly vesicles produced by exsolution of 
a volatile phase at the time the material wu molten. 
Examples of vesicular fragments are shown in Figs. 
III-6S through 111-66. The vesicles on these fragment, 
are from 2 to 10 mm long, with their long axes oriented 
parallel or approximately parallel to one another. Parallel 
orientation of the vesicles is a common feature of the 
observed vesicular frasments. In some casei, the vesicles 
are extremely elongate, u shown in a fragment illus­
trated in Fig. 111-65. This fragment bu fairly larp, 
nearly equidimensional vesicles about a centimeter across 
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P19. 111·61. An9ulor block 10 cm ocro11, about 3t;., m 
from Surveyor VII camera. Two Hts of lntersectln1 struc­
ture, form • pottem on the 1urface of the block. One 
••• con1l1t1 of rld1•• parallel with the ed1• of one 1lde 
of the block, the other set con1l1t1 of short, deep 9roove1 
that Intersect the first ••• at on on1I• estimated to be 
about 45 d .. (January 11, 1961, 10111126 GMT). 

P19. 111-62. Veslculor fra9ment about 35 cm ocro11, 
about 7 m from Surveyor VII camera. Noto tho 1ll9ht 
bandln1 duo to 1ubduocl rld1•• and 9roovo1 that ox• 
tend from tho upper rl9ht to the lower left of the block. 
Tho lon1 axo1 of tho vo1ldo1 are orlontocl at an an9lo 
of about 70 d .. to tho bandln9 (January 15, 1961, 
12115111 GMT). 
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P19. 111-63. Ve1lculor rock opproxlmotely 50 cm 10111 nHr Surveyor I. llonl°'e ve1lcle1 (dork elllptlcol 1pot1) ran1• 
up to I "'"' 10111 and hove their m•l•r •••• rou1hly parallel. 
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P11. 111-65. loundetl, v•1lcular ,,.._.. 16 c111 •cre•a, 
alteut 3 111 frelll Surv•r• VII ca111era. Th• larw• v•••d• 
nNr th• ltette111 •• •IMu• I 1111 •cre11. Th• 1111•11 v•1ldN 
•r• u, te 10 111111 l•n1, ltut •re only • few 1111Hl111etert 
acro11 (January t I, 1961, 23a50s47 GMn. 
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P11, 111-64. Y•••c•••r fro1111•n• •ltou• 10 1111 acre11, 
•ltou• 2•~ 111 fro111 Surv•r•r VII c•111•,.. V••c•• are I te 
I 111111 •cr•n anti u, •• 10 c111 ••n1, M••• •f th• 
v•••c••• are •••n1••• with th• ••n1 •••• •rlentetl 
.,,r•••111••••r ,•r•ll•I to on• aneth•r (Janu•r, 11, 
1961, 13116136 GMT). 

P11, 111-66. Y•••cular ltlock altou• IO 1111 lon1 anti 11 
c111 th•ck,•lt•ut 4"' 111 front Surv•ror VII ca111era. V•1ldN 
.,. ., .. I CIII acro11 anti 2 CIII ...... ..... 1111oeth, 
undu••t1n1, 1ll1htlr concav• 1urfac• on th• IMttem 1W• 
of th• 1t•ock •nd th• ,arallel ltantl of eloneate YNld•1 
wh••• ••n1 a••• lnten•ct th• Ht• •f th• 1111Hth 1urfac• 
a• • ••rw• •n1•• C.lanu•r, 11, 1961, 14a04sl9 GMn. 
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and amaller vesicles u much u 1 cm Jona. but only 1 
to I mm wtde. 

One of the molt interettinl frapnentl obaerved at the 
Su~o, Vil landtn1 site Just south of the spaeecraft 
seems to be a member of a pile of frapnent1 partially 
obscured by the lpat'e(ftft (Fla. 111-88). Thu fnpnent 
hu two kinda of 1urfacea: One side II a lfflOOtb. undulat• 

In" 1liptly concave surface; the Nit of the surface ii 
relatively roup or poro111 In tnture and II partly OCCU• 
pied by vesicles. A row of vesicles petallel with the 
edps of the smooth surface occun •Iona the side of 
the frapnent factn1 the camera. Some of the other ves­
icles observed on thll side of the frapnent are elonpte 
and oriented perallel to one another; the orientation of 
their Ions a1et intel'l4 • . ·; the row of veak,let and the edp 

P11, 111-67. Vetlcular, 1heck-111eltecl Cecenln• .. nt11tene fr•lfflent •l•cted tr.... MetNr c..ter, Att1ena. II•,.... 
vetlclft have ferlllecl alen1 the rellct 1laty dHv .. • ,1ane1. Nete rellct ltecldln1 that ,arallelt the .., of the trq. 
111ent. llaty clNva11 ,roc1ucecl In the .. nt11ten1 durfn1 ,1a1t1c flew under hl1h 1heck ,,..,u,., lntenectt the rellct 
ltecldln1 at an •nil• of altout IO d11, 
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of the smooth 1urfac:e at a fairly large anp. Thus. In 
thla fnpnent, there ii vldence both of meltln1 and 
of bltenectin11tructurea. It, 1tructun ii limilar to that of 
the 1hock-meumorpholecl fnsment from Meteor Cnter, 
Arizona, 1hown in FIi, 111-87. The nnooth, undulatory 
1urface may be a chilled marstn, a, found on the 1ur• 
facet of ,hock-melted ejecta from impact cnten. 

4, Slze.Fnquency Dlatrtbutlon of Fra11111ntal Debrlt, 
I. M. Shoemalre, ortd I. C. Motrl, 

The 11:r.e-frequency distribution of the resolvable fn1• 
ment1 on the lunar 1urface was studied at each landln 
site by chooatn1 aample ar I near the 1pacecraft ao that 
the resolution and ar a oovered would provide particle 
count, 1panntn1 different, but .»verlapptns. part• of the 
particle size ran1e, Studies were made of the part• of 
the surface undtaturbed by the spacecraft at ach 1tte, 
Sample area, were aelected which appeared to be repre• 
sentatlve of th~ area, surrounding the 1pacecraft; areas 
that appeared to have anomalou1ly hip or anomalou1ly 
low particle abundances were avoided. The fnsmental 
material, dilturbed by the- footpads of the 1pacecnft 
during landing, also wu studied at some 11tea, and 
special studies were made at the Su,wr,or 111 landin1 
lite of the 1tze diatribution of the fn1mental debrtt in 
the strewn ftelda of bloclc1 1urroundin1 craters with 
raised rims. 

About 1000 to 9JJOO particles, ranging in 1tze from 
1 rnm or 2 mm to about 10 cm to 1 m, were counted on 
tht· undisturbed part• of the surface at each landin1 1lte. 
The counts were made &om pictures taken at hip IUD 

angles, In these pictures, the low relief features of the 
surface, 1uch u small craten and lumps or agreptes 
of lne particles, are not 1enerally observable; only fea• 
turea of sharp, or abrupt, relief can be detected. Thus, 
the particles counted were aelected on the butt of 1harp­
neu of relief. In addition, nearly all the particles counted 
were 1ipilllcantly brighter tham the unresolved fine. 
grained matrix. Sharpness of relief and brightneu are the 
criteria used to diltinpuh objects judged to be indi­
vidual rocky chipai of frasment1 &om weakly coherent 
agreptea of ftne-gratned particle,. 'l1le weakly coherent 
agreptea generall)• exhibit low relief and are photo­
metrically inc:llatinphable from the unresolved ftne­
gratned matrix of the regoltth. The atze diltributlon of 
weakly coherent, dark agreptea in the footpad ejecta 
wu studied at the Su,wr,or I and V landing lites (Ref,. 
111-10 and 111-15), but these data an, not clilcuuec:l here. 

Larger rocky fragments on the lunar surface, in gen­
eral, are easily diltinptabed and meuured. The data 
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for thete comer fnsm,,nts probebly t'Olltain nlatively 
little ffl'OI" or invettiptor beu attnbutaa.~,. to dillcultiel 
of fnpnc,nt recopitton. Siptlcant in ttptor beu 
probably enten into the count of ,mall puticlet, how· 
ever, particularly where the 1ize of the particles counted 
approaches the limit of resolution of the televtaion 
pictures. Althol·. 5jh the elective pound reeolution in 
pictures taken near the, apaa,craft I• about 0.5 mm, in 
optimum cues, a practical cutol in particle counts at 

ch landln1 site was about 1 mm puticle diameter. 
All counts were made by one inveatlptor (Morrt1); thus, 
the lnvesttptor bw for ,mall parttclea probably 11 con-
1l1tent for tllf' data from ch lancltn1 11te. 

Variationl exi1t in the U'CUr cy of the counts at c:Wler· 
ent landtn1 sites. These variations are due primarily to 
variation in quality of the pictures and, in put, to 
the completeneu of covera1e of the surface at IUD 

anaJes appropriate for particle 1tucliea. The data for 
the Su,wr,o, 111 lancltn1 lite are the leut uaarate, 
from the standpoint of both picture quality and picture 
covenp. 

The particle counts from individual aample area from 
ch landin1 lite ,how an npproximately linear relation• 

1hlp, between the IOI of the cumulative particle counts 
and the log of the particle 1tze (Fil, 111-88). The 1eneral 
trend of the particle counts at each landinl 1tte, for all 
sample areu combined, 1how1 a 1tmilar linear relation• 
1hip. A power function, therefore, wa1 fttted to the data 
from each landin1 lite to represent the genenl form 
of the particle 1ize dt1tribution. A best 8t wu made 
by eye; no attempt wu made to ftt the obaervatlom to a 
given function by leut•1quarea or other ltatlltfcal meth­
ods, tnumuch a1 the data are preliminary and do not 
warrant more sophisticated analy1il, Final atudie, of 
particle lizel will be buecl upon a much more compre­
hensive count of the particle, obaerved at eacla nte. 
Constants and the exponents of functiona of the form 
N = KIJT, 1 mm S D S 1(-,rr, where N ii the cumu­
lative number of particles with diameter equal to or 
larger than D per 100 m•. and D la the diameter of 
particles in miWmeten, fttted by eye to the data at each 
landin1 lite are 1hown in Table 111-11; the functtom are 
shown in Ftp. 111-89 and 111-70. 

Al shown in Fig. 111-89, there ii comiderable acatter 
of the data about the ftttecl functions. For the function 
Stted to the 8nt let of data acquired for the su.,,_,o, I 
landing lite, IC.= 3 X 1()1 and y = -1.7,. 1'bele values, 
publtahed in Refa.111-9 and 111-21 were hued on a count 
of about UIS particle,, A later ftt pve I( = 5.0 X 1()1 
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P19. 111-61 (contd) 

and-, = -2.1., based on the particle count ot 2192. The 
difference in the two fitted distributions illustrates the 
possf.blc ,~ in estimation for the fitted functions. This 
difference is due primarily to conaiderable variation of 
particle distribution from one sample area to another. 
Thus, there a.-~ fairly large statistical errors in the -values 
of K and 'Y at each landing site as well as investlgator 
bias. Precision of estimation is improved by incr~uing 
the number of particles counted. We estimate that the 
probable error for the values of K at each landing site 
{Table 111-11) is approximately ~ 2 and the probable 
error for the values of 'Y is about ±0.2. 
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T•ltle Ill• I I. C•n•talltt •ntl ••,-entt ef fvnctl•• ef 
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• ..,,,.., ..... htt••crt1•........,.,e1 
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,erttci.1 •• un ...... 

If the eatimatel of preoilfon are correct, It can be eeen 
from Table 111-11 that, although the preculon of esti­
mation ll low, some real difference, exist in the size. 
frequency di1bibutlon of particle, between some of the 
landtn1 sites. Fairly compicuous dilerencea in size du­
tributiom among the dilerent landing llte• are apparent 
limply by vilual Inspection of the pictures. Particle size 
disbibutiom at the su,_,or Ill, V, and VI landing lites 
are essentially the wne, within the errors of estimation. 
The observed disbibutions at these three sites, however, 
are llpilcantly different from the disbihutions obaerved 
at the Suro.r,or I site and at the Su~or VII llte. The 
distributlom observ'9d at the Surwr,or I and Surwr,or VII 
sites not only differ &om those oblerved at the other 
localities, but probably also diler from one another. 
The particle size disbibutlon at the Surwr,or VII lite, 
which Is bued on a large number of fairly ooane par­
ticle,, probably ll the most ac:curate of the obterved 
distributionl. An order of magnitude more fragments 
10 cm and larger in diameter occur at the Sun,,r,or VII 
landing site than at the Suro.r,or Ill, V, and VI landing 
sites. Similarly, there are more coarse fragments at the 
Suroer,or I landing site than at the other mare landing 
sites, although the fragments are not nearly as abundant 
at the Sumrr,or I landing site as at Su~or Vil. 

Although the observed particle counts are useful for 
comparing one landing site with another, the primary 
interest in these data is their use In estimating particle 
size distribution by volume of the lunar regolith. Particle 
counts on the surface may be used to estimate the par­
ticle size distribution in the regolith, if it II auumed 
that the particles exposed at the surface are representa­
tive of the particles in the subsurface. In this cue, the 
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Fl9. 111-69. Power fundlont fitted to obaerved 111•­
f req u ency dl1trlbutlon1 of 1urface partlclet at the 
Surveyor landln1 tit••· 

Rosiwal principal (Ref. 111-23) may be applied: the ratio 
of the area occupied by the particles of a given size to 
the total area studied is equal to the ratio of the volume 
of the particle:1 of this size to the total volume. 

In a rigorous applicarion of Rosiwal analysis to esti­
mation of grain size distribution, account must be taken 
of the fact that the full size of most particles is not revealed 
along a given surface or cross section. The size of about 
half of the particles on the lunar surface will be under-

90 

eatimated, and a nn1e of lizes will be oblerved for 
palm tMt actually have the same mean diameter. 
Correctlom required for thu elect (Refs. 111-M and 
111-25) are Jarae if the actual range of particle me 
ii small, but the correction i1 small if the actual nn1e 
of pain size 11 very large. The corrections will be tanc,red 
In the analy1i1 presented here. 

We have tested in the laboratory the application of 
the Ro1iwal principle to surface particle counts of the 
type made from the Surwr,or pictures by comparing the 
counts of particles from pictures of the surface of a lay·er 
of fragmental debris with volumetric particle analy1l1 of 
the same layer carried out by standard aelvlng methods. 
These te1t1 show that, If there 11 no vertical variation in 
grain size distribution within the layer or vertical varia• 
tion in porosity, the surface particle counts can be used 
to estimate the volumetric particle size frequency di1-
tribution with good precision. The assumption that the 
particle size distribution of the lunar regolith does not vary 
vertically has been challen1ed by Scott and Robenon (Ref. 
111-26). We believe that there are minor vertical variations 
in the grain-size distribution which will cause small erron 
in the application of the Rosiwal principle, but that there 
are no major dilerences between the particles on the 
surface and the particles in the subsurface. We shall 
return to this question In more detail at a later point. 

Of equal concern in the application of the Rosiwal 
principle to estimating the volumetric particle distribu­
tion of the lunar regolfth is vertical variation in porosity. 
Results obtained from studies <1f the mechanical proper• 
ties of the lunar surface (Refs. 111-27 through 111-30) 
suggest that thr. lunar regolith is more porous in the 
upper few millimeters than at greater depths. With such 
a vertical variation in porosity, coarse fragments will 
tend to be more abundant at the surface, in proportion to 
the fine-grained matrix, than they are at depth. A qualita­
tive assessment of the importance of porosity will be 
made by calculating volumetric particle size distribution 
on the basis of dilerent assumed porosities. 

To apply the Rosiwal principle, the cumulative areas 
occupied by the particles, as a function of particle size, 
must be calculated from the cumulative particle fre­
quency distribution. The cumulative number of particles 
per unit area at each landing site has been represented 
by the function 

N = KD'Y (1) 
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dilerentlatton of Eq. (1) pves 

dN al5 = yl(l)"f-l (2) 

The area of Individual fragments on the surface can be 
estimated by 

tr a = 4 D• (3) 

where a ii the crou-sectional area of individual &ag­
ments. If A is tl:e cumulative area of fragments of diam­
eter equal to or larger than D, then 

dA dN 
a15 = oa15 (4) 

Combining Eqs. (2), (3), and (4), 

(5) 

Integration of Eq. (5), between the limits of the maxi­
mum size &agment, l(-1rt, and D yields 

(6) 

where a = y1rK/4(y+2) an,1 p = y,rK-2t'Y/4(y+2). 

A choice must now be made of the reference area with 
which A is to be C-Jmpared. This choice is a functlnn of 
porosity. For 0% porosity, the reference area is equal 
to the unit area to which N Is referred. In the case of the 
distributions given in Table tll-11 and shown in Figs. 
111-69 and 111-70, the reference area is 100 m' or 10' 
mm2• For values of porosity equal to P, only 100 (1 - P)% 
of the surface can be occupied by particles. For 50% 
porosity, for example, the reference area is SO m• or 
0.5 X 10' mm2• 

The volumetric particle size-&equency distribution, 
expressed as the percent~ge of cumulativ~ volume as a 
function of D, is given by 

V = lOOA = 100( al)Y+I -& (7) 
A,. A,. 

where V is the percentage of cumulative volume of 
particles with diameter equal to or larger than D, and 
A,. is the reference area = 1()1 (1 - P) mm•. Solutions for 
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the 00111tants In Eq. (7), using the surface particle me 
distributions shown in Table 111-11, are luted tn Table 
111-12; the volumetric particle size distributions are shown 
in Flp. 111-70, 111-71, and 111-72. Two dilerent values 
of porosity, 0 and 50%, have been adopted for the dil­
tribution• shown. Observations of the mechanical proper­
tiet of the upper part of the lunar regollth auaest it 
has about 50% porosity near the surface (Refs. 111-r7 
through 111-30). The regollth, in most places, probably 
has a slgnilcantly lowM porosity at depths greater than 
5 to 10 cm. 

It may be seen from Figs. 111-70, 111-71, and 111-71 
that a relatively small &action of the total volume of the 
lunar regoUth is composed of particles coane enough to 
be resolved by the Suf'tJftr,or cameras. On the basis of 
the 0% porosity model, between 3. 7 and 18% of the 
regolfth i11 composed of particles coarser than 1 mm; on 
the basis of the 50% porosity model, 7.3 to 36% of the 
regolith II composed of particles coarser than 1 mm. 
The largest proportion, by volume, of resolvable particles 
wu observed at the Suroer,o, Vil landing site, and the 
smallest at the Sun,er,or I landing site. A large and con­
spicuous difference among the fragment size distribution 
at the Surveyor VII landing site on the rim of Tycho and 
the distribution8 observed at the landing sites on the 
maria is shown in Figs. 111-70, 111-71, and 111-72. 

It is of Interest to inquire whether the observed dis­
tribution of resolvable particles can be used to infer or 
predict the pa. ,,cle size distribution of the unresolved 
matrix. The functions given in Table 111-12 have been 
extrapolated to l" or to 100% volume in Figs. 111-70, 

Table 111-12. Con1tant1 and exponents of volumetric 
particle size-frequency dl1trlbutfon functions of 

the lunar re9ollth, baaed on ob1erved 
1urface particle 1l1e dl1trlbutfon1 

a.. .......... a, ''""-,, • p, •••• 'Y+ 2• 

l1HW1or I 7.5, X 101 3.1, X lot -0.11 
lun,-,or Ill 1,1, X 107 4.3, X 101 -0.56 
lun,-,or V 4.r,. X 10' 1.21 X 101 -0.65 
,.,,._,., VI 7,0\1 X 101 3.1, X 101 -0.51 
lun,e,or VII - • . . '.le X 101 -2,le X 107 +0.11 

100 1e0'Y•• -p1 
, I •• ~ D ~ r 1/'Y, ". 

Ar 
wher• V la •;,• ""•111et• •f cu111uletlv• velu111• ., 1N1rtlcl .. with ctle111eter equel 
teer le'le, the11 D, D la the ctle■eter ef 1N1rtlcl• 111 111llll111eten, elld A, la the ,.,.,., .. ,. 

{ 
IC)• 1111111 ,_, 0-,. INlf9tlty 111.ctel 

• 0,5 )( ICl' 1111111 fe, SOI)(. ,., .. lty 111.ctel 

91 

,. \ , 

I 



92 

I 
'PO 
IO 

IO 

40 ~ \ 
IO \\ \ 
II 

IO ----~ \ 
0\ 
\\ 

' 
\\ 

I 
10 

' \ \ • ' • ' \ ~ 1 ' • ' \ 
~ e ' ' \ 

i 4 ' 
a 

~ 
I 

I ! l i I o., 
0 .1 I '1 0 .7 
0.1 

o.e ~ 
0 .4 ~ -:I 
o.a ::l 

0 .1 

0 . 1 .__ ______ .__ __ ....,_ ______________ _ 

II' IOI' 1001' IMM let11 IOoM lffl 101ft 

PARTICL~ SIZE 

P19. 111-70. Volumetric particle 1lze-frecauency cll1trlbutlon1 of the lunar re1ollth 
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cll1trlbutlon1 of 1urface particle,. Da1hecl llne, repre1ent extrapolation, below 
obHrvecl particle 1lze of function, ll1tecl In Table 111 .. 11. 
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P19. 111-71. Volumetric particle 1~1••fret1u•ncy cll1trlbutlon1 of th• lunar r•ollth 
for 50 % poro1lty, ltatecl on power function, fitted to ob,ervecl 1l1e•fr•t1uency 
cll1trlbutlon1 of 1urface particle,. Da1hecl lln•• repre,ent extropolatlon below 
ob1•rv•cl particle 111• of function, ll1tecl In Table 111-12. 
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P19. 111-72. Volumetric particle 1lse-frequency cll1trlbutlon1 of the lunar reIollth 
for 0% poro1ity. Dl1trlbutlon1 are the •m• a, 1hown In P19. 111-711 howev"!r, 
V = percentaI• of cumulative volume 11 1hown with arithmetic ln1tHcl of 
1-rlthmlc teal• In orcler tn l!lu1trat• the form, of the cll1trlbutlon1. lelow 
D = 1 mm, the cll1trlbutlon1 are extrapolatlon1 of the function, ll1tecl In 
Table 111-12. 
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111-71, and 111-72. A1 1hown in theae lparea, these e1• 

trapolaUona lead to two quite dllftfellt reaulta, dependin1 
upon the values of y obaerved for the diatributiona of 
re10lvable 1urf ce particl 1. At the Su~ Ill, V, and 
VI landln1 11te1, the cumulative volume aoea to lOOCJI, 
in the particle 1lze ran1e between 5 and 100,a. At these 
1ite1, y varies between - 2.5, and - 2.8,. At the Su,w,c,r I 
alte, however, where y = 2.1 ,, the cumulative volume does 
not reach 1009' unle11 the 1lze dlatrtbutlon function ii 
extrapolated to particle 1ize1 in the 1ubatomic range. At 
the Sun,er,or Vil 1ite, the maximum volume of particles. 
baaed on the extrapolation of the observed 1ize distribu­
tion to in8nite1lmally amall particles, 11 only M.l CJI, of 
the total volume on the OCJI, porosity model and 48.2CJ1, 
on the 50% porosity model. Particle, amaller than 1 mm, 
therefore. must be represented by a dilerent distribution 
function from that fitted to the resolvable particles at 
both the Sun,er,or I and Vil sites. 

From the three observed particle diatrtbutlon1 that 
give plausible results when extrapolated into the sub. 
millimeter particle size range (Sun,er,or, Ill, V, and VI), 
the bulk of the volume consiab of particles le11 than a 
few hundred microns In diameter (Table 111-13). The 
medf•m particle diameter ranges from 23 to 75,.,. on the 

; 0% porosity model and from 60 t,, 255,.,. on the 50% 
• ; porosity model. While these results are at least physically 

\ ; plausible, they are not consistent with other indirect 

\ 

lines of evidence about the arain size distribution of the 
unresolved matrix. Photometric and polarimetrfc observa­

\ , tfons of the lunar surface sugeat that most of the par• 
ticle1 are flner than !Op.. Thus, the size distribution of 
the unresolved matrix at these sites may also be some­
what dilerent than that indicated by the extrapolation 
of the observed particle size distribution. 

It should not be surprillnl that the obtervec:I particle 
size diltributton of the resolvable fraa,nentl cannot be 
r:ltnpolated, without t'Ol'NCtiona, to very 1111111 puticle 
1izea. A1 shown in Fta. 111-88, the larp bulk of the lunar 
reaollth at all of the Su,w,or landin1 lites con,iltl of 
1ubmillimeter particles; only a very small part o! the 
distribution of particles, in terma of percent volume, ii 
In the 1ize ranp of resolvable partlclea. Small enon 
in the estimated values of y for the observed parts of 
the particle size diatribution1 have a 1tron1 .,feet on the 
re1ult1 obtained from extrapolation of the observed di•• 
tributlona to small partlcl sizes. By aelcct1n1 reviled 
values of y, however, new power functions can be found 
for the surface particle distributions which correaponcl 
to volumetric particle diatrtbutlona that IO to 1°'"' 
volume for any arbitrarily de8ned lower limiUug particle 
size. 

Several lines of evidence sugest that a sipi&cant 
fraction of the particles In the lunar regollth ls near lp. 
in diameter, but that only a relatively small fraction of 
the particles ii much 8ner than 114. The general polari­
metnc and photometric properties of the lunar surface 
can be simulated closely in the laboratory with certain 
lrradf11ted rock powden, if all of the powdered material 
11 ground 10 u to pa11 a 2014 sieve (Ref. 111-31). The low 
degree of polarization of Uaht scattered from the lunar 
surface indicates that many particles have diameten not 
much above the limits set by dllractlon, i.e., about 114 
(Ref. 111-32). Size analy~es of fragmental material pro­
duced bv Impact and expbive cratering show that 
partlclt ,s u nnall as 11& are produced.• Most rock-fonning 

''E. M. Shoemaker; unpubll11hed data. 

Table 111-13. Volumetric 19artlcle 1l1e-fret1uency dl1trlbutlon of lunar , .. ollth by t1uartlle1, 
bated on function, ll1ted In Table 111-12 extra19olatecl to 100% volu111e 

K,_,..,., ... , .,,.,.,...., ... , 
La1MNn1 .... ,.... ........... ,,. , ........ , .. ...,,,,. 

At 21,. At.,. At,.,. At 1-,. At II-A AtN,. At,.,. At 1-,. ........ .. ,., ... . ....... ....... .,.,.,... ........ ...... . . ...... 
lurye,o, I 5 X 10- • 2 X 10-1 5 X 10-7 4 X 10-1 1.1 5 X 10-1 2 X 10-• 2 X 10-• 
1.,,._,o, Ill 255 75 37 22 170 255 125 75 
lt,rye,o, V 60 20 11 7 110 60 31 20 
..,,..,., 'fl 

" 23 11 6 s,o 
" 

,o 23 
IWYoyo, VII b b b b S,0 CM 

b b b - - - - - - - ·-
•'"'"' ffl11•• 11 c11•11l•t1 .. ,,.. ,.,.., ,.,.,ct• te tMlleet. 
•Me1l•11• c11•11letlff ffl11 .. ef 1N1111cl• ._ N •llffelNlletlet1 ef _....,_ tlae cll1tr"11tle11 te l11fl11lteet .. 11-, ... 11 INlfflclet It 24.I~ ef .... , ••111•• fer 1)% ,_.,..,,-, • 
... , ...... 41,2%,., lo,,.,.,..,..,.....,, 
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silicate mlnenlt do not cnuh readily to particles much 
smaller than 1,-. however. 

11ae number of Interplanetary particles that ,trike the 
moon'• surface, and which are here auumed reaponalbl 
for most of the fragmentation, lncreuea npldly with 
decrea1ln1 size; but there II a deftnlte lower limit to their 
size. Particles with densities like thole of ordinary rock­
forming 1lllcate1 are not stable 1n the solar system If their 
dlameten are much smaller than about 1,.. Particles much 
smaller than 114 are ejected from the solar 1y1tem by radia­
tion preuure (Ref. 111-M). Abundant particle, In the alz.e 
nnge of 1 to 1014 tend to be produced by Impact of ,mall 
Interplanetary particle,, but 1ubmlcron particle, probably 
are produced only In ,mall quantity. 

If 1,.. 11 adopted a, a lower limit of 111.e for the particle 
•la-frequency dlltrlbutton. of the lunar regoltth, tnan­
cated power functions can be found to represent the 
particle size dlatrlbutlon between 116 and 1 mm that will 
permit the cumulative volume to 10 to 1009' at 114 
particle diameter at each Suroeyor landing lite. The 
total 111.e-frequency distribution of particle, at each site 
can then be represented by two power functfcna: (1) the 
function N = KDY, fttted to the observed dlltrlbutlon In 
the particle size range 1 mm S D S K-1rr, and (2) a 
sec.-,nd function N = :JJY1

, In the particle size range 
114 S D < 1 mm. The value of y' will be uniquely de­
termined under the condition,: 

( 1) That the total area of particles between 11& and 
1-mm diameter II equal to A, - A" where A, fa 
the cumulative area of particle, equal to and 
larger than 1 mm ( obtained from the observed 
dlltrlbution). 

(2) That N is Identical for both N = KDY and 
N = KD'I' at D = 1 mm, or, in other words, that 
K is identical for both functions. 

By analogy with Eq. (6), the cumulative area, Aoc, of 
particle, of diameter equal to or larger than D, but less 
than 1 mm, can be expreued by 

Aoc1 = {D -/r~+l dD = a'(DY'•• - 1) (8) la., 
where a' = y'rK/4(-,' + 2). The solution for y' is facili­
tated by reorganizing Eq. (8) In the form 

Intl A.act • 
-010 -

r = --i------'- - i (9) 

96 

lntroducln1 the boundary condlttona 

A,,,., = A, - A, at D = 10-1 mm 

Eq. (9) becomes 

which 11 solvable for y' < - 2. 11le area, A" at each 
Surveyor landing site Is found by 1alvln1 for D = 1 mm 
In Eq. (8). If 1peclftc value, of the reference area, A,, are 
adopted, corresponding to 1peci8c values of poro1ity, 
P, then Eq. (10) c:an be 10lved explicitly for y' by tue• 
ceulve approximation. Solutlom for y' at each landina 
site, for O and 509' porosity, IN lilted In Table 111-14. 

The derived total size-frequency dl1bibutlon of surface 
particles at each SufWf!or landing 1ite is shown in Fig. 
111-73 for the 0% porosity model of the lunar regollth, 
and In Fig. 111-74 for the 50% porosity model. At each 
site and for each model of porosity, the derived frequency 
distributlor comprue, the two functtona: (1) N = KD'I, 
1 mm < C, < K- 11,, lilted In Table 111-11, and (2) N = ICDY, 
1 ,.,. < D S 1 mm, listed In Table 111-14. 

It may be seen from Flp. 111-7S and 111-74 that the 
general trend of the derived particle size dl1bibutlon1 
below 1 mm ii similar to the general trend of the ob- '· 
served dlltrlbutfon1 above 1 mm in both the O and 509' 

Taltle Hl-14. Cen1tantt anti ex,enentt ef truncatetl 
,ewer functlen1 IN• ID'r', 114 SD SI 1111111 
tleltved fre111 elt1erved 1l1e•fre11uency di•• 

trlltutlen1 ef 1urfflce ,a,tlcl•• at the 
lurve,or lentlln1 11te1, cu111u• 

lcatlve vetu111e ef ,-rt1cle1 
• 100% atD • 114 .. ,.,...., .... ....,......, .... , .......... 

«, _ _,, ,, •••• ,.,. «, _..,., ,, •••• ,.,. 
.... .,.,, 1.0 X 10' -2.11 1.0 X 10' -2.41 
,.,..,., Ill S.3 X IC>• -2.21 S,S X 10' -2.0h ,-..,.,v 1,21 X IOI -2.41 1,21 X IOI -1.27 ,.,..,.,v, 1,91 X IOI -2,H 1,fl X IOI -1.17 
... ,.,., VII 7,9 X 10' -2"7 7,9 X 10' -2.29 

IN • U'r1
, 1,a :!i O :!i 1 ••• _...,. N 11 tile ••••left .. ••• ef ....... 

wltll 41....., .... , tee,...., t• 0, ...i O 11 tlle41...._,ef ........ I• 
.,111 ........ 
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"•· 111-71. Pewer functlent tlerlvetl ,,.... elt1ervetl 11••· 
fre11uency tll1trlltutlen1 •f 1urf•c• ,•rtlcl•• •t the 
lurveye, l•ntlln1 11te1 fer the O % ,-re1lty Metlel ef 
the lunar Nl•llth. The tlerlvetl ,-rtlcle tll1trlltutlen at 
Heh 11te 11 ,.,,.,entN lty tw• functlen1, N = ID'Y 
where I "'"' S D S r- 1rr, •ntl N = ID'Y' wh.,. 1,. < 
D < 1 111111, which are H1tN In T•ltl•• 111·11 •ntl 111-14. 
CuMulatlve veluMe ef ,•rt1cle1 In the , .. ellth flt Heh 
lancll111 1lte 1••• to 100 % at 1,. ,-rtlcle tll•"' ... ' fer 
the 1ulface ,•rt1cl1 tll1trlltutlen1 lllu1trC1tetl. 
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P11, 111•74. Pewer function, tlerlvetl freffl olt1ervetl 11••· 
fr•t1u•ncy tll1trlltutlen1 ef 1urf•c• ,•rtlcl•• •t the 
Surveyor landln1 1lt11 fer the 50 % ,.,.,lty Model ef 
the lunar Nl•llth. The tlerlvetl ,-rtlde tll,trlltutlen •• 
••ch •It• 11 ,.,,.,,ntetl lty twe function,, N = IDY 
where 1 "'"' S D S r· 1rr, •ntl N = IDY' wh.,. 11& S 
D S 1 111111, which •r• H1totl In Taltl•• 111-11 •ntl 111-14, 
CuMulatlve veluMe ef ,-rHcl•• In the , ... 11th at Heh 
lantlln1 1lte ""' te 100 % at 1" ,-rtlcl• tllaMeter fer 
the 1urface ,-rtfcle tll1trlltutlon1 lllu1tratetl. 
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poroafty mod.ls. If only mare 1fte1 are c:onaldered, the 
mean value of y' for the 09' poro1fty model fl • - 1.S., 111 
compared with a mean value for ., of - 2.41, for the 509' 
porotlty model, the mean value of -,' a1 .. - 2.la. The mean 
of all the, values of ., and y' for the mt.re sites fl - 2.4. 
for the 09' poroafty model and -1.s_ for che 509' poroafty 
model. Functions N l(l)Y, 8tted by eye to represent 
the avenp total particle dfltrlbutfona from 1,,. to 1C-1rr 
at the mare sites, have IC 1.1 X 1()1,., • -1.4,, for the 
09' poro1fty model, and IC = 7 X U>', -, • - I.Sa, for the 
509' poroalty model. Both of these 8tted functfonl Ile gen­
enlly within the envelope of individual functions N = 
JCD"t', 1 mm SD SIC· '' ', and N = 1(0,,, 1,. SD S 1 mm, 
for the mare sites. In other worda, for the mare sites, the 
mean derived frequency dfltributlon of aurface particles 
smaller than 1 mm, for both the 0 and 50" poro1lty 
mocleb, II nearly an extension to small 1be1 of the me n 
observed dutrtbutton of particles laraer than 1 mm. The 
&t la cloteat for the 09' poroelty model. 

In the cue of the Sun,~o, VII landing 1lte, on the rim 
of Tycho, the derived dl1trtbutkma of particles smaller 
than 1 mm, for both the 0 and 509' porosity models, are 
within the envelope of derived diatrtbutlona for the mare 
1ltca. There la a marbcl difference, however, between 
the derived distribution of particles smaller than 1 mm 
at the Su~or Vil site and the dfltrfbution of the 
observed larvi:-r particle,. The value of .,, fl -1.4, on 
the 09' p · tt•1fty model and - 2.1. for 509' porosity, 
wherea1 ., fl - l.81• Thus, the 8ne particles at the Sun>eflor 
Vil site probably arc 1lmilar In distribution to those on 
the maria, but the obaerved coane particles follow a 
conspicuously different dfltrtbution. 

Total volumetric particle 1t,e-frequency dfltrtbutlonl 
that "°""J>Oftd to the surface particle diltrtbutfonl shown 
In Ffp. 111-73 and 111-74 can be derived ror the lunar 
rtt10Uth. For particle slat equal to or peater than 1 mm, 
the volumetric df1trtbuttona are the same u thole pven In 
Tab 111-12 and shown tn Ftp. 111-70 and 111-71. Por 
partlcl ,fzea smaller than 1 mm, the volumetric parttcle 
size-frequency df1trtbutlon, expreued u the percentap 
of cumulative volume, fl pven by 

V =- IOO(Aoca + A,) A, (11) 

un the ba1l1 of the R01lwal principle. Comblnlnl Eq1. (8) 
und (11), 

V • lOO[a'(l)Y'A~ l) + M, 1,. S D S 1 mm (11) 

Solutions for the constants of Eq. (11), hued on the 
constants and exponents of the truncated power functions 
given fn Table 111-14, are lilted In Table 111-15. The volu­
metric particle size-frequency dlltrtbutiona correaponclln1 
to the combinecl functions listed In Tables 111-12 and 
111-15 are shown in Fig. 111-75 for t~ 09' por01ity 
mod I, 11nd in Fig, 111-78 for the 509' porosity model. 
Solutions for these functions at the quartiles are Hated 
fn Table 111-18. 

On the basil of the derived volumetric particle size­
frequency dlltributlom shown in Ffp. 111-75 and 111-78, 
the estimated median particle diameter of the lunar 
regolfth ranges from 3.S to 15,- and avenges 7.5,& for the 
09' porosity model. For the 509' porolity model, the 

Teltl1 111-11. Ce111tafttl •Ml 1x,e11111t1 ef truncated velu111ltrlc ,ertlcl1 1l11•fr•ttu111cy dl1trlltutle11 functle111 
dertvltl "9111 elt1ervltl 1l11•frlttu1ncy dl1trtltutlen1 •f 1urfac1 ,artlcl•• et the lurv•r• 

lalNll111 1ltN1 cu111ulotlve velu1111 ef ,artlcl11 • 100 ~ et D • 1,-.. ,.,..., .... ...,.,..., .... , .......... .., _, . 
• , _-y,. 1'+ •• ·•,--r• ,, + •• 

,-..,.,, 1.71 X 10' -0.11 I.I• X IOI -0.At 1.67 X 10' 
,-.,,., Ill 1.71 X 10' -0.21 1,0. X 101 -0.017 1.1' X 10' 
,-..,.,v 5 ... X 10' -0.AI 1.2, X 10' -0.27 I.If X 101 ,-..,.,v, 1.0, X 107 -0.H I.ft X 10' -0.17 7.00 X IOI 
,-,,,., VII I.It X lot -0.47 ••I• X lot -0.2' 1.71 X 10' 

,., ... ,., •• -1 •• ,., •• , + ... , 
V• lr • -, '" :!a O :!a I •• 
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estimated median particle diameter ranges from 4.9 to 
88µ. and averages 33µ.. These estimates for rnedlan 
particle diameter may be compared with the conclusion 
of Christensen, et al. (Ref. 111-27) that "a significant num­
ber of particles are in the silt-sized range (I.e., smaller than 
0.06 mm):' based on comparison of the Surveyor Ill foot­
pad imprints with simulated footprints in granular mate­
rials of various size distributions. At the Surveyor Ill 
site, our estimate of the median particle diameter is 15µ. 
for the 0% pc>rosity model, and 88µ. for the 50% porosity 
model. Jaffe, et al. {Ref.111-34), found that, on the assump­
tion that a bright band of light observed along the horizon 
after sunset at the Surveyor VI site was due to diffraction 
by smQll particles, the ci i 1servations indicate a mean 
particle size less than 100µ.. We estimate the median 
particle diameter at the Surveyor VI site is 7.6µ. for the 
0% porosity model, and 21µ. for the 50% porosity model. 

On the basis of a gaseous diffusion-caused eruption 
crater that was produced by firing the vernier engines of 
the Surveyor V spacecraft after landing, Christensen, et al. 
(Ref. 111-26), state that "the estimated lunar permeability 
indicates most of the particles are in the 2 to 60µ. size 
range." We find that, in the average case, the central 50% 
of the regolfth, by volume (the distribution by volume 
between the first and third quartile, Table 111-16), Hes 
between 2.2 and 59µ. for the 0% porosity model, and be­
tween 3.7 and 835" for the 50% porosity model. At the 
Surveyor V site, the central l50% of the particles, by 
volume, lies between 1.9 and 25µ. for the 0% porosity 
model, and between 2.5 and 75µ. for the l50% porosity 

, model. This agreement between two completely inde­
pendent estimates of grain size distribution is better than 
should be expected, considering the uncertainties and 

J,L TECHNICAL 11,011 32-1265 

..........., .... 
,.,..... ...... ,,,. 

At1001' At 111' At I01' At711' At 1001' ....... ....... ....... ...... . ...... . 
1.0 26 4., 1.1 1.0 
1.0 HO .. 6.3 1.0 
1.0 75 ,.1 2.5 1.0 
1.0 226 21 3.6 1.0 
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approximations used in both methods of estimation. We 
conclude that our extrapolations of the observed surface 
particle size distribution into the lµ. to 1 mm size range, 
as illustrated in Figs. 111-73 and 111-74, are supported by 
the studies of the mechanical properties of the lunar 
regolith. 

It is appropriate to return, at this point, to the question 
of whether the particles observed on the surface are rep­
resentative of the subsurface material in the lunar regolfth. 
The general smoothness of the walls of trenches dug by 
the surface sampler .. t the Surveyor Ill and VII landing 
sites and the smooth forms of the imprints made by 
Surveyor footpads, have given ~he impression to some 
observen that coarse particles of the size found on the 
surface are much less abundant or are absent In the sub­
surface. Scott and Roberson (Ref. 111-26), from their 
observations at the Surveyor Vil landing site, state, "A 
dbtinct Impression is gained from the surface-sampler 
work that the surface rocks liP on a relatively fine-grained 
granular material, and that this material does not contain 
rock fragments of a size comparable to the fragments on 
the surface." Gault, et al. (Ref. 111-35), on the basis of 
scintillation of striations on the wall of a trench dug by 
the surface sampler at the Surveyor Vil site, concluded 
that grains as coarse as 200µ. might be present, but that 
this represented the maximum possible grain size of the 
material exposed in the walls of the trench. 

Our interpretation of the features shown in the v:llll ,)f 

the trench described by Gault, et al., and shown in Fig. 
IX-28 of Ref. 111-35 is quite different. Inspection of the 
walls revea.ls at least two holes from which fragments 
several millimeters across may have been plucked. In 
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addition, many of the striations In the wall of the trench, 
attributed by Gault and othen to the surface sampler, 
may have been formed by coarse grains draged by the 
surface sampler along the walls. We believe that the walls 
of the 1urf ace-1ampler trenches and footpad Imprints are 
relatively smooth b-,cause the bulk of the subsurface 
material ii, in fact, very fi11e1-grained, u indicated in 
Table 111-18, and It 11 also somewhat compressible (Ref. 
III-SO). Coanft particles, therefore, tend to be pressed 
into the fine-grained matrix by the action of the surface 
sampler and spacecraft footpads and are obscured by the 
ftne-grained material. Simulation of the C\Ction of the sur­
face sampler and footpads In a soil modr i with grain-size 
distributions like those shown in Figs. 111-75 and 111-76 
would be desirable For further investigation of this prob­
lem, but we have not seen convincing evidence that the 
size distribution of particles in the shallow subsurface is 
significantly different from that on the surface. 

5, 'Thlckne11 of the RegoHth, E. M. S#toemalce, and 
E. C. Morr/1 

The lunar regolith has been deftned (Ref. 111-36) as a 
layer of fragmental debris of relatively low cohesion which 
overlies a more coherent substratum. It coven nearly all 
parts of the lunar surface observed on the maria by 
Surveyor, I, III, V, and VI; it is inferred to have been 
derived primarily by a process of repetitive bombardment, 
which also produced the majority of small craters ob­
served nearly everywhere on the lunar surface. In most 
places on the maria, the regolith is very 6ni::-grained; 
90% or more of the regolith consists of fragments finer 
than 1 mm. 

The thickness of the regolith may be estimated from & 

variety of observational data. One of the most direct 
estimates is provided by the observP,d depths, or the 
estimated original depths, of craters with blocky rims. 
These craters have been excavated partly in more co­
herent or coarser-grained material that underlies the 
regolith; their original depths, therefore, exceed the local 
thicknt- jS of the regolith. The estimated thickness c,f the 
regolith at a given Surveyor landing site is brackekd l_,y 
the original depths of the smallest craters with hlock~• 
rims and the original depths of the largest, shmp, r~bt':c!· 
rim craters without blocks. 

The actual thickness of the regolith probably varies 
~onsiderably at a given site, and generally only a limited 
number of craters is observable in the size range of 
interest. Thus, the estimates of regolith thickness are 
necessarily approximate. At the Surveyor I landing site, 
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for example, the smallest blocky-rim enter was found to 
be 9 m In diameter,• whereas the largest crater with a 
smooth, raised rim was 3.3 m In diameter. The depth-to­
diameter ratio of newly formed craten of this 11:r.e and 
type Is close to 1:3. The estimated depth of the regolfth 
at the Surveyor I site, therefore, la between 1 and S m. 

At the Surveyor III site, the smallest blocky-rim crater 
observed along the walls of the main crater In which 
Surveyor III landed is 13 m in diameter; the largest ob­
served crater with a smooth, raised rim is about 3 m in 
diameter. The thickness of the regollth along the main 
crater walls is thus estimated to be between 1 and 4 m. 
On the mare plain at the Surveyor VI site, no blocky-rim 
craten were observable from the Surveyor camera; 
smooth, raised-rim craters as much as 30 min diameter, 
were obRt>rved, however. ThuR, we concluded that, on 
the plain, the thickness of the regollth locally exceeds 
10 m (Ref. 111-37). On the mare ridae at the Surveyor VI 
site, the smallest blocky-rim er iter observed ii 30 m in 
diameter, and the largest smooth-rim crater is 22 m in 
diameter; there the regolith is estimated to be between 
8 and 10 m thick. 

Another estimate of the tMckness of the regollth may 
be obtained from the inferrtd original deptb of c.aten 
believed to have been formed by drainage of the regolith 
material into sub-regolith ftssures. Rimless, elongate 
craters observed in the vicinity of the Surveyor V landing 
site are believed to have been formed by drainage, and 
the small crater in which the spacecraft landed appean 
to be a member of this class. The original depths of the 
largest craters formed by drainage represent the minimnm 
local thicknesses of the regolith. As the angle of repose 
on the walls of these craters is about 85 deg, the original 
depths of the drainage craters were probably about one­
third the widths or minor axes of the craters. The minor 
axis of the Surveyor V crater is 9 m; the minimum esti­
mated thickness of the regolith is, therefore, 3 m. The 
maximum thickness of the regolith, derived from one­
third the diameter of the smallest blocky-rim crater at 
the Surveyor V landing site, is 5 m. 

A dimple crater with a minor axis of 20 m was observed 
in the floor of the main crater at the Surveyor III landing 
site. If the dimple crater has been formed by drainage, . 
as we believe, it indicates the regolith in the floor of the 
main crater is about 7 m or more thick. 

•Revised estimate based on distance from Surver,or 1 to this crater 
observed on Lunar Orbiter 111 hi;h-resolution photographs. 
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At the Sun,er,or Vil landing •ite, on the rim Sank of 
Ty·cho, there is an ambiguity both in prior definition and 
in observational evidence that may be used to interpret 
the presence, thickness, and characterfstlct of the regolith. 
The diJBculty arises from the fact that possibly several, 
and at least one, of the geologic units that make up the 
rim of the crater are fragmental debris. In the case of 
the patterned debris, one of the most widespread units 
on the Tycho rim, the matt1rial of this geologic unit also 
appean to have relatfvely low cohesion. 

We do not intend to apply the term regolith to such 
widespread blankets of frasmental ejecta associated with 
large, Individual craten on the moon. These units, inferred 
to be formed by a single event, or by a sequence of a 
small numbf!r of events, during a well de&ned, short 
interval of time In lunar history, are more appropriately 
treated as mappable, regional geologfc units. 'Mley may 
be expected to have certain internal consiltei,cies of 
strm:ture and to exhibit systematic lateral variations in 
grain size, shock metamorphism, and other characteristics. 

The regollth, on the other hand, ii conceived here as 
a thin layer of material that forms, and progressively 
evolves, over a longer period of time as a result of an 

' extremely large number of individual events, and possibly 
as the result of Interaction of a number of different pro­
cesses. The regolith is a strictly sur&cial layer of debris 
that conceals underlying geologic units in most pfoces on 
the moon. Its thickness and other characteristics are a 
function of total exposure time of the different parts of 
the lunar surface to a number of surface prJCesses. A new 

, surface freshly formed by a volcanic flow or ash fall or 
by a deposition ot an extensive ejecta blanket around 
a new crater has no regolith; the process of its develop­
ment, however, begins almost immediately, and the 
regolith gradu& 1ly becomes thicker with the passage of 
time. In this respect, we consider the regolith as a sur&cial 
layer analogous to soils on the earth. 

Where a regolith has developed on a fragmental geo­
logic unit such as a regional ejecta blanket or a debris 
flow, the practical distinction between the regolith and 
the underlying fragmental material must be based on 

1 differences in grain size, and aspects of physical and 
chemical alteration that can be recognized through the 
data at hand. In particular, the presence of numerous, 
small craters; a photometrically observable alteration 
profile or coatings or alteration rinds on individual frag­
ments; or a grain size distribution of the surflcial material 
similar to that observed elsewhere on the regolith, can 
be used as evidence for its presence. 
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At the Surwr,or VII landinl site, there is 1ood evfdence 
for the presence of a thin re1ollt} •. The most important 
evidence ii the presence of abundant craten smaller than 
:3 m In diameter; the size-frequency distribution of the 
small craten corresponds to the steady-state distribution. 
This suggests that the surface has been repeatedly cratered 
by very small craten. Material excavated by the surface 
sampler is, ior the most part, very 8ne-gralned, and is 
similar in mechanical properties and in general optical 
properties to the regolith observed on the maria. Further­
more, as on the maria, an abrupt charage in albedo was 
! ound at shallow depth. We conclude that this material 
j41 part of a regoUth similar In origin to that observed on 
the maria. In some places, much more coherent material 
or much coarser fragmental material was encountered bv 
the surface sampler at depths less than 2.5 cm; clsewhe~, 
!tne-gralned material of low cohesion was found to extend 
to a depth of at least 15 cm (Ref. 111-26). These depths 
may represent the approximate range of thickness of the 
regolith at the Sun,eyor VII site. 

The smallest crater with a conspicuously blocky rim 
observed at the Sun,eyor Vil landing site Is about 3 m 
in diameter. We believe smaller blocky-rim craten were 
not observed because there is only a low probability that 
individual smaller craters lntersert very coarse blocks in 
the fragmental unit that underlies the regol 1; blocky 
crater rims would be expected only where such coarse 
blocks were encountered (Ref. 111-36). 

The estimates of thickness of the regolith at the flve 
Surveyor landing sites are summarized In Table 111•17. 
The thickest regolith was observed at the Sun,eyor VI 
site, and the thinnest regolith at the Surveyor VII site. 

6. Disturbances of the Surface, E. M. Shoemaker and 
E. C. Morrl, 

At each of the Surveyor landing sites, wherever the 
lunar surface was disturbed, dark, fine-grained material 
was exposed beneath a light surface layer (Refs. 111-10, 
111-14, III-US, 111-36, and 111-37). Material ejected by 
footpad impacts consisted primarily of dark clods or 
aggregates of fine-grained particles (Fig. 111-77). The 
surface sampler exposed dark material at depths as 
shallow as a few millimeters. 

On the basis of observations at the Surveyor I and Ill 
landing sites, the hypothesis was advanced (Ref. IH-14) 
that the subsurface materiAI, exposed by landing of the 
Surveyor spacecraft and by manipulation of the surface, 
is dark because the subsurface particles are coated with 
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T•ltle 111•17. A,,-rent thlckne11 ef the lunar ret•llth •t the lurv•r•r 1•111111111lte1 
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F19. 111-77. Wlde-an1I• picture of footpad 2 of Surveyor I, showln1 ray-Ilk• 
deposits of dark subsurface material extendln1 to almost 1 m from th• 
ed1• of the footpad. The dark subsurface material was •l•ct•d onto a ll9ht 
surface layer by the footpad durln1 lancHn1 of the spacecraft (June 5, 1966, 
11 :29:49 GMT). 
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a dark substance called lunar varnish. Under this hy­
pothesis, the rocky fragments are generally brighter than 
the fine-grained particles on the surface and conspicu­
ously brighter than the subsurface fine-grained material 
because they are devoid of varnish. It is supposed that, 
if the varnish 1t one time had been deposited on these 

fragments, it has subsequently been scrubbed off by the 
same processes of erosion that produce rounding of the 
fragments. A thin layer of fine particles on the undis­
turbed parts of the lunar surface is lighter than the sub­
surface material because thesr; particles also tend to be 
scrubbed, but the surface layer of fine particles is darker 

104 JPL TECHNICAL If EPOlfT 32- J 265 



\ 
1 

than the exposed surfaces of the rocks because the scrub­
bins i1 Incomplete, owtn1 to relatively npld turnover 
of the particles. Under this hypothesis, the deposition of 
varnish must take place on the surfaces of fnsmenta at 
depths as shallow a1 a few millinaflten, or the abrupt 
decrease of albedo with depth would not penilt in the 
face of repetitive cratertn1, It may be expected, on the 
ba1i1 of the lunar varnish hypothesis, that the buried 
undenide1 of the coarser fragment, are coated with 
the vamiah. 

A teat of the hypothesis , •a• provided at the 
Su"""°' Vil site by the overtt1min1 of a number of 
coane fragments by the 1urfac" sampler. Two of the 
overturned fragment, are shown in Ftp. 111-78 and 
111-79; in both ca1e1, the und&1dde1 of these objects 
proved to be dark. On the object shown in Ft1, 111-78, 
most of the dark m11terial may simply be darl, lne­
graine<l particles adherin1 to the rock. The coatm1 wu 
par .. :, scraped away by the surface sampler, which ex­
posed material of much higher albedo beneath t.'te 
coating. On the rounded, rock-like object shown in 
Fig. 111-79, the coating evfiently is very thin; howev"r, 
it pro\'ed to be resistent to abrasion and scraping by the 
surface sampler. This coating may be the postulated 
layer of varnish. 

, Fl9. 111-71. Small fra9ment, about 6 cm acro11, tumecl 
over by surface sampler on Suryeyor VII, exposln1 th• 
dark undenlde. Part of the dark coatln1 has been 
scraped away by the surface sampler (January 11, 1961, 
06:03:17 GMT). 
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P11, 111-79. Small, ~undecl fra1ment, about I cm acro11, 
picked up and tumecl over b) Surveyor VII 1urface 
sampler. Contact between a dark coatln1 on 1111•r1lde 
of fra1ment that ha, been tumecl up and the brl1ht top 
surface that ha, been tumecl clown can be Hen alon1 
the front ,u.face of the fra1ment In 1hadow, which 11 
partly lllumlnatecl by 1unll1ht ecatterecl from tho 1paco­
craft. The contact between the brl9ht ancl dark 1urface1 
can al10 be Hon alon1 tho 1ldH of tho fra1mont 
(January 19, 1961, 06147140 GMT). 

7. Orfpn of the Lunar RegoUth, E. M. Sltoemalrer and 
f. C. Monl, 

A simple ballistic model for the origin of the lunar 
regolith is presented here to account for: (1) the size­
&equency disbibution and variation in disbibution of 
craters on the wurface of the regolith, (2) the thickness 
and variation of thickness of the regolith. and (3) the 
size-&equency disbibution and variation of disbibution 
of the &agmental debris of which the regolith is com­
posed. We recognize that high-energy radiation, mus 
wasting, and probably other processes have played a role 
in producing the observed features of the regolith, but 
we believe the effects of these other processes are sub­
ordinate to the effects of solid-particle bombardment of 
the lunar surface. For simplicity of statement, the 
subordinate processes will not be considered in this 
discussion. 
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The large majority of craters observed on the lunar 
aurface In a11 1lze cluse1 11 here Interpreted to t _ of 
Impact origin. At present, It 11 not poulble to detennlne 
the ntio of primary to secondary Impact craters. Some 
very-low-velocity, secondary Impact cratun appear to be 
recognizable In Surveyor pictures from the presence of 
projectile fnsment1 lining the craters. Higher-velocity, 
secondary Impact craten probably cannot be df1tln­
gui11hed from primary Impact craters. On the ba1i1 of 
the probable rate of production of secondary impact 
craters during primary cratering eVt""t• (Ref. 111-20), 
we believe that most craters, In the ••~ range observed 
in the Sumrr,or plctu :es, probably are secondary craters. 

Reprdle11 of whether the observed craters are pre; • 
dominantly primary or secondary In origin, the size 
distribution of 1mal1 craters appears to be a time lnvar• 
iant or 1teady-1tate distribution. Below a certain 1lze 
llmlt, the size-frequency distribution of craters is the 
same at all Suro.r,or landing 1lte1 despite differences in 
the abundance of larger craters and probable dilerences 
in age of the 1urface1. Thu i1 shown most dramatically 
in the cue of the Sumrr,or VII landing site on the rim 
of Tycho, where the observed distribution of craters 
smaller than 3 m in diameter ii closely similar to the 
distribution observed on the maria, even though the 
abundance of craten larger than 100 m In diameter ii 
more than an order of magnitude smaller on the rim of 
Tycho than it i• on the maria. The upper crater size limit 
for the ateady-state distribution of craters varies as a 
function of the number of large craters and the age of 
the aurface, It ranges from about 3 m 11t the Surwr,or VII 
landing site to about 50 to 200 m at the mare landing 
1ite1. 

The rangl-' in thickne11 of the regolith for a surfa« 
of a given .ige can be predicted from the observed size­
frequency distribution of the craters on the basis of the 
following simplified mooel. Functions F = xcA, fitted to 
the observed size disbibution of craters larger than c,, 
( the steady-state limit), are assumed to represent the 
size disbibution of all the small craters that have actu­
ally been formed. At any crater diameter below c,, the 
diierence between F = xcA and F = ~ represents the 
number of craters lost by erosion or burial as a result of 
repetitive cratering and other processes of crater de­
struction. The diameter of the largest crater that has 
been lost or has become unrecognizable is c,. The loss 
of craters with diameters close to c, occurs partly by 
erosion of the rim of the crater and partly by filling of 
the crater by debris derived from other craters both near 
and far. In terms of crater depth, most of the change 
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In these craters occun •• a result of 81lln1, and the 
thickness of the deposit ftllln1 an old crater of diameter 
c,. which has fu1t disappeared, 11 given by the oripnal 
depth of the crater minus the origin.&) rim height. Thi, 
thickness i• about ¼ c, and represents the maximum thick­
ness of the regollth In a sample area of l()• km•. 

The minimum thlckne11 of the regolith 11 the depth 
of the smallest crater, now &lied, whose floor form, a 
local part of the base of the regolith. The approximate 
size of this ,~ater can be obtained from the solution for 
the cumulative are11 of all the RIied craters, the Soon of 
which, when conn~ed together, form the entire bue 
or lower contact of the regolith. If 

(13) 

represents the cumulative frequency di1trlbut;on of all 
the craten smaller than c, that have been formed on a 
given surface, and 

(14) 

represents the area of craters of diameter c, then 

(15) 

where Ac is the cumulative are,. of craters equal to or 
larger than c whose floors constitute part of the base of 
the regolbh, and 

If, In addition, the craters were uniformly spread over 
the surface so that, at Ac = 108 km•, the surface were 
completely occupied by craters equal in diameter to 
or larger than the corresponding value of c, and, at 
Ac = 2 X 104 km2, evt!ry place on the surface had been 
occupied twice by craten equal in diameter to or larger 
than the value of c corresponding to Ac = 2 X 108 km2

, 

then a critical value of c...,1a would exist such that the floors 
of craters smaller than c,,.'" could not be part of the base , 
of the regolith, but must lie above the base of the rego­
litl1. The depth of the craters with diameter equal to this 
critical value of c is taken as the minimum thickness of 
the regolith. For the spatial disbibution of craters that 
would give the least variance in the thicmess of the 
regolith, the critical value of c: is reached at A., - 2 X 108 
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km•, or about twice th reference ar a for the distribu­
tion F = xc'. In other words, after the surface has been 
covered about twice over with crat 11, the ftoors of 
smaller craters that may be considered In the Integration 
lndlcoted in Eq. ( 18) do not contribute 1igni8cantly to 
the base of the regolith. On the bo1i1 of Eq. ( 18), we 
m y write 

(17) 

where 

c., • = critical value of c, or the diameter of the 
smallest crater whose ftoor ts part of the 
regollth 

A.. = total area of craters whose connectt9d 8oor1 
constitute the hue of the re1olith 

.., i X 10' km• 

The floors of actual craters are concave upward, and 
tho e part• of the floon of intersecting craters that form 
the base of the regoltth are each a part of a concave 
surface. For simplicity, however, let each concave ele­
ment composing the base of the regolith be approx­
imately represented by a ftat surface of a characteristic 
depth h, where 

h = qc (18) 

and q ts a cor,stant of proportionality between the diam­
eter of a crater and the thickness of the regolith that sub­
sequently develops where this crater was once formed. 
The constant q Is somewhat smaller than the depth-to­
diameter ratio of the original craters and ts close to ¼. 
On the basts of Eqs. (16) and (18), an approximate fre­
quency distribution for the depth of the regoltth may be 
written in the form 

8 _,, lOOAc = lOOA1rx(l/~•
2

(hl+t _ hl+a) L < h < h x: 4(.\ + r . . , .... , .. - - . 

where 

(19) 

H = cumulative percentage of the surface under­
lain by a regolith of thickness equal to or 
greater than h 

h.,,.,.. = q c.,,. = minimum thiclme:is of the regolith 

h, = q c, = maximum thickness of the regolith 
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The median thlclcnes1 of the regolith, '-,, 11 obtained 
from the solution for Eq. (19) at H = 50._,. 

Solutions for h.,,., h,, and h..,,, for the SufWJO' I, V, 
VI, and VII landtn1 sites are listed In Table 111-18, 
together with our best estimates of the thlclcneu of the 
regolith at these four sites. The solutions shown are 
baaed on the observed values of x, A, and c, at each of 
the four alt • listed in Table 111-10. No data are lilted 
for th Surveyor Ill landing 1fte because all the obser­
vations made from Su,wr,or Ill pertain to the Inside of 
a m.m cratM; the observed thiclcne11e1 of the re1olith 
there should be compared with a more complex model 
than the one we have described. 

It ,nay be seen from Table 111-18 that our belt esti­
mates of the thickness of the regolith, In general, lie 
within the range of h.,. to h, and are close to h..4• At 
the Su,w~or VI landing site, our best estimate of the 
thickness of the regoltth 11 twice to more than twice u 
great as h..,,1o Although a dilerence this larle tn one 
out of four cases is consistent with our IMdel of thick­
ne11 distribution, It ts also possible that the thickneu of 
the regoltth at the Surwr,or VI site is truly anomalous. 
An anomaly of this type c..'Ould be due to the presence 
on the mare surface of an initial layer of fragmental 
material, such as a fragmental ftow top or a layer of 
volcanic ash, or to a layer of pyroclaatic l'l&terlal de­
posited at some later time. It 11 of interest tlwt the order 
of the Su,wr,or landing sites by median thlckne11 of the 
regoltth predicted from the observed crater distribution 
is the same as the order on the basis of the estimates of 
thickness derived from other observational data. Thu 

Table 111-11. Precllded thlclcnetHI of the lunar re9ollth, 
ba1ecl on lt1•• 1171 to (19) ancl the function, 

P • xc1 Hated In Table 111-1 O, compared 
with be,; estimates of the thlclc­

ne1H1 of the lunar re1ollth 

............. 
L ■■ lll"llllt ...., .. .,, "' . ...., .. .. ............. 

........... ,. 
,....,.,, 1.6 " S.1 1 to S 
s.w,.,v 1.2 47 S.2 3 to 5 
lwN,or VI 2.7 25 ,., I to 10 , ... ,. ,1c1,., 

> 1 0 (Moro plolft) 
lwN,or VII t'.05 o:, o.o, 0.02 to 0,15 

...... ,-lcte4 111111111111111 .. 1 ....... ,... .... 

II, ,rellllctM •••1•11111 tllldl,... _, ,...11,11 

11.,, lt'Mlcte4 ••lle11 tllldl,._ _, ,...11th 

.... , •tl111etee Nted e11 elNemltf.,..I dete lltte4 111 Teltle 111-17. 
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strengthens our confidence in the approximate vabdlty 
or predictive valu of the proposed model. 

It remains now to se<· whether the size-frequency dis­
tribution of the fragments composing the lunar regollth 
can be accounted for by means of the ballistic model. 
To examine this question, It i1 convenient to expreu the 
size-frequency distribution In terms of cumulative num­
ber of particles per unit volume of th regolith a1 a 
function of the ma11 of the particles. lf the cumulative 
number of particles per unit area i1 given by N = l(l)'r, 

a1 defined above, then 

(20) 

where 

N. • cumulative numbt,r of particles equal to or 
1Arger thau D per 10' /2 JC-•l'Y mm• 

D = diameter of particles In mlllininters 

The maH of a particle, m, can be estimated by 

(21) 

where " i1 the density of the particle. Combining Eq1. 
(20) and (21) 

f = N. =km•, (22) 

where 

f a cumulative number of particles equal to or 
greater in mass than m per 10' /2 1(-11-r mmJ 

( 
6 ) 1-y-11111 k = l(HI/Y) -;; 

t = (y - 1)/3 

Taking the functions N = KD'Y, fttted by eye to repre• 
sent the average total particle distributions from 11& to 
K-1/Y at the mare sit~•, .., = - 2.41 for the 0% porosity 
model, anJ 'Y = - 2,3a for the t50% porosity model. The 
corresponding values oft are -1.1. for the 0% J:'O~Osity 
model, and - 1.11 for the 50% porosity model. \ '-:' •~ wish 
to see whether these values could have been predicted. 
For a given Vl... ·.-, of t, the constant k of Eq. (22) and 
K of Eq, (1) are determined from the usumed condition 
that the cumulative volume of the regolith goes to 100% 
atD=1"' 
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The regollth will b· • a11umed to be composed prt. 
manly or the cumulative ejK'ta from craten wtth a ,lztt. 
frequency distribution F = xc', c ~ c,, The diameter, c, 
of ch impact cr11tcr 111 r lated to the kinetic energy 
und ma11 of the projectile which formed It by the acaUn1 
relation 

where 

E = kinetic energy of th projectile 

o • velocity of the projectile 

m,. = mus of the projectile 

I = a scaling constant 

" = an exponent close to 14 

A11uming " to be constant, Eqs, (13) and (23) may be 
combined to give 

(M) 

where 

f, = cumulative number of projectiles equal to or 
greater (n mass than m, per 10' Ian• 

The mean for the four estimates of.\ listed in Table 111-10 
is - 2.94. For " = ¼, a good empirical value for small 
craters fonned in coherent rock (Ref. 111-38), the mean 
value of,, is -0.98. Most of these projectiles are believed 
to be secondary fragments of the moon. For primary 
projectiles striking the moon, est!mates of ,,,, hued on 
meteor photographs and on masses of meteorites recov­
ered on earth, range from -0.8 to -1.34 (Ref. 111-38). 

Uault, Shoemaker, and Moore (Ref. 111-38) have shown 
that the cumulative frequency of particles ejected from 
craters fonned in coherent targets by projectiles with the 
mass frequency distribution f, = k, m: can be expressed 
in the fonn 
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where 

f, • cumulative numbn of ~rd particles equal to 
or peater in mas, than m, per 10' km• 

m, • ma11 of elected particle 

and 

.+1 .. _ .....__ - 1 
I 

(28) 

where 

I • exponent of the function m, • i . M! 

fflt • ma11 of the largest particle 

M, = total m II of partlcl I ejected from a crater 

From a variety of empiric I data, a is found to nn1e from 
1.0 for small craters to abaut 0.8 for larae cnten. For 
., s:: - 0.98, derived fa~• the F = x~ dlltributton1 of 
craters, .. = - 0.98, for - 1.34 S .,, S - 0.8, estimated for 
primary projectiles, -1."-' S •' S -0.75. 

In reality, the ejecta are repeatedly reworked by small 
cnten, and the ejecta from cnten of diameter lell than 
c1111 ,. do not add to the volume of the regoHth. 'nlu1, the 
volume of the regolith ii only a small fraction of the 
cumulative volume of craters c, S c S c,, where c, ii of 
the order of 10" or le11. To a ftnt approximation, how­
ever, the exponent .. should be close to •· 'nle principal 
elect of repeated entering ii to grind the re10Uth ftner 
and to increase the proportion of 8ne1 to coane fragments. 
It may be seen that .. is slightly greater than c (w = - 0.98, 
• = - 1.1., -1.1,) but that -1.45 S .,, S -0.75 brackets 
,. Considering the uncertainties introduced by the approx­
matton1 used, the agreement is perhaps at 1ood u cnuld 
be expected. 

The 1ize-fn..1Quency distribution of resolvable fngmenta 
at the Sun,eyor Ill, V. and VI landing sites wu found to 
be the same, within the erron of estimation, but at the 
Suroe11or I and VII landing sites, coane fragments are 
more numeroua. At the Sun,e11or VII site, the spatial 

, fr,quency of coane fngments Is close to that observed 
in the Seidt of coane blocks around blocky-rim craten. 
It is 1igniflcant that coane fngments are moat abundant 
at the sites with the thinnest regoUth. Considering all 
Sve sites, Ii strong invene correlation exists between the 
abundance of coane blocks and the thickness of the 
regolith. This correlation may be explained in terms of 
the probability that the Sun,e11or touchdown points, or the 
sample areas studied, are close to blocky-rim cnten. 
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Wbmt the replith ii thick, only relatively larp, craten 
have blocky rims, and these are widely apacecl; where 
the ~oUth ii thin, analler, more cloaely apacecl craten 
have blnrky rims, and there la a htper probebdtty that 
the •mple an,u studied for pntlcle size dlltrtbuHon wtll 
cnntain coane blocb from thete cnten. 

Direct evtdence tullffll that the occummc,e of COUle 

blocb in anomaloUI al,undance la related to the proximity, 
to blocky-rim cratcn. At the Su,wvor I site, for example, 
a prominent rt-m-diameter, blocky-rim enter Ila about 
80 m from the 1pacecnft; many coane blocb obtervecl 
nearby may have been derived from this enter. The 
Su,wror Vil site II on the rim of Tycho, and the PNt 
number of coane fnpnent1 observed there ii probably 
related to the fact that the regoUth bu been fonned on 
relatively coane frapnental debris of the Tycho rim. 
Most frapn nt1 larger than 00 cm ( diameten PNter than 
twice the thtclcne11 of the re10Uth) are probably part o! 
the frapnental, patterned ftow material that directly 
underlies the re1ollth at the Su,wp VII nte. 

H. Photometry of the Lunar 1 ... llth, •• 
ObNrvecl by Surveyor ea ..... . 
H. E. Holt ond J. J. lennll1on 

Photometric data provided by the Sun>eflor plcturn 
have been used to: ( 1) determine the photometric function 
of the surface in the vicinity of the 1pacecnft, (2) compare 
macroscopic textures of the surface with the observable 
photometric function, (3) teat for symmetry or degeneracy 
of the photometric function, and (4) Investigate the elect 
of scale on the photometric properties of the lunar surface. 
'nle photometric characterilttcs of lunar materials ob­
servNI around each of the Sun,e11or spacecraft, and their 
variation or pattern of variation from place to place, can 
be used to distinguish dilerent lunar materials. 

Pre-flight calibrations of each Surue11or television 
camera system response, combined with frequent cali­
brations on the lunar surface using photometric targ'3ts 
mounted on the spacecraft and photometric control in 
the ground recording system, were used in the reduction 
of lunar photometric dam tcquired from each landed 
Sun,11101. 

1. Undllturbecl Material 

At each landing site, the photometric properties of the 
undisturbed, 8ne-grained material are remarkably similar 
and closely correspond to the photometric properties of 
local areu observed telescopically. It wu pouible to 
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make ~uurcnMmtl of the 1urf1 luminance at the mare 
lancUn1 1ttrs alon the rquator ov r a much wider nn 
of photometric I ~ry than could be obtained from 
the arth-hased obllt'rv tlrnl, which are mtrictcd to 
a1t-w t phase pl ne1 ( arth-moon-tun plane). St1rwr,on 

I, V, and VI viewed rather ftat, but undulating. entered 
pl Im, and 111 the 1un puscd almo1t directly over the 
spacecraft, rel Uv ly ,'Offlplete gon&ophotometrtc mea-
1urement1 were obtained. Sun,~or 111 land d within, 
and on th cast aide of, a 1uhduccl, D>-m-cllamcter enter, 
which restricted the photometric aeornetry; a dust­
coated camera mirror compromised the quality of the 
photoanetrtc data. Sun:,r,or VII viewed a rollln1-to-hdly 
t rrain within the lunar highland,, where the 1un dkl not 
rlJe more than 48 d I above the northern horizon; thb 
restricted th photometric geometry. 

Terrain areas were selected for photometric mea1ure­
ment1 on the basil of surface ftatneu, homogeneity, and 
relative direction from the c mera. Photometric data w re 
collected, when possible, along lunar azimuth, of 0, 45, 
135, 180, 225, 270, and 315 d g to test the 1ynametry of 
the local photometric function. The photometric umple 
areu ranged from 2 m to approdmately 100 m from the 
camera. Unlfonn-appearlng areu near the camera dkl 
not contain fragm nt1 larger than a few mllllmeten, 
while unlform-appearin1 areu 78 to 100 m away could 
contain unresolved fragment, up to sevenl centlmeten 
fn diameter. Surface 8atnes1 wu jud1ed by 1tudytn1 pie­
tum taken at low 1un elevatlonl; areu that exhibited 
little relief under pazln1 tllumlnatlon were selected for 
pl.otometric study. 

Photometric data were reduced by both digltizfnl 
analog magnetic tape reconHnp of the picture data and 
meuuring the &Im record by a densitometer. Photometric 
control between pictures wa1 maintained by an eipt-1tep 
gray scale recorded with each picture. The Rim den1ftie1 
of the selected areu were ftnt compared to the pay scale 
of that frame, and the luminance, were calculated from 
the tranafer characteriltlc determined from the pictun, 
clOllelt In tfme of the photometric target on the spacecraft. 
The lwnlnances from the gny 1tep~ of the photometric 
target were computed from the pre-flight gonlophoto­
metric calibration, the lunar photometric an1les exfstlng 
at that time, and an auumed solar lllumlnance of 13,000 
lumens. Correction, for Iris and Siter difference, were 
applied to the luminance values ,'Offlputed for the selected 
areas. 

Sun,eyor photometric· dat~ reveal that the luminance 
of the fine-grained surface increases gradually wl~ de-
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ere 1ln1 a,h,,ae an , and a rapl-1 lncreue occun between 
U). and 1-dea phue an1le1. Am'WIC the various sample 
areu of 8ne-palned material at any pven phase anale, 
only a 1mall variation fn luminance, due to the chanp 
In anale between the surface normal projected Into the 
phase plane ar.d tht- rdected or emersent llaht ny1, wu 
obs.rvecl. The surface luminance padually increun u 
thil an1le fncreasea when the projected surface normal 
occun on the 1un 1ide of the n,8ected llaht \'ector (nep­
tlve a). A npld decrea in luminance occun u the ansle 
incre&R1 when the projected surface normal appean on 
the re8ected ra)' 1fde of th phue plane (potitlve a). 
These ana)es are shown In Fig. 111-80. 

The general photon, rte properties of the unifom1-
appearin1 lne-palned material viewed by all su,,,.,, 
cameras did not reveal any va • ·.atlonl dependent upon 
lunar azimuth. The photometric function of ~ ftne. 
IJ'lined matenal appean 1ymmetrtcal and 1lmflar to the 
terrestrially rneuured lunar photometric function, which 
wa1 hued on m uurement1 n,1tricted to eut-west phase 
plane, (earth-moon-tun plane). The Su.,,.,, data abo 
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P11, 111-IO. Lunar 1thete111etrlc IHIIIMrY, a, vlewH frem 
lurveror ca111era en the lunar 1urface. lptltol11 8, 
1un1 ~ , ~"'.,. llne ef 1l1ht1 1, 1tha1e a111le1 I, •1le 
ef Incidence, N, 1urface nen11al, a, lu111lnance len11tude 
Cnqatlve teward 1un tide ef ca111era llne ef 1l1htt, 
c, an1le ef e111ltttlnce. 
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Indicate that the lunar fHnctton II euenHally ale­
Independent clown to reaoluHom of l c:m: topopaphlc 
lrrepalariUn larpr than thlt appear to hav" little elect 
on the, telescopically me UMl function. The lunar photo­
metric function of N. N. Sytlntby . and V. V. Sharonov 
(Ref. 111-39), "°"'plied and Improved by D. Wllllnllham 
(Ref. Ul-40), can Ix- uted in photometric data analyall 

I 
of lma1es from Rance,, Lunar Orbfln, and Surwp with 
molutioni a1 small u a few milllmeten (Fig. 111-81). u 
well u for telncoplc resolutlonl of ~ km or more. Local 
concentrations of rock frapnent1 Iara r than a few centl-
meten, how v r, can cau,e local variations of the photo­
metric function because the rocks have a different 
photometric function. 

Lun.lnanoe measurements made at phase ans)es of lea 
than 5 de1 were extrapolated to the peak lumlnaw-..o of 
0-de& phue anpe. Homopneou1 lunar surface areas 
exhibit their maximum luminance at 0-dea phue ansle, 
reprdleu of the emittance anaJe and orientation of the 
surface element. The peak luminance dlvtded by the aolar 
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lllumlnance I• called the normal luminance factor, or 
normal albedo. Estimates of the normal albedo were made 
of the unc:lllturhNI. Rnr-palned material at each landtn1 
alt . Thne estlm t I ranpd from 1.3 to 8.59' at the 
mare attn: th estimated normal albedo wu 13.49' at 
tiki Tycho sit In the lunar hlplancla (Table 111-19). 
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Variations in the albedo of the undisturbed, 8ne-grained 
surface were not evident from 1mnll phase angle lumi­
nance n1ea1uremerat1 except at the Sun,eyor V landing 
site. The near zero phase luminan<:e1 measured from the 
walls and floor of the Sun,eyor V crater indicated a nearly 
uniform normal albedo of 7.9%, but the more level surface 
outside the crater exhibited a normal albedo of 8.4 % . 
Slight variations In the luminance of Sne-pained material 
wen ohserved at larger phase angles (80 to 90 deg) in 
the middle to distant areas (50 to 200 m) at the Surveyor 1, 
V, and VII landing 1lte1. Some of these areas occurred 
near blocky-rim craten from which many small fragments 
could have been ejected. The variations could be produced 
by 1warm1, or strewn Selds, of small fragments (1- to 5-cm 
diameter) that cannot be resolved by the camera. 

I. Disturbed Material 

Photometric properties of the Sne-p-ained material 
were dllerent where th~ ftne-grained material was dis­
located or overtumed by the spaet,eraft footpads, surf ace 
sampler, or by rolling fragments. The disturbed material 
ii 5 to 28% darker than adjacent undisturbed material 
(Table 111-19). Before the Sun,Bf!or observations, it was 
not known that darker material occurred immediately 
beneath the surface. 

The lighter surface layer ls extremely thin; rolling 
fragments smaller than 2 cm across exposed darker mate­
rial along their tracks, which were at most a few milli­
meters deep. Vertical exposures along the walls of trenches 
dug by the surface sampler did not reveal any visible 
truncated edge of a light surface layer. The lighter surface 
layer was always destroyed whenever the surface was 
scraped by the surface sampler. It Is concluded that the 
light surface layer Is no more than 1 mm In thickness 
and may be less than 1h mm thick. 

The measured part of the photometric function of the 
disturbed material extends from 20 to 90 des In phase 
angle and does not diJfer appreciably In form from the 
function of the undisturbed material. Ratios of thP luml­
nances of the disturbed and undisturbed material more 
accurately show the dilerences In the photometric func­
tion of the disturbed material with reference to the more 
precisely measured function of the undisturbed, flne­
grafned material (Fig. 111-82). The derived photometric 
function appean to be very similar to that of the un­
disturbed material. Lack of available photometric data 
at phase angles from O to 20 deg does not allow deter­
mination of the complete nature of this function for 
undisturbed material, however. 
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P11, 111-12, latlo1 of lumlnunc•• olt1orvetl from atlfacent 
undlttvrlled and tll1turll..t flne-1ralnecl lunar 1urface 
materlal1 are 1hown In the u,,., tlla1ram1 tho Nthecl 
llne tlellnHte1 th• avora1• ratio. In the lewer 41 .. ram, 
the 1thotometrlc function of the tll1turbetl material 11 
ploHetl with r••1t•ct to the function of the untll1turbotl 
fln••1ralnetl material. The lack of avallaltl• tlata from 
O.to 20-4•1 phaH an1I• tlo•• not pennlt tletennlnatlon 
of the complete function for the tll1turltetl matorlal. 

The occurrence of a very thin, easily destroyed, light 
surface layer was one of the most surprising observations 
made with the Surveyor television cameras. The ratio 
of the nor.nal albedo of undisturbed surface material to 
the norm.,1 albedo of disturbed subsurface material at the 
various Sun,eyor sites (Table 111-19) may provide a clue 
to processes alecting the light surface layer. At the 
Sun,eyor I, VI, and VII landing sites, about the same 
ratio was found for nearly flat areas. At the Sun,eyor Ill 
and V landing sites, the ratio of albedos was much smaller; 
there the measured surfaces slope 14 deg or more. Pictures 
from Sun,eyor III provide evidence that mass wasting_ 
or surface creep is actively occurring on lunar slooes 
(Ref. 111-14). The creep movement may be caused by 
seismic shocks from meteoroid impacts or internal re­
adjustments or by thermal expansion and contraction. 
This movement would tend to mix the lighter ~urface 
material with darker subsurface material, and there the 
ratio would be low as a consequence of the high rate 
of mixing. 
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The lowest ratio, or oontrast between surface and sub­
surface materials, was observed at the Surver,or V crater 
where thf' steepeit slopes were observed. This crater 
probably ~J• fonned by drainage of the fragmental 
material of the .--,gollth bto a subsurface cavity or 8uure, 
which would cau~ mixing of material alo"I the crater 
wall. Continued creep inside the crater may prevent the 
formation of a light surface layer equal in albedo to that 
formed outside the crater. The estimates of nonnal albedo 
support thl, concept, the level suriace near the crater 
exhibits an albedo of 8,4,,., inside the crater, the albt,do 
fa 7,9,,., 

3. Rock Frapnentl and Bloclm 

All coarse rock fragment• and blocks tl11t protrude 
above the general level of the surface are brighter at 
low angles of solar illumination and large phase angles 
than the 8ne-grained material. At small phase angles, 
moat fragments and blocb are brlghtn than the 8ne­
gralned material, but the contrast 11 much leas, and a few 
rocks are darker than the matrl:c material. The normal 
ulbedo of the larger measured fragment• ranges from 9 to 
22%. The photometric function of the measured rocks 
differs markedly &om that of tJae fine-grained material, 
It resembles more closely that of ll Lambertlan scattering 
surface than the function for 8ne-grair,«I material. 

A few rock fragments at the Sun>lflor V and VII landtna 
sites showed small, bright areas, which varied in position 
u a function of illumination angle. These transient bright 
spots may be due to specular re8ectiom from crystals or 
glassy material. 

Most rock surfaces are euentially dU1t-free, a coating 
of dU1t, even a1 little u 0.1 mm thick, would signiftcantly 
11lter their photometric function. The fact that some rocb 
exhibit spots and other forms of albedo differences, 
u well u exhibiting specular re8ectiom, fa indicative 
of nearly clean rock surfaces. Several rocb have irregular 
surfaces, or pockets, where Sne-grafned material bu 
accumulated, this is easily recognized by the contrasting 

, photometric properties of the 8ne-grained material. Also, 
the polarimetric fun~ m of the larger blocb ts markedly 
different from the adjacent Sne-grained surface material, 
another indication of essentially dU1t-free surfaces. 

Measurements of rock luminancea by the Suroeyor 
cameras were mad" under limited geometric conditions. 
The calculated absolute luminancea showed greater vari­
ations than measurements for the 8ne-grained material, 
partly because of leu accurate photometric control, but 
chie8y because of the elects of divene orientation of 
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the surfaces. Ratios of the lumlnances of the n~k, ~o the 
lumlnancea of the adja«ent fine-grained material more 
a<.'CUrately Illustrate dilert.11ces between tia photometric 
function of the rocks and that of the fine-grained material 
(Fig. 111-83). The derived function for the rocks ar!'Cara 
nearly Lambertian: a small distinct peak i•·,.n occur :,n 
the photometric function around zero phase angle. 
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P19. 111-11. latlo1 of the luminance, from rock, anti 
adlacent fln••1ralned material are ,hewn In tho u1111• 
dlalfGffl, the clathed llne re,rotentlnt the avera1• 
ratio. In the lower dl .. ram, the 1•n•rall1H 11hote111etrfc 
function of rock, 11 11lotted with re111ect to the function 
of the undl1turltH flne-1ralned 1urfac• matorlal. The 
11hotometrlc curve for reclc1 a,, .. ,. nHrly Lamltertlan 
with a •••II ltacktcaHer , .. 1c 1u11erlm1101H nHr the 
aero 11h••• an1le. 

I. Colorimetric ObMM1tlon1 of th• 
Lunar Surface 
J. J. Rennll,on 

Color 8lten were incorporated in the Sun,qnr I, Ill, 
and V television cameras, in anticipation that color might 
be an aid in discrimination between lunar surface m•te­
rials. Because only a limUed number of 8lten could be 
used in the television camera, three-color colorimetry wu 
selected as the beat method for measuring and describing 
the colon observed with the camera (Ref. 111-41). 
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The oolor 81ten ua the camera-Siter wheel for Sun,qa, I 
were selected so that the overall carnera-81ter spectral 
response (Fis. 111-84) would duplicate the standard color­
matching functions of oolorlmetry u well as poutble 
using slnaJe 81ten. Figure 111-85 ii a paph of the overall 
camera-Riter spectral response 1howln1 the 8t to the 
standard Commission lntern.tlonaJ., d'Eclatrap 1..Sl 
(CIE) coJor-matchln1 fulldlont. 

A technlqtte suaeated by Davies and Wyazecld (Ref. 
111..tl) wu used for selectln1 color 81ten to 8t the 
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P11. 111-14. 1,ectral re1,on1e curve ef the lvrveyer I 
televl1len cafflera et the cl•r ,e,ltlen ef the fllter whNI. 
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P11. 111-11. Overall cafflera-fllter ,,ectral , .. ,en•• ef 
the Survey• I camera u1ln1 1ln1I• fllten In the -,tlcal 
,.th. The 1elld llnH are camera-fllter ,.,,en•• curvN, 
the cla1hetl lln•• are the CII celer•fflatchln1 functle111. 
Th• 1ecencl MC1xl111u111 In the x' curve 11 elttalned froffl a 
reduced value ef the I' functlen added te the •rl1lnal 
cafflera-fllter re,,enH. 
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response of the SufWflor 11 I and V television cameras 
approximately to the mlor-matchln1 function,. Two 8lten 
were 111ed In seriet In the optttal train of the camera. 
1119 filter s)au oomponents had to be 1 mm or more In 
thlckneu to withstand the rigon of apace light. Because 
of welpt constraints, the filter pain were limited to a 
total thlckneu of S.O mm. A special computer propam 
wu used foa· determlnln1 t~ k111al thiclmeuea and com• 
blnattons of 81ten required to 8t the s.,,,,.,, Ill and V 
camera 1yatems spectral response to the CIE color­
matching function•; the Rt obtained wu fairly 1oocl 
(Flp. 111-88 and 111-87). The &lten were coated with a 
neutral density deposit of lnoonel ao that, without vary­
ing the aper.ure, approximately equal video alpab 
would be produced by e1p01urc to a dayUpt source. 

In order to meesure color from the television pictures, 
it ii neceuary to detennlne the camera triatlmulua values, 
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Pl1. 111-16. Ca111era-fllter ,,ectral re1,-n1• functle111 ef 
the Surveyer Ill cafflera, cOMparecl with CII CCNl111l11len 
lntematlenal• cl'lclalra1• 1931) cel•r-111atchln1 func• 
tlen1. Ca111era-fllter tpectnll ,.,,en•• function, are 
,hewn with 1elld llnN, ancl the CII celer-111atchln1 
function• are shewn with da1hecl llnN. 
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P11, 111•17, C.111era-fllter ,,ectral re,,•n•• functlen1 ef 
1 the Surveyor V co111era, ce111,ared with CII CCe111111l11len 

lnternotlonal• d'lclalra1• 1911) c•l•r-111atchln1 func• 
tfon1, Comera-fllter ,,ectrol re1,on1• functlen1 are 
1hown with 1olld llne1, and the CII color-111otchln1 
function, are 1hown with do1hed llne1, 

which are proportional to th .. , video volta1e, Tho pro­
portionality facton may be determined by measurin1 the 
video signal when the camera is exposed to object colon 
of known spectral radiance. 1'ristimulus values for the 
Suroeyor Ill and V cameru were determined by observ­
ing a 3 X S matrix of Riter/source combinations before 
launch; the proportiouallty facton were obtained by 
least-squares solution. The chromatlclty coordinates of 
these nfne Siter/source combinations were calibrated 
with a spectroradiometer. 

The spectral response of the vidicon tubes used in the 
1 Suroer,or television cameru is sensitive to temperature. 

Variation of the spectral response of the Suroer,o, tele­
vision cameras with temperature wu not calibrated 
before Sight; thus, trfstimulus values obtained from 
meuurements of pictures of Galibrated color targets, 
taken on the lunar surface at the operating temperature 
of the camera, must be used for accurate calculations of 
color. The color targets were provided u parts of the two 
photometric targets mounted on the spacecraft. Three 
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colon were preaent on each tarpt, and they were cali­
brated before launch with a spectroradlometer whde 
lmduted by a known spectral source at vartous ansl• 
of incidence . 

Sets of pictures for colorimc.,tnc measurement were 
taken of various parts of the lunar surface at the su,_,or 
I, 111, and V landin1 sites. Some of the larser blocks 
and the material disturbed by the surface sampler on 
Su'"flC)r 111 were of 1pecial interest. Preliminary at­
tempts to look for color dUferences have been made by 
preparing color pictures, by color reconstitution methods, 
using the pre-Sipt calibration for control. '111e prelimi­
nary results 1how the disturbed and undl1turbed surface 
material at the Suro,r,or I and Ill sites to be relatively 
uniform dark gray. However, the preliminary colorimetric 
reduction of the Surver,o, V data indicates tt.e lunar sur­
face at the Su,wr,or V site is slightly olive gray. At none 
of the 1ite1 were demonstrable dtlerences in color 
observed on any of the coarse blocks 10 far eumined, 
which are all gray, but Upter gray than the 800-oatned 
matrix of the 1urface. 

J. Polarlmetrlc Observations of the 
Lunarl .. ollth 
H. E. Holt 

Polarizing filters were installed In the Sun,eyor VI 
and VII television cameras to serve as analyzers for 
detection and measurement of the linearly polarized 
component of light reflected from the lunar surface. 
Areas around Sun,er,or, VI and VII were selected for 
polarimetric study according to their geometric orienta­
tion relative to the camera and sun. Sample areas were 
selected along the east-west sun line to compare low­
resolution telescopic measurements of polarized moon­
light, made of areas more than 100 km•, to high-resolution 
Sun,er,or measurements, covering area• from 1 cm• to 
1 m'. Other sample areas were selected northwest, north, 
northeast, southeast, and south of the 1pacecraft to pro­
vide coverage to test for symmetry In the lunar polar­
ization functions. Additional areas containing large rock 
fragments, disturbed material, and footpad imprints were 
selected for special examination. After lunar sunset, plc­
tnres were taken of the lunar surface illuminated by 
earthlight to measure the depolarization of earthllght 
reftected from the lunar surface. 

1, Method of Polarfmetrlc Meuurementl 

Pictures of the lunar terrain were taken with three 
polarizing filters rotated 1equentially in front of the 
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camen lens, while the aperture and other camen con­
ditions were h Id constant. Vsrution ln th'- apparent 
radi nee of th same lmage element contained In the 
three picture, 11 due to a polarized component ln the light 
incident on the Rlten. n.1r greater the degrc of polariza­
tion, or percentage of Hne .. rly polarized light ln the light 
scattered from the lunar surf ce, the greater the \lariation 
In apparent radiance of lmage elements In pictures tak,,n 
through th three 81ten. Laboratory tests with a slow­
scan televlslon camera and three polarizing fllten havt., 
shown that a1 little u 5% linearly polarized li1ht can be 
m asured with moderate precision and a1 little u 3% 
can be d tectec:l. 

The orientation of lhe polarizing 81ten remains hed 
with respect to the camera mirror and rotates with re­
spect to the picture fonnat. The Surw11or VI camera 
was tilted about 16 deg from the lunar vertical toward 
the lunar azimuth 60 deg before the hop, and 13 deg 
t Jward 56-deg azimuth after the hop, the Surwr,or Vil 
camera wa1 tilted about 16 deg from the lunar vertical, 
toward the lunar azimuth 290 de1. Pictures taken ln the 
dil't'ction of the camera tilt plane will have the polariza­
tion axis of Siter 2 paraalel to the horlzon and the axis 
of filter 4 nonnal to the horizon. At other camera view• 
Ing positions, the axes of ftlten 2 and 4 are inclined to 
the left or right of these po1tuon1, reachlng the maxlmum 
inclination of 16 de1 at viewing positions at right angle, 
to the camera tilt plane. 

For a 8nt approximate analysis, the degree of polar­
ization was computed by dfvfdln1 the dilerence between 
the lumlnance1 observed through 81ten 2 and 4 by the 
1um1 of the luminance,. The percentage of polarized 
light determined by this preliminary method of analysis 
includes polarization introduced by the camera mirror. 
Final corrections for the polarization introduced by the 
mirror will be based on further test, of mirron of 
the type used in the Suroeyor camera. Prelimlnary polar­
fmetric calibrations of Suroeyor camera mirrors show 
that a linearly polarized component of light will be par­
tially changed to an elUptically polarized component. 
Both the aluminum oxide mirror surface and the silicon 
monoxide overcoat are involved in introducing polari­
metric erron, the erron do not appear to exceed a few 
percent. 

I. Pol y of Flne-Gralnecl Materlall 

Light scattered from the lunar surface ii partially 
plane polarized at most phase angles. The degree of 
polarization of sunlight scattered from Sne-grafned areu 
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of th lunar surf ace was found tll depend prindpally on 
the phaK' angle. Th orientatlnn of the scattertna surface 
h111 a negligibl effect on the d gree of polarizatlon, al­
though the plane of polarization of the linearly polarized 
light, in fflOlt cases, tends to be parallel to the scatterin1 
s•1rface. 

The degrtt of polarization of light scattered from the 
ftne-grained lunar ,-t;rface on both the maria (Su,wr,or VI) 
and highlands (Surveyor Vil) ii similar to that observed 
tel.-1<!opfc1dly. Below phase angles of 35 d g, the polar­
ization was low to undetectable; an fncreulng degree 
of polari1 .Uon wu ob rved from 35- to 90-deg phue 
angles, and as much u 19% polarization between 90-
to 110-deg phase angles. The degree of polarlzatlon 
decreases at larger phase an1les, declining to 8 to 11 ~ 
at IM-deg phase an1le. Dilerences fn the degree of 
polarization at a given phase anaJe in light scattered 
from surfaces north and south of the camen were within 
the scatter of the data; there f1 no evfd nee for lack of 
1ymmeby fn the polarization function. 

Light scattered from the &ne-palned material observed 
by Suroe11or Vil In the lunar highland, wa1 also par­
tially plane polarized, bi.t the maximum degree of polar­
ization was less than half that observed on the mare 
sf te. A smooth curve through the data points 1how1 less 
than 4% polariz.. aon below 60-deg phase angle, ,~ 
polarization at 60-deg phase angle, and a maxlmum of 
7% at 100-deg phase angle, followed by gnduaUy 
decreasing polarization at larger phase anaJes. '11le de­
degree of polarization did not vary signilcantly u a 
function of the lunar azimuth of ohservatlon. 

The preliminary polarization measurements of light 
scattered from the undisturbed, fine-grained lunar sur­
f ace materhal at the Sun,eyor VI und Vil sites indicate 
that the polarfmetric functions at resolutlon1 of about 
1 cm are similar to the telescopically observed polari• 
metric functions (Fig. 111-88) detennfned for areas of 
more than 100 km2 of lunar surface. The polarfmetric 
function obtained from Sur)eyor observations and at the 
telescope is also similar to that obtained In the laboratory 
for powders of basic and basaltic rocks (Fig. 111-89, 
Refs. 111-42 and 111-43). Thus, the polarimetric results 
are consistent with elemental analyses from the Alpha­
Scattering Experiment conducted on Suroe11or, V, VI, 
and VII (Ref. 111-44). 

3. Pol of Rock Frapnents 

Rock surfaces ob.~ervec:l on the maria and highlands 
exhibited a greater variation of polarizing properties 
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P11. 111-19. Polarl1atlon curv.. for freth fracture 1ur­
face1 of ollvlne basalt and 11owclered ollvlne 1ta .. 1t 
1a11111I•• Cleft. 111-42 ancl 111-43). Por com,arl1on, the 
ave,a9e teletco1tlcally 111N1ured polarl1atlon function 
for flne-1,.lnecl 111are ancl hl9hlancl 111aterlal1 a.-. 1u11er• 
l1111101ed on the 11olarl1atlon curve, for 1ta .. 1,. 

than the fine-grained material. A few rock surfaces are 
similar fn their polarizfnl propt,rtfes to the adjacent Sne­
grafned material, while othen produce a maximum po­
larization of the scattered 11pt that ii two or more times 
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greater than that produced by the lne-gralned surface 
material,. The degree nf polarization of light scattered 
from some rock 1urface1 varies mostly as a function of 
phase angle, and the orientation of the scattering surface 
ha, a 1ubordlnate elect. The orientation of the plane of 
polarization of the linearly polarized light component 
contained In the re8ccted sunlight tends to be parallel 
to the viewed rock surface element. 

Only a few rock surfaces were observed from 
Sun,er,u, VI, mostly to the south and east of the camera, 
where observation, were limit~'Ci ~o a ,mall range of 
phase angles (20 to 95 deg). The polarization elects of 
rock surfaces at phue angles less than 80 deg were 
undistinguishable from the elects of the fine-grained 
materials. Between 70- and 95-deg phase angles, the 
degree of polarization of light scattered from the rock, 
increased at a greater rate than the polarization of light 
scattered from the ftne-gralned materials (Fig. 111-90). 
Light scattered from two rock, exhibited !5 and 289' 
polarization at 95-deg phase angles. These rock, have 
an estimated normal albedo (normal luminance factor) 
that Is at least two times higher than the normal albedo 
of the adjacent Sne-graincd mater!1I. Other rock frag. 
ment1 with lower albec:los produce lower degrees of 
polarization. The brighter rock fragments caused u much 
u 50% more polarization than the Sne-grained material. 

More rock fragments were viewed from Su,wyo, Vil 
than from Suroer,or VI, and polarization meuuremenb 
were obtained over a greater range of phase angles 
(5 to 135 deg). The rock 1urface1 again exhibited a more 
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Irregular rol,,.rizatlon function than the ftne-gralned ma­
terial of 'the lunar highlands. The light scattered from 
some rocks showed only slightly more polarization than 
that of the Rne-grained materials; other rocb caused 
three to four times greater polarizatfon (Fig. 111-90). 
The light scattered from some rocb exhibits a rapid 
increase in degree of polarization, starting at 6 to 9% 
and going to 25 to 34%, over the interval from 70-
to 125-deg phase angles. Maximum degree of polarization 
caused by Individual rocks occurred between phase angles 
of 114 to 128 deg. The measurements were obtained only 
at 8- to 13-deg phase angle intervals, however, and the 
pealc degree of polarization from rocks causing 1trong 
polarization of light scattered occurs between 120- to 122-
deg phase angles. The rocb producing high peak polariza­
tion are arnong the brightest rocks observed on the lunar 
surface and have an estimated normal albedo nearly twice 
that of the ftne-grained material. 

Rocks causing le.s polarization allo have a lower al­
bedo, and peak polarization occun at a phase angle nearer 
that observed for the &ne-grained material. The combina­
Uon of lower albedo and an intermediate photometric 
functjon suggests that some of these rocb may consitt of 
shock-altered rock or sbock-lithUled, &ne-grained material. 

111 

~. Depolartutlon of EarthUpt Relectecl From the 
Lunar Surf ace 

During the ~unar day, polarimetric meuurements were 
made of an area on the ftne-grained material of the 
highland surface about 3.1 m northeut (-M deg seleno­
graphic azimuth) of the Su,w~o, Vil ,pacecraft. The 
highland area exhibited an 1vein1e polarimetric function 
with about 6~9f, polanution at a phue anp of 95 de1. 
Pictures were also taken through the polariztn1 ftlten 
of thil ftne-grained material about 11 hr after sunset, 
when the lunar surface wu illuminated by earthltpt. 
The phue angle of the polartmetrlc observattom under 
earthlight wu about 92 de1, The degree of polarization 
of the incident integrated earthlight wu estimated to be 
15 ±291> from a series of pictures of the earth taken 
through polarizing &lten within a few minutes of the 
pictures taken of the lunar surface. 

Preliminary reduction of the polarimetric data indi­
cates that the polarization of earthlight scattered from 
the lunar surface ts about 10 ±29' at a phue angle of , 
92 de1. The observed depolariution of the scattered earth­
light ii probably caUled by multiple scattering from the 
surface of grains composing the very poroua lunar surface. 
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I. Summar)· of Polarlmetrto MeUU1'91111Db 

Pn-Hmlnary reduction of th. polarization meuure­
ment• from Sun,,r,or VI and VII plct11res lndlcat,s that 

~ the polarlmetric function of the &ne-patned part o! th 
r~ oUth re hes a maximum of 7 •o 9~, In the hlghl"nd• 
and 18 to 19" on the marl" ~"' ,,o!ariffl'-'tric functions, 
m a1ured for RreaA of 1 cm• to 1 m•. aJ<• atmilar to those 
m uured at the telescope for area, of mcm, than 100 km•. 
thus, the polarbnctric functions are nearly tndepttndent of 
1Cale. The polarization function of 8ne-anlned lunar 
material closely matches the polarization function of 
basalt and phbro powden (Fil, 111-89). The polarfza. 
t,on function for the mare sites more closely matches 
that of basalt powden about 75,a In mean size, the 
polarization function for the highland sit II 1lmilar to 
basalt powd n pound to about 00,a In diameter (Fla, 
111-89), 

The polarimetrlc function of the lunar rocks varle1 
from ne rly the same a1 that of the 8ne-painNI 1urface 
mat rial to functions with maxima more than twice the 
maxima observed for the 8ne-painec:I 1urface material. 
Th rocb producln1 strong polarization elects alao have 
hl1h estimated albec:lo1. Rocks that produce polarization 
somewhat 1lmller to th 8n -sralned materf"I and have 
an Intermediate albrdo may con1l1t of 1hock-llt~lfted, 
Rne•1falned material, or 1tron1ly shock-altered. coarse 
cry1tall lne rock. 

Thtt ovenll observed polarlmetrtc function of lunar 
rocks II more like that of ti,rre1trlal bualta and pbbros 
than any other common rock type; It II lntennedlate 
between the function, of fresh fncture surfaces and 

1 basalt crushed to p,alm several hundred microns In 
diameter (Ftp. 111-89 nd 111-90). A, most obterved 
lunar rock fngment1 have been disturbed by cratering 
events. the fngment1 have undergone varying degrees 
of shock alteration and commlnutton of crystal,. The 
polarization function of these rock fnpnenta might be 
expected. therefore. to be lntennediate between the 
function of euentlally uncruahed crystalline material 
and the function of finely fnctured material. 

K. Suneet OltNM1tlon1 
J. J, Rennll1on 

During obaervatlom of the western horizon 1bortly 
after •umet. an unexrected phenomenon wu noticed In 
the Surwr,or mlulons. A bright line with aevenl bript 
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h.ad1 was obtt'rv\"Ct 1lon1 the west•m horizon u late u 
I hr aft r the upprr limb of the 1un had Rt, Tlw bnc:la 
dlupaw ml by poups •• the 1un dropped lower behind 
tht- lcx·al horizon. Althoup 8n1t recorded by Su'"~' I. 
tht' phenomt'non w11 f Int reco1nl1ed durln1 tit-: 
Sun, r,or VI minion. It was apln obaerved durln1 the 
Su," r,or V 11 ml11lon, but polarlmetrlc meuurement1 of 
the phenomenon w r taken only with Su""'fO' VII, To 
date, only the Sun,er,or VI data have been reduced to 
photometric unit,. 

11M, Su,wr,or VI data con1l1ted of a total of sewn 
narrow-an,sl frames, 1pannln1 about :,0 min an ttme. 
Framn numbtted 1, 2, 4, 5, and 8 were reduced u1ln1 
tb-. ml11lon unalog ruapetlc tapes and the data proc­
e sed for absolut~ ~umln1nc:e1 (Ref. 111-37); fnmes S 
it,ld 7 w re omt .. ,;d from 8nal reduction because of lncon-
1iltt'ncle1 In their expoture data. Flpare 111-91 1how1 the 
location of the photometric data In the proc.-eaaed fr mes. 
All 1lgnlftcant picture elements were plotted In tenna of 
th Ir television line and position alon1 that line. The heavy 
line In Ft1, 111-91 represents the apparent path of the 1un 
a, It traversed the westtm horizon. Dot, on thl1 line are 
posltJom of the sun's center fn e ch of the u111ble fnmes. 
The dot,. d 1lgnated 18 and 19, are reaeau mark, on 
the vidlcon. The angular separation of these dots 11 
1.3&1 deg. Note that the dl1trlbut1on of picture elements 
In this Spare II for the 8nt frame only, 

Pre-8i1ht callbntion wa1 used to e1tabluh the correct 
luminance value for each picture element, Television 
frames obtained during thl1 callbntlon con1llted of pie• 
tures of '.i unifonn area light aource. Variation In the 
luminance of this source caused proportionate chan1es In 
the camen video signal,. Computer proce11ln1 of these 
1lgnal1 at the same Iris position resulted In a tnmfer 
characteri1tic for each picture element. Thus. elect• 1uch 
u camera 1hadin1 and nonlinearity of camen response 
were considered. 

Figure 111-92 1how1 the variation of luminance along 
the horizon, through the center of the bright area, and 
relates luminance to angular di1tance along the horizon. 
For convenience, this angular dittance II meuured right 
and left fa-om the intersection of the sun'• path and the 
horizon, Neptfve angles are measured &om the left of 
0 deg. For clarity. the aolld line represents the data 
for the Snt frame only. The maximum values of the 
other frames are plotted with ldentifyln1 symbols. I~ 
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vtdec, 1lpal1 were aaturated, the data point, w ?r , n Jt 
lncludet.i In these frames. It may be 11tt11 in Fl1. Jll-9'2 that 
positions of the bead, do not chan1 u tho sun sets. "'o 
new beads appeared and the brlptneu of ach bead 
decreased with time. 

Flpret JIJ.9:) and IIUM ,how the luminance pro81n 
of two beads. The centers of these bee • • are marked by 
the line and element coordtnatn shown In Fla. IJUU. 

I 

., 

Pit, lll•tl. Lu111IN11ce ef • ltetNI • .,.. 
uI11, 110, •••rt;•"' a,o, 111 th• g 
INl1ht IN •11 tll• herl1e11 ...., 11111• - • N 

1et al Ille lvrve,er VI lite. Lv111I• I 

....... •• , ....... at • fv11ctlell ef ! 4 . ........ ......... ,,. .......... ., 
I ef the 11111'1 ••k fer 11• 1tlctvr". • 
~ 

I 
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Tho anpaw distance refers to the ans)e between the 
center of the bead and the center of the sun. At the sun', 
angular dl1tanee lncnued, thft po1ltion of the beach' 
luminance maxima shifted. The dotted line lndkatn 
the tram of the maxima from oach frame. The luml• 
nanee of the beads rapidly clecreuet wtth time, reachtna 
a minimum value about 20 min after their appe ranee. 
The ouct tbne at which the beads completely du­
appeared ii~ known, 

' ' ' ' ', 
' ,, 4 

ANGULAllt DISTANC[ ,11t0M SUN C[NT[llt, dtt 
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P11, 111-N. Lu111ln■nce ef • ltNtl Cllne 110, eleMent 171) 
In the 1trt1ht llne .,. the hert1e11 after 1un1et ■t the 
lurve,., VI •"-· Lu111ln■nce 11 11letted •• • functlen ef 
■n1ular dl1tance frelll the center ef the 1un'1 dl1k fer 
11• ,1cture1, 

L. Photometric ancl Polarlmetrlc 01Nervatlon1 
of the larth 
H. E. H~t 

Throughout thr.i lunar day, a series of pictures was 
taken intermittently by the Surwr,or VII camera through 
the polarizing and clear Siter• to obtain polarizatiO'II 
meuurements of earthlight (Fig. 111-95). These pictu~'f.11 
are being used to study the integral photometric and 
polarimetric functions of the earth, u viewed from the 
moon during the January 1968 lunation. 

A sequence of earth pictures was taken every 2 or .3 
hr (Fig. 111-98) starting at 17:11 GMT on J~nuary 2~ .. 
1968, and terminating at 19:37 GMT on January 23, 
1988. The pictures taken during the 28-hr period provice 
the information for studying the variation in re8ect&n<·•· 
of earth u a function of rotation and changing cloud 
diltribudon during a single day. The earth's re8ectance 
oblerved from the Sun,qor VII pktures was about 15 

122 

to 20% higher than expected,and variation in reftectance 
of 11 ±3% occurred between 10: 11 and 12: 13 GMT on 
January lS. 

Preliminary polarization measurements indicate that 
the polarized component of the earthlight varies u a 
function of cloud cover and the changing patterns of 
oceans and continents during rotation. Specular polar­
ization appears to oocur over an area of about 2 X 10' 
km• in the approximate geometric center of the earth's 
illuminated crescent. The degree of polarization of earth­
light from the s~ rdection area varied from 28 
to 309' over clear parts of the oceans, 12 to 189' over 
clear parts of the continents, and 4 to 89' over clouds. 
Thus, the cloud distribution over the area of specular 
re8ection has a strong effect on the degree of polarization , 
of earthlight. The degree of polarization of earthlight 
t, much lea from areas beyond the zone of specular 
rdection. Digital data proceuing procedures are being 
conducted to determine more accurately the polarimetric 
function of the earth. 
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Fig. 111-95. A series of pie 
a waning earth, while th, 



rt1 of the earth taken by Surveror VII ca111era durlfll the flnt lunar day after landln9. The flnt four 1tlcture1 ,how 
later 1tlchlre1 1how a waxln1 Hrth. The phaH an1I• 11 1hown below Heh 1tlcture. 
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NIGHT DAY 

1119. Ill•"· Stereo9raphlc mosaic, of ISSA 3 plcturH of th• earth, taken the ctay before the ecllpH, (a) Northem 
hemisphere. (b) Southem hemisphere, lrl9ht area, are cloud, anct, In mountainous , .. Ion, anct the Arctic, snow 
flelct1; ctark area, are clear. Note position of African continent, which may be Hen In the clear area, on rl9ht-hand 
1lcte of (a), Trac• of llmb of earth, a, Hen from the moon, anct position, of beads anct the brl9ht re9lon In the 
refraction halo of the earth obHrvect In the Hconct Hrle1 of ecllp1• picture, taken by S11rveyo, Ill are shown by 
the white clrclH anct lln•• that extend from 90'W to 90' I. lead, occur In area, that are lareely clear. L•H•rs 
beside 1ymbol1 for beact, correspond to leHer Identification of beads In 1111, 111-91 (mosaic: provlclect by Dr. 
D. S. Johnson, National lnvlronmental Satellite Center, ISSA), 
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Fig. 111- 96. Twelve pictures, covering a 26- hr period on January 22 and 23, 
Sun, , yor VII camera. The earth rotat ~d about 390 deg from left to right during th 
sive pictures. Sunrise occurs over ec.stern Australia at about 20:00 GMT. At 03:00 
of th Indian Ocean Is coverod by clcuds. 

Fe I I 
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Janu•r 22 •ntl 21, IMI, ef the ,.,.._11, lllu111lnatetl Nrth taken a., the 
ltft te rltht tlurln1 thl1 26-hr vlewln1 ,...._.., er altevt ao ti .. IMtwNn 1ucce1-

ut 20.00 GMT.,., NaOO GMT, 1unrl1e eccun •••• the Ntt CNtt ef Afrlc•, 111e1t 

19:00 GMT 
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M . .. .,_ ef IUft 1-, lllfth, • .._ 
.... Swve,er. 
I. M. Sllo1mabr, J. J. ,.,.,.,,,.., ottd 
f, ~. Wltltalrer 

In late mornln1 of the flr■ t lunar day of the 
Sun,,fGr 111 mlulol1, an unusual orportunlty oceurred 
to obter1e an ecllpae of the 11111 by the earth; dda 
ecllpae took plue on April M, JNT, Were It not for the 
fact that the l~t WU tilted U much U 14,1 dea 
to the w and wu oriented favorably with respect to 
azimuth, It would not have been poulble to oblerwt 
the rth from a landln11lte at 13•~· lonlltude beca111e 
of the limited nn1e of levatlon anpes throup whleb 
the mirror can be 1tepped, To oblerve the earth, the 
mirror wu pomtecl upward and poutloned at ltl hlpeat 
permlulble levation 1tep, and wlde-anale plcturel 
of the ecllpae were obtained. The lmap nf the earth 
wu relected from very neu the upper edp of the 
mirror, Dllrln1 the echpee, two Nriel of plcturel (IO 
pt.cturel total) were obtained throuah the color llt.n. 
The 8nt aerlet of plcturel wu obtained at approximately 
11:M GMT; the aecond let wu obtained approxi• 
mately 31 min later, The plcturel were taken at two 

I 1:24 GMT 

lrtl poatUonl, and multiple pletunt wen tuen throup 
each llter . 

Durfn1 the ecbpee, the aun palNd behind the 111th 
alon1 a path that broup the poattton of the center of 
the aun, u INII from the moon, to wtthln IS min of the 
aublunar p,lnt on the earth (Fla. 111-9'7), At the time 
the aun wu fflOlt nearly cmtm,d behind the earth, the 
proteeted cmter of the aun lay northeut of the aublunar 
point. The aublww point wa, at ahout 111•w lonlltude 
and 12.5°S latitude at the time the flnt lenel of plcture1 
wem taken, and at about J'79•E loe1at•ude and 11.1°1 
latitude at the ttme the lleCOlld aerln of pActurN wu 
talc,,n, Thne po11Ho111 are tn the ,outhwNt Pacllc. The 
limb ('f the rth lay alon1 weatem North America, the 
eutem Pad8c, eaatern Antardlca, the oentnl Indian 
Ocean, ,outheut Alla, cmtnl China, eutem Siberia. and 
a Nhort are am,u the wntem Arctic Ocean. 

In the 8nt lfflet of ecllfM plcturea, •! rarth la partly 
a,.am,unded by a halo of refract-,d llaht tnat varies p tly 
h, brtptneu from one position to another alona the 
Umb (Fla, 111-98). A very brtpt rc,p>n, approxlrnat ly 
80 dea In IU'f.: length, Ilea alon1 the northern part of the 

12:01 GMT 
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P19. 111-91. luperl111po1ecl Surve,or Ill picture, 1howln1 cll1trlbutlon 
of ll9ht In the refraction halo of th• Nrth at the tl111e the flnt 1erle1 
of ecllpH picture, wa1 taken ancl at the 11111• the Hconcl HrlH wa1 
taken. An ecllpH l111a1• taken from the flrat 1erle1 of picture, ha1 
been reduced In 1lze ancl 11 1hown ne1tecl within an ecllp1e l111a1• 
talcen fro111 the 1econcl Hrl•• of ecdp1e plcturH. Th• an1ular orlenl.ai­
tlon of both l111a1•• 11 the 1a111e. Line 111arkecl N-1 1how1 protection 
of Nrth'1 axl1 on plane of picture,. ll9hteen beacl1, Identified by 
lettera, can be cll1tln1ul1hecl. Note that the an1ular po1ltlon of bNclt 
In the refraction halo tenclt to re111alc, the ta111e1 the brl9ht r•1lon 
nNre1t the 1un chan1•• po1ltlon between the tl111• of the flnt 1erf e1 
of picture, ancl the tl111e of the Hconcl, followlnI the tun. 

limb, nearest the position of the sun. In the majority 
of pictures taken, parts of the image of the halo in this 
region aff .aturated. On either side of this bright region, 
the halo has a beaded appearance; small bright areas 
of short arc length are separated from other bright 

areas by sectors of the halo that are relatively faint. Most 
of these bright areas or beads are only a few degrees 
in length, but one relatively bright sector, about 20 deg 
long, fs present that cannot be . resolved into separate 
beads. At least 12 beads can hff distinguished in the halo. 
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A pp ranging from about 50 deg to more than 90 des 
is present In the images of the halo along the eastern 
limb of the earth. Over moJt of the arc length of the 
gap, the halo is too faint to be detected with the, exposure, 
used, but over a short sector of the pp, the image of 
the earth may luwe been cut ol by th(" edge of the 
camera mirror. 

In the second series of eclipse pictures, the very bript 
region in the halo 1hift1 to the northeastern part of the 
limb, following the sun (Fig. 111-98). More of the eastern 
limb was bright enoup to be detected in the second 
series of television pictures than in the Srat series, and 
the gap was reduced to an arc length no greater than 
40 deg. At least 18 beads can be distinguished in the 
halo in the best exposed pictures. Many of these beads 
occur at nearly the same angular position, relative to 
the projection of the earth', axis, a, the beads observed 
ln the Snt series of picture,. The bead, are clearly related 
to feature, in the earth', atmosphere, in contrast to the 
brightest relfon in the halo, which is related to the position 
of the sun. 

To identify the atmosphe~c feature, controlling the 
distribution of the beads, each bead', position tn the sec­
ond series of p;ctures was measured relative to thn pro­
jection of the earth', axil. The,e positions were plotted 
on the trace of the limb on stereographic projections of 
the northern and southern hemispheres of the earth. The 
plotted position, of the beads were th~n compared di­
rectly with stereographic mosaic, of ESSA S picture, of 
the earth taken on the day before the eclipse (Fig. 111-99& 
and b). Even though there wu some shift in cloud pat­
terns between the thne the ESSA S pictures were taken 
and the time of the eclipse, it can be seen that the beads 
occur predominantly over clear or largely clear regions 
between the clouc!,. Clouds tend to occult the refracted 
rays of the sun, m,ost of which pus ~hrough the low 
atmosphere at the limb; the beads occur at deprc11ions 
in the optical silhouette of the earth. 

Preliminary reduction of the colorimetric information 
contained in the pictures has begun. Six pictures, one 
taken through each of the three color fllten during each 
of the two periods of observation (Fig. 111-100), were 
digitized using equipment at the Jet Propulsion Lab­
oratory. The video voltage recorded on magnetic tape 
was divided into 64 equally spaced levels. For calibra­
tion, the pre-flight recording of the S X S Siter matrix 
wu also digitized. Equations for computing triltimulus 
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valu~• were derived from tlk. diptal printout of the pr­
Sight calibration tape. 

The digltlutlon procedure adopted for the television 
pictures pnerate1 a lar1 r number of digital picture ele­
ments along a scan line than there are scan line, in the 
picture; the di1ital picture is a rectangular matrix of 
800 X 884 elements. In the ftnt serln of picture,, the 
image of the refraction halo is 54 line, high and 81 
picture elements wide. The total number of picture ele­
ment, yielding colorimetric data in t!ach of the digitized 
pictures from this 1erie1 was 644. Chromaticlty coordi­
nates for selected picture elements were calculated, by 
mean, of the trlstimulus value equations, from the dig­
ital voltages of corresponding elements in picture, taken 
through each of the three color 81•.en. Because of present 
uncertainties about the pre-8ipt calibration tape, and 
because of possible jitter or other displacemen~ of image 
point, in corresponding pictures, the calculated chro­
maticity coordinates may have an error of as much as 0.00 
in% and fl• 

Chromaticity coordinates were calculated for 18 points 
on the images in the Srst series of eclipse pictures and 
were plotted on a chromaticity diagram (Fig. 111-101). 
The location of these colotimetric measurements with 
respect to the eclipse in,ages ls shown in Fig. 111-102. 
Also plotted on the chromaticity diagram are the locus 
of color temperatures for a body that obeys Planck's 
law (a blackbody) and the locus of color Jemperature1 
for natural daylight as far as 4800°K. Loe~. of correlated 
color temperature (Ref. 111-45) are shown crossing the 
Planckian locus in Fig. 111-101. 

Most colorimetric measurements were made in the 
bright region of the halo controlled by the position of 
the sun. Most measurements in this region have a cor­
related color temperature close to 4800°IC. Beads in th~ 
halo exhibit lower correlated color temperatures. The 
center of bead C, close to the bright region, has a cor­
related color temperature of about 4000°1C, and the center 
of bead A, which Iles over Aiiarctic-- 1 farthest from the 
projected position of the sun, has a correlated color 
temperature of approximately 2850°1C. The correlated 
color temperature tends to decrease in directions away 
from the projected position of the sun and also tends 
to decrease toward the inner edge of the halo. As would 
be expected, the color tempe?ature tends to be lower 
for light that followed paths of greater abnospheric 
absorption. Most of the colon present in the image11 had 
purities less than 50%. 
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Pig. 111-100. Wide-angle Surveyor Ill picture, 1howlng ecllpH of 1un by earth, 
a, ob1erved on Aprll 24, 1967, throu1h the fllt1r1 Indicated. Ca) x' (red), 
11 z31 z40 GMT. Cb) y' (green), 11 z23z06 GMT. Cc) 1' (blue), 11 z24z01 GMT. Cd) x', 
12z02z10 GMT. Ce) y', 12z03z10 GMT. (f) 1', 12z02z44 GMT. Pint 1et of figure, 
lncludH part, (a), Cb), and (ch Hcond Ht of figure, Include, part, Cd), Ce), and (f), 
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P19. 111-101 . Chromatlclty coordinate, of 1oloctocl point, from tho flret Hrlo1 of 
Surveyor ocllp10 picture,. Por purpo1H of comparl1on, tho Plancklan locu1 with 
corrolatocl color temperature llno, 11 1hown with tho locu, of natural dayll9ht, 
a, moa1urocl by Y. Nayatln and G. Wy11ockl Clef. 111-41). 
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VIDEO PICTURE ELEMENT 

'•· 111-102. Dla9ram of the tolar edlpte 1hewln1 petition, of polntt en the 
color compotlte IIIMII• that were fflHIUl'N for color. The lettert rofer to the IMadt. 
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IV. Lunar Surface Mechanical Properties 

I. Cltoote, S. A. lotter,on, E. M. Clttl,ten,en (CltolrmonJ, 
I. E. Hufton, L. D. Jolle, I. H. Jone,, H. Y. Ko, 

I. f. Scoff, I. L. Spencer, f. I. Sperling, 
ondG.H.SuHon 

Slgnllcant new knowled1e on the mechanical prop­
erties of the lunar soil bu been provided by the Su~o, 
series of spacecraft (FIi, IV-1). This Report 1ummarlr.es 
the Mechanical Properties Sections of the Su,.,•r,or 
Mlulon Reports (Refs. IV-1 to IV-5), which contain 
Information on solJ cohesion, adhesion, permeability, 
compre11lblllty, particle size distribution, bearln1 
strength, elutlclty, frlctfonal and llsht re8ectance char­
acteristics. Mechanical property estimates presented are 
results of Interpretations of landing telemetry dat• and 
television pictures or footpad and cru1hable block land-
1n1 imprints, alpha-scatterlng-lnst.-ument Imprints, tncb 
made by rolllnl stones, and rock frapnena lyfn1 on 
the surface. The surface sampler, Sown on S~ Ill 
and VII (see Section V of thu Report), also obtamed 
data on mechamcal propertjes. 

To atucly 1'11W soil erosion elects and to determine 
soil properties, Su~"°' vernier enstnea and attitude 
control jet, were opentec, after the landlnp. Ero1lon 
effects wse observed when: ( 1) Su,.,.,, V vernier 
enpnet were 8red at low thnut, without spacecraft 
movement, (2) Sun,~o, VI vernier enstnes were Ired at 
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higher thrust, resulting In a hop of I.• m •(Ref. IV_.), and 
(3) S",wr,or VI attitude control ps jets were operated. 

Soil at the ftve landing sites wu found to be remark­
ably 1lmllar In many of lb physical propertiet, much 
more similar than would be expected at Ive widely 
separated terrestrial ates selected In a manner 1lmllar to 
those of Sc,,wr,or. At each site, the soil b granular and 
•ltshtly cohesive. Althoush predominantly Sne-gralned, 
the soil mntafnt a small percenta1e of rock frapnena 
In a wide nn1e of lizel. 

A. Spaceaaft Lancll1111 

1. D11mipdon 

Sc,,wvon I, VI, and VII made nominal landlnp on 
relatively Sat surfaces; Sc,,wvor V landed at cbe to 
nominal conditions, but tn a small enter with an Inner 

'ValUN an pven ID oentlmets-pam 1100nd units. To convert to 
foot-pound-aecond unltl, the followtn1 facton anl,1 1 m = I.II ft; 
1 cm= 0,894 In,; 1 N (newton)= 10' dynH = 0,115 lb; 
1 N/crn' = 1.45 lb/In.'; 1 dyne/an' = lo-' N/cm1 = 1.45 >< lo-' 
lb/lD.1

; 1 polN = 1 dpe NO/cm' = I.ON >< lo-' lb NO/~. 
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slope of about I() des. For these spacecraft, vermer 
enpne shutdown occurred at •.3 ± 1.••m altitude, when 
the spacecraft were essentially horizontal, with vertical 
velocities of 1.5 ± 0.5 m/sec and horizontal velocities 
leu than 1 m/sec. Sun,qor lll •W\ade an unplanned triple 
landing because the vernier engines continued to 8re 

1 during the 8nt two touchdown,. The second touch­
down oc:curred 24 sec after the 8nt touchdown; 12 sec 
later (~ sec after termination of engine thrust by earth 
command), the third and 8nal touchdown occurred. 
During this landing sequence, the spacecraft moved 
down the 10-dt,g (average) inner slope of the large crater 
in which it landed (Ref. IV-2). Landing condition, for 
each Sun>er,or ml11ton are summarized in Table IV-1. 

The spacecraft landing system (Fig. IV•2) consisted 
of three le,r"' with crushable footpads (Fig. JV.3), and 
three cylindrical crushable blocks mounted under the 
frame near the leg attachments. Durln• landing, the legs 
rotated upward around their hin1e axes, and energy wa, 
absorbed by compressing the shock absorben. When 
leg rotation was sufficiently a,eat, the blocks contacted 

the surface and provided additional enel'I)' abtorptton 
capability. After landina. the ,hock abtorben re-extended 
to theAr ortpnal unde8ected lenstht. 

A tempenture-compenuted 1tntn-pge bridp wu 
mounted on each ,hock absorber to monitor it, utal 
load hiltory, which wu telemetered to ,.ri , th in the form 
of a continuous analog 1tgnal. lnitta~ : 1 ain-pge hil­
tortes for each landtn1 are 1hown in Fig. IV -4. Except 
for the 8nt two landings of Surveyor Ill, all recordlnp 
tndtcatr. zero force level before touchdown because the 
1pacecraft were In a free-fall state after vernier engine 
cutoff, which occurred about 1.3 sec before touchdown. 
However, even for the flnt two Surver,or Ill landings, 
the deviation from zero was lnsigni8cant on the acale 
of the ,·ecordlnp. Footpad impact wa1 indicated by a 
rapid increase in for~, which ,~ached It• maximum 
within 0.1 to 0.15 sec. As shown in Fig. IV-4, about 
0.3 sec after ftnt contact with the lunar surface, the 
forces returned to zero level, indicating elastic rebound 
of the spac..-ecraft. Rebound occurred fn all landings; it 
waa mot pronounced in the landinp of Su,wr,or, V, 

Tollle IV• I. Summary ef lontHn1 centHtlen1 

MIIIIH 

, .. ...., .. " ... lwN,-Vf , ......... ..,.,.,., lwwe,- V lwwe,-VI , ......... , ........ , ........ 
1 I I 

, ....... ..., 
Vertlcal lafttllft1 3,6 I ,I 1., 1.5 ,.2 3., 3.1 3.1 ±o., 

velocity, •/tee 
He,fl0fltal la11tllft1 0.3 0.2 0.1 0.9 0.3 0.3 0.5 o., ±0,2 

velaclty, •/tee 

Aft1le of Mf•c• elope, tl•1 ,.o 11.5 1'.0 9,2 19,5 J,9 - 3.1 ±0,5 

MaalrAua Hlal lhock• 6190 2970 1'20 3160 5620 7000 1'900 7330 ±54'(» 
alteo,lter IN4 Ue1 1 ), N 

,,, ........ ,., lhock· 7110 3060 2100 24'0 7210 1000 7100 7100 ±54'1» 
•~•r loatl 001 2), N 

MaalrAua axial ehodc• 6220 3610 2350 '120 7300 7000 1600 65,o ±5" 
alteorlter loatl (le1 3), N 

M•• of -,acecroft 29'.5 305.7 - 299.0 303.7 300,5 299.1 306.0 ±0,5 
., la11tllft1, "• 

o., ............ 2• 3 - 2 2 '±2 6 6 ' ±1 
,.,...,otloft, CIII 

0.,111 .. ,..., ... 3• 2 - 2 ' '±2 3 3 ' ±1 
,.,...,otloft, CIII 

M••-- trovol .so - - 70 10 50 90 ,Jt ±5 
tllttance of •fecta, CM 

•TIie ...._ 4-tlla llatM .,. tlle ... ,..._. 4-tlla ef tlle ,.._. Miff tlle •IMII...,_., ••rfece I• their ,. .. , ,-1t1 .. , 4-111• ef ,....,_., ... cerreletl .. te ti•• et ,_ 
thedl·•__,_, ..... .,. ,...,.uy 111H.,..., the• t11e ,. .. , -♦ti,; ... r.i.i. 1v.2. 
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-- I ------ --------------- I 
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* 
~ ,e-i:m o i.-

t 20 cm SHOCK ABSORBER 
II-cm STROKE 

FOOTPAD DETAIL 

..,.. _ _ 30.5-cm 0 - -....i 

P19. IV•2. Dl111en1lon1 of landln91ear a1H111bly. 

VI, and VII because of a higher shock-absorber spring 
rate. Reimpact, in some cases followed by a second ,light 
rebound, was followed by a ring-out oscillation, after 
which (beyond the range of the display in Fig. IV-4) the 
force indications settled at values indicating the lunar 
spacecraft weight. 

The second landing of Surveyor VI occurred after the 
vemier engines had been Bred in a test on the lunar 
surface. This &ring caused the spacecraft to lift off and 
land 2.4 m from the 8nt landing. Complete strain-gage 
records for the Surveyor VI initial landing, presented in 
Fig. IV -.'S, contain the most clearly de8ned ring-out 
oscillations of any Surveyor landing. 
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!. Spacecraft/Soll lnteractfom 

Visible imprints made by the footpads (Fip. IV-6 and 
IV-71) during the landings indicate that the lunar soil 
has been compressed, displaced, and ejected. (Portions 
of the footpad imprints were obscured by the footpads 
and by other spacecraft components.) Motion of the 
footpads during impact pushed the lunar sod downward 
and outward. The horizontal motions of the footpads, 
caused both by horizontal spacecraft velocity and by 
outward movement of the legs during shock-absorber 
deftection, formed ridges, primarily outboard of the 

'Unleu otherwue noted, all individual pictures and moea1ca are 
from narrow-aq)e telmaton fnmN, 
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(b) 

"•· IV-3. Surveyor footpad. Ca) Side view. Cit) loHom 
view, 1howln1 waffle paffern In alumlnum foll coverln1 
formed by lntemal honeycomb structure. The footpad 
diameter 11 30.5 cm at the top and ta.3 cm at the 
ltoHom. 

footpads. The footpads are surrounded by ejected soil 
that appears darker than the undisturbed surface. The 
ejecta, which extend to distances as great as 90 cm from 
the footpads, cou,ist of flne and coarse soil thrown out 
over the surface during impact and subsequent sliding 
of the footpads. 

Figures IV-6 and IV-7 show footpads 2 and S in their 
Snal positions and the adjacent areas of Suroeyor, I, III, 
V, VI (pre- and post-hop), and VII. (Footpad 1 and the 
adjacent area were not visible to the television camera.) 
Figure IV-8 shows the imprints made during the second 
landing event of Suroeyor Ill, as viewed from the space­
craft after the Snal landing. Figure IV-9 shows the im­
prints made by footpads 2 and S during the initial landing 
of Suroeyor VI, as viewed from the spacecraft after the 
hop. 
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Footpad Imprint details vary, primarily because of 
the dilerent landing condltlont encountered by each 
spacecraft. After Surofflor I bounced, the footpads came 
to rest in the Initial imprints (Flp. IV-8a and IV-7a). 
The Imprint• made during the ftnt landinl event of 
Surwyor Ill were not located; however, Imprint• made 
during the second landing event and rebound are 1hown 
In Fig. IV-8. Multiple imprint• were made by each foot­
pad during the third landing event (Flp. IV-6b and 
IV-7b). The Suro.~or V footpads plowed trenchn (aee 
Fl11, IV-8c and IV-7c) In the soil a1 the apacecraft 11ld 
down the Inner 1lope of a ,mall crater (9 by 12 m). The 
footpad, rotated about their hinge axes during the 11lde, 
with their outboard edgea Upped downward, and lunar 
10il wu depo1lted on the footpad top, (Fig. IV-8c). 
Footpad Imprint, in Fip. IV-8d and IV-7d were made 
at 8nt impact during the lnltial l1tnding of Suroeyor VI; 
Other pictures of theae same imprint• were obtained 
after the hop (Fig. IV-9), Figures IV-6e and IV-7e 1how 
the footpad imprinb made visible because of the space­
craft bounce after the hop. Because of the substantial 
horimntal velocity acquired during the hop, a greater 
amount of 10tJ wa1 ejected and wu thrown further by 
the footpads than during any other landing except for the 
downhill slide of Suroeyor V (Fig. IV-&l). Footpad S of 
Suroeyor VII came to re1t in Its initial imprint on top 
of a small rock (Fig. IV-7f). A rock, about 18 cm long 
and at least 10 cm hish, near the final position of foot­
pad 2, appears to have been moved during landinl (Fig. 
IV-6f). 

Pictures of the areas disturbed by the footpads show 
clearly that the lunar surface material is sranular. Many 
fragments are visible in the television pictures. However, 
a1 shown in the sn,oothed walls and bottoms of imprinb 
and trenches made by the footpads, the surface sampler, 
and the sensor head of the alpha-scattering instrument, 
most of the soil is composed of particles Sner than the 
resolution of the tele\-ision camera ( approximately 1 mm 
at footpad distances). Frapients larger than a few milli­
meters in diameter are more abundant in material ejected 
by the footpads than on the nearby undisturbed surface. 
This observation has been confirmed by particle count 
(see Fig. 111-23 of Ref. IV-6). Thus, many of the larger 
fragments in the disturbed material must be aggregates 
of Sne soil displaced during footpad impacts. Most of 
the fragments in the ridges formed by the footpads are 
dark; similar dark fragments are visible on the undis­
turbed surface. Lighter fragments are visible on the 
undisturbed surface and occasionally on the disturbed 
surface; they probably are rock fragments and are much 
more abundant at the Suroeyor VII 1,•ghland site than 
at the mare sites. 
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Cb) SIJIIVE'l'Olt ll1 : ,iftST TOUCHDOWN 
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P11, IV-4. Telemetry clata 1howln1 lnltlal 1hock-alt1orlter axial loacl hl1terle1 clurfn1 Surveror lanclln91. In 111011 
ca .. ,, 01elltatlon1 continue lteyoncl the 2.5 1ec 1hown. (a) Surveror I, lanclln1, Cit) Surveror Ill, flnt touchdown. 
(c) Surveror Ill, 1econd touchdown. (cl) Surveror Ill, final landln9. (e) Surveyor \ landln9. (fl Surveror VI: lnltlal 
tanclln9. (9) Surveyor VI, hop lanclln9. (h) Surveror VII, lanclln9. 
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P19. IV-4 (contd) 
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P11, IV•I, lurve,or VI 1hoclc-alt1orlter axlal loaa hl1terle1, which 1how the com11let• rln1-out otelllatlon1 durln1 
the lnltlal landln9, Th••• late e1dllotlon1 are the fflOtt hl9hly develo11ed of any lurve,or londln9. 
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P11, IV-6. Lu11t1r 1ul'ftlc• .,.., tlltturltetl tlurtflt fNt1t•tl I la11tllflt 1111,act,. C•I lurv•r• I, wld•••111I• ,1ctur• 
1hewl111 ,.,_., •l•ct• ,-tter11 CJu11e I, 1966, 11129149 OMTI. Ott lurverer Ill, 111e .. lc 1hewlll1 hl1h reflectlvlty ef 
lteffe111 ef flnt tw• eve,te,,1111 llll1trlntt eutltNrtl ef ,...,,..,, •t11• ef • thlrtl 1111,rtnt, fer111etl In el•ct• fre111 flnt 
twe 1111,actt, It vltlltle ever te1t ef fNt,atl CA1trll 26, IM7J C.tal .. l•MP•II. Ccl lurv•r•r V, wltl•••n1I• 11lcture1 
1hewl111 trench fen11etl •• •11•c•craft tlltl tlewn the Inner • l•1t• ef the ••II cNter In which It fentletl. The tl••11••t 
11•n•tratl•n we, en the u1thlll entl ef the trench where lnltl•I •11•ct eccunwtl 11e,te111lter 14, 1967; c.tal .. 
l•MP• 19). Cal) Surveror VI, after l11ltl•I lentlln1. Wl•••n1I• frtl111e1 1hewln1 ,art ef the l11111rlnt 111etle tlurln1 flnt 
1111,act e11tl the 1y111111etrlcelly tllttrlltutetl •l•cta fen11etl when the 1,acecreft 111atle • ""' vertical f111al tleacent 
ente e11 al11101t horl1ontal lunar 1urface CNevemlter II, 1967; c.tal .. •·••·211. Cel Surveror VI, after h•II• P•rt 
of 111otalc of wld•••n1I• 11lcture1 1h•wln1 1tMl•n ef 1111,rt11t et rt1ht ef fNt,atl 111ade tlurln1 flrtt 1111,act, 1,ac•• 
cNft lteuntletl lteck towertl 11re•h•11 11•1ltlon efter 1Mlcln1 thlt l11111rlnt. Meat toll we, •l•ctetl In the direction th, 
1,acecreft wa, 111ovln1 tlurln1 th• ho11 CNevemlter 17, 1967; Catalo1 •·••·••· Cf) •urveror VII, l11111rlnt 111ade tlurln1 
flrtt lm,act It to the lower rl1ht ef the fNt,ad. The rock ltetld• the foot,atl It eltout 20 cm acrott CJenuery 14, 
1961; c ... , •• 7 •••• ,.,. 
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Pl9. IV-6 (contd) 
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P19. IV-7'. Lunar surface area, dl1turbecl durln1 footpad 3 landln1 Impacts. Ca) Surveyor I (June 12, 1966; Cata• 
101 1-Sl!l-5). (~} Surveyor Ill: wide-angle picture, 1howln1 Imprint below antenna boom made durln1 flrat Impact of 
flnal la dln1 (Aprll 30 and May 1, 1967). Cc) Surveyor V: wlde-an1I• picture, 1howln1 far wall of trench (below 
shock absorber) formed a, spacecraft 1lld downslope (September 20, 1967; Catalo1 5-MP-33). Cd) Surveyor VI: after 
lnltlal landln1 (November 17, 1967; Catalo1 6-11-19). Ce) Surveyor VI: after hop (November 11, 1967; Catalo1 6-11-24). 
Cf) Surveyo, VII: one of the numerous roclcs In the landln1 area made a hole In the crushable footpad behind the 
ma1n•t braeket (January 17, 1961; CatalOI 7-11-201). 
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P19. IV-7 (contcl) 
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P19. IV-7 (contd) 
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Pl1. IV-I. Motalc 1howln1 1011 dl1turltanco, altout 11 111 f,0111 the televl1lon ca111era, cau1od by Hcond landln1 
event of Surveyor Ill. Pootpad l111prlnt1 are lncllcatod by nu111oral1 ancl vernier en9lne 3 cll1turltance by • V. A 
Hconcl footpad 2 l111prlnt for111od clurln1 a 1hort bounc. 11 Indicated by the 1y111bol 2' CAprll 26, 19671 CatalOI 
I-MP-I). 
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1111. IV-9. luweyo, VI footpatl l1111trl11h 111atle tlurl111 l111Hal la11tll111, at •••11 fro111 poet-hop po1ltlon. 
C•I ,..,, ... 2 1111,rlnt CNeve1111ter 17, 1967, eat.I .. 6-■491. Cit) ,..,,.., a 1111,rtnt CNeve1111ter 22, 1967; 
ea., ....... ,.,. 
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Imprints fonned by the crushable blocks mounted 
und r the 1paceframe were observed In Sun,-w,or I, VI, 
and VII pictures (Fig. IV-10). On all spacecraft except 
Sun,•r,or 1, Sat or curved auxiliary mirrors were attached 
below the 1paceframe to Improve the view of the crush­
able blocks and of the area directly under them. Some 
soil particles could be seen adhering to the bottom of a 
Sun,e11or V crushable block. 

Some of the footpad Imprint pictures show clearly that 
the son 11 Inelastically compreulble. For example, the 
second Impact of footpads 2 and 3 on the Surver,or VI 
Initial landing, overlapping the Sat bottom• of the &nt 
Imprints, produced sharp Indentations without raised 
rims (Fig. IV-9). This b1dlcates that, even after the com­
paction caused by the 8nt Impact, the soil underwent 

additional anelutic <.'Offlpreuion. Further evidence of the 
compres1lb1Uty of the top few centimeters of the IC>d II 
provided by the doughnut-shaped Imprints of the cnuh­
able bloclc1 (Fig. IV-10). In the center of each Imprint 11 
a mound of soil, which wu formed durin1 landing when 
the aluminum sheet that ooven the bottom of the cored 
block collapsed. 11le crushable block Imprints have sharp 
outer edgesi they show no raised rim or disturbed soil 
outside the depre11ion1, apln lndlcatin1 that the soil II 
compressible. Soll clumps, which fell from the crushable 
block a11emblle1 a1 they retracted after landing, cover the 
Imprint bottoms. 

Evidence of soil cohesion may be seen In many of the 
Surveyor television pictures (Fig. IV-11). A soil clump, 
thrown 30 cm by a Sun,-w,or V footpad, had 1uflclent 

P19. IV-1 0. lmprlntt on lunar 1urface macle by cru1hoble block,. (a) Surveyor I, cru1hable block 3 Imprint. Imprint 
wall, are alm,:. ,t vertlcat, depth of penetration 11 about 2 cm (June 3, 1966, 061Mr09 GMT; computer-proce11ecl). 
Cb) Surveyor VI, crushable block 3 Imprint, macle clurln1 flnt lanclln1, a1 1een throu1h auxlllary minor. The mound 
of 1011 In the center of the Imprint wa1 left when the alumlnum foll that coven the boffom of the cored block rup­
tured clurln1 lanclln1 (November 12, 1967, 07rOlaOI GMn. (ct Surveyor VI, cru1haltl• block 3 Imprint macle clurln1 
first lanclln1, a1 •••n from po1t-hop po1ltlon. Thi• Imprint 11 the 1ame lm11rlnt Hen In P19. IV-1 Ob (November 11 .. 11, 
1967: CatalOI 6-11-23). (cl) Surveyor VIit cru1hable block 2 Imprint, a, teen throu1h auxlllary minor (January 10, 
1961, 05145123 GMT; computer-proce11ecl). 
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strength to resist crumbUng when tt landed. Another 
soil clump fractured on impact without disintegrating 
after being ejected by a Surver,or Vil footpad (Fig. 
IV-lU). Footpad imprints have steep walls with open 
fractures; soil clumps overhang a Surver,or VI imprint in 
cantilever fashion (Ff1. IV-llf). Cracks in surface mate­
rial that had been moderately disturbed were dso visible 
near the Surver,or VII crushable block S imprint (Ref. 
IV-5). The surface samplen on Surver,or, Ill and Vil 
dug trenches, which retained vertical walls 10 to 15 cm 
high. These examples show that the lunar surface mate­
rial is cohesive. 

The sides and bottoms of footpad imprints in many 
cases are smooth. These smooth surfaces sometimes 
clearly reproduced, through the covering of thin alumi­
num foil, the aluminum honeycomb pattern of the Sat 
bottoms and conical sides of the footpads. Laboratory 
tests of a Surver,or footpad (Fig. IV-S) indicated that the 
ridges on the footpad bottom were probably 40 to 80" 
high. Thus, ft is hypothesized that a large percenta1e of 
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the surfue material is t'Offlpoled of particlet smaller 
than eo,. In dlometer (Ref. IV-2). 

Disturbed soil outside the imprints is darker than 
ne rby undisturbed soil. The t"Ontrut in briptneu be­
tween the disturbed and undisturbed soil wu quite 
pronounced at all landing sttes, although it was som -
what le11 at th Surver,or V site. Also, the smooth bot­
toms of footpad imprints are brighter than undisturbed 
soil (Ftp. IV-8, IV-7, and IV-9), except at small phase 
angl s, i.e., when the angle ts small between the cam~a 
line of sight and the sun direction. These photometric 
changes Indicate that the fine structure of the aotl surface 
Is changed by physical disturbance; apparently, reftec­
tfvlty decreases with Increase In porosity and surface 
roughness. 

With the exception of Surver,or VII, when some local 
deformation and tearin1 of footpad material occurred 
(Fig. IV-12), there was no evld nee of crushing of the 
footpad alum~num honeycomb or crushable blocks on 
landing. Cnuhlng strengths were 7 N/cm• for footpad 
bottoms, 14 N/cm1 for the footpad tops, and 28 N/cm1 for 
the crushable blocks. Two small, very bright objects, 
which were .,,,ted on the surface near su,,,.r,or VII, may 
be pieces tom from the aluminum honeycomb by a rock. 
One of these objects is shown in Fig. IV -13. 

No settUng of the Surver,or spacecraft after l11udmg 
was detected, e, cept In response to spacecraft cor.nmands 
and to compresdon of shock absorben during tbe lunar 
night. No changes or movements, except those causP.d by 
spacecraft operations, were noticed tn disturbed or undis­
turbed lunar surface material over periods of observa­
tion of up to 6 wk. 

3. Shnulatlom of Landlnp and Hop 

Computer simulations of the, landings have been 
performed to estimate the met:hanical properties of the 
lunar surface material at e11ch landing site. The estimates 
were based on comparison·: of the simulated landing 
data with shock-absorber force histories obtained from 
flight data and with footpad and crushable block surface 
penetration depths estimated from television pictures. 
Landing simulations were performed using both rigid 
and soft surface models. In addition, slmulatfom of the 
Srst two Su,wr,o, Ill landings and of the Surwr,or VI 
bop were performed to obtain Mtfmates of vernier engine 
thrust histories and heights of engine nozzles above th~ 
lunar surface. These estimates have been used for surface 
erosion analysis. 
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,.,. IV• 11, T••tural ..... 11 of .... ,. .. •11111rlnt1, Co) lurv•r•r I, foo•,a .. 2, •l•ct• .. 1011 clu111111 Cwh•ch, ••r th• 11101• 
,art, ore l•'l•r than naturally occunfn1 •r•1111•nt1 •dl•c•n• •• th• foo•,a .. ) d•111•n•tra•• th•• th• 1011 •• coh•••v• 
(Jun• .. , 1966, 06111126 GMT; c•11111u••r•11r•c•11• .. ,. Cit) lurv•ror Ill, .... ,. .. 2 •11111rln• 111ocl• .. urln1 ••n•I lan .. •n1 h•• 
• w•ffl• '°"•rn •11111re11•cl lty •h• It•"•"' •• •h• ••••• .. , l•w 1un••n1I• lllu111•n•tl•n (Aprll 20, 1967, 09.01117 
GMT), Cc) lurv•r•r Ill,••••• .. 2111111rln•,•• •••n with hl1h 1un••n1lc lllu111lnotl•n. W•II• •nd ll•tto111 •• l111prln• h•v• 
hl1h•r ref••ctlvlty •h•n n••ur•• undl1turltu lun•r 1urf•c•. Pl•• 1urfac•• •ncl 1h•11•• •• 111•ny •ra1111•nt1 •n n••r 
1M• •• •11111rln• lndlcot• th•• th• •ra1111•n•• h•v• ll••n only 1ll9htly .. 1,placed CAprll 26, 1967, 06sOl1II GMT), 
Cell lurv•r•r V, 11•rt •• tr•nch w•II ••r111u lty ••••,acl 2, coh••l•n 11•n11••• ••II •• 1tancl •• •n1l•1 1rH••r th•n th• 
an1I• of r•poH o• l•o•• 111•••rl•I c••11••111lt•r I .. , 1967, 041 .. 2a06 GMT), C•) lurv•ror VI, ••• ,_ .. 2 l111prln• 111•cl• 
.. urln1 lnltl•I l•n .. ln1, 1howln1 co111pre11• .. ••II In l111prln• w•II •ncl floor CNov•111lt•r 1•, 1967, 03131a09 GMn. 
(f) lurv•ror VI, •00•11• .. 2 •11111rln• ....... clurln1 h•II• Th• 1111Nthn•11 o• th• •11111rln• w•II cl•111•n•tra••• th• fin•• 
1ra•nu n•tur• o• lun•r 1011. P•rtlcl•• •r• 1111all•r •h•n th• ••l•vl1lon c•111•r• can re1olv• C•p11ro••111•••ly 1 111111 at 
•oot,acl cl••t•nc•I. Note th• ••II clu111p1 th•• ov•rh•n1 th• •11111rln• rl111 •ncl th• llneatlon, •n th• •11111rln• w•II 
•11111re11•cl lty •h• c•n•c•I 1lcl• •• th• •••••cl (Nov•111lter 20, 1967; C•••••• •·••· .. 2). (9) lurv•ror VII, •oot,acl 2 
•11111rln•1 1111oothn•11 of wall 1urf•ce1 1how1 •hot th• 1011 11 fln••1ra•n•cl CJ•nu•ry 11, 1961, 12121112 GMT). 
Chi lurv•ror VII, •-•,ad 2 •11111rln•, th• .. 1.c1 .. w•II o• th• •11111rln• 1how1 th•• th• 1011 •• coh•••v•. Note •11111r•11lon 
o• th• •Nt,acl hon•yco1111t 1tructur• l•ft In th• •11111rln• w•II CJ•nu•ry 13, 1961, 10111, .. 1 GMTI. m lurv•yor VII, 
•oot,acl 2 •11111rln• •ncl •l•cta. loll clu111p1, •racturu •n •11111•ct •fter •h•y wer• •l•ctecl lty th• footp•d at lanclln1, 
c•n II• H•n •• low•r left U•nu•ry 13, 1961, 10121144 GMTI. 
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Pl9. IV-11 (contd) 
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P11. IV-12. Surveyor VIit hele In cru1hable heneycemb 
behind ma1net bracket en feetpad 3. The hele wa1 
cau1ed by Impact •n a reek durln1 landln1 (January 20, 
1961, 20125120 GMT). 

Pig. IV-13. Unidentified brl9ht obied on lunar 1urface 
to right of Surveyor VII footpad 2, which probably 11 a 
pie&• of aluminum torn from footpad or cru1hable block 
honeycomb during landlng (January 19, 1961, 19142137 
GtAT; computer-prece11ed). 

A Su"Veyor footpad will not begin to crush until the 
pressure on it exceeds 7 N/cm2• Therefore, the leg force 
histories (for up to 5 cm of crushing of the footp;t;.l 
bottoms) are th same for landings on surfaces wi t't, tln)' 

bearing strength above 7 N/cm11 • The homNcomb hl tX:J~s 
crush at 28 N/cm2• Thus, any surface w~th a t~,Jru11.i 
strength greater than 28 N/cm2 is essentially riei<l, as far 
as the response of the entire 11pacecraft landing gear is 
concerned. Rigid surface landing simulations have pro­
duc-ed shock-absorber force histories that agree rea­
sonably well (peak forces generally higher, but deviations 
less than 20%) with corresponding flight data. These 
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results indicated that force histories are relatively insen­
sitive to surface hardness-a fact that has been con8nned 
by soft surface simulations with surface hardnesses as 
low as 2 to 3 N/cm2• Th-:cefore, consideration of force 
histories alone is not sufficient; penetration data also must 
be considered to determine surface mechani<'al pro~­
ties by use of soft surface m:1lhematical models such as 
described in Refs. IV• 7 and 1 V-3. 

The aoll model of Ref. IV-7 considers a bearing strength 
vs penetration depth given by u = a + /jx, where a and /J 
are coefBclents and x is the vertical penetration. A third 
term ( ')'%), shown by analysis to have a negligible effec.:t 
for Surveyor landings, was not included in the calcula­
tions. The 11urface horizontal force was assumed to be 
the product of a friction coefficient and the vertical 
resistance to penetration. After a preiiminary investiga­
tion, a friction coefBclent of 0.7 was adopted for the 
remaining analyses. The results indicated that, at the 
Su,wyor 1 landing site and on the scale of a Surveyor 
footpad: (1) the uppermost portion of the lunar soil has 
r~ bearing strength of less than 1.4 N/cm1', and (2) bearing 
sir~ngth increases with depth with an increasing rate 
r,r,d reachn a value in the range of 4.2 to 5.6 N/cm11 at a 1 

depth of 5 cm. 'fhe results indicated that simulated 
penetrations of Surveyor I into such a surface would be ' 
approximately 4.1 and 3.8 cm for footpads 2 and 3, re­
spectively. An extension of the investigation of Ref. IV-7, 
using revised penetration estimates (Table IV-1) indi­
cates that the lunar surface bearing strength reaches the 
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range of 4.2 to S.6 N/cm• at a depth fl. approximately 
4cm. 

The compremble ,oil model de&ned in the Sun,eyo, V 
Mission Report (Ref. IV-3) and uaeJ in preparing all 
Sun,eyor Mi11ion Reports, considen a bearing strength 
variation expressed by 

where 

p = pressure exerted on the penetrating object 

Po = static bearing pressure 

c = depth proportionality constant 

p, = initial density of the soil 

P• = 1:llmpressed density of the soil 

, = penetration 

A sm .. 11 depth-proportionality factor (c = 0.0328/cm) 
was used; i.e., the static bearing pressure, Po, was as­
sumed to increase by approximately 16% for each 5-cm 
surface penetration. Consequently, this study provided 
values of effective average bearing strength for a depth 
corresponding to the maximum penetration for each 
landing. On this basis, a Po of 13.4 N/cm• gave consistently 
good correlation between analyses and flight data for the 
landings of Surveyors I, III, VI, and VII (Refs. IV-1, 
IV-2, IV-4, IV-5, IV-8, and IV-9). (The correlation for 
Surveyor VI is shown in Fig. IV-14.) However, for the 
Surveyor V landing, it was necessary to use a Po of 
2.8 N/cm2 for acceptable correlation (Ref. IV-3). This 
appeared to indicate a softer surface at the Surveyor V 
landing site. It should De pointed out, however, that the 
bearing capacity of a footing on a slope is smaller than 
that of the same soil on a horizontal surface. Conse­
quently, the lower Po indicated for Surveyor Vis at least 
partially a result of the 20-deg slope on which the space­
craft landed, rather than an indication of a difference in 
soil properties. For the post-hop landing of Surveyor VI, 
a good force-history correlation could not be achieved 
because of an unusual force history generated by the 
leg 1 shock absorber (Fig. IV-4g). It is thought that 
footpad 1 struck a rock, which restricted its lateral move­
ment during the landing, thus causing the unusual force 
history. 

Footpad 2 penetrations resulting from landing simula­
. tions using the compressible soil model are compared in 
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T•ltl• IV-2. Pnt,•11 2 ,.,...,.tl•n• c•lculatell fre111 
ce11111uter ce111,,.11lltl• 1utface a.ntlln1 1l111ulatlen1. 

Thell v•I••• •re ce111,-rell with 11•n•tratl•n 
111H1uretl fre111 televl1len elt1ervatlen1 

...... ~ ....... , 
..................... ......... , ....... 

., ....... •1••1■111111, N/1•• .... .... ,. . ...... llltvl11N .......... ..... "' ....... 
ltltNFe, I ,., ,, I ± I ,., 1.7 

lune,e, Ill IA 5,0 2.5 ± I 
(hi le"4• ,., 2.5 
lftf ••et1tl 

,.,,._,., V 2,lb 12 12 ±2 

hrve,e, VI 1., ,., 5 ±2 
(lftltlel 

'·"''"'' 
Surveye, VII 1., .. , ' ± I 

l 2,0 c,.,..tratlen < 2,5 CMI 1,5 
'•' (lteMtrOtlen >2,5 CM) 

•Werli 11 1Nl111 ,e,fe,111e4 e11 1111,,..1111 tll ... •eh, .. 9114' wlll IN ,111tll1IIM •• '"" 
•• ••• 11.111 • . 

•Lew 1Merl111 1tre111tll Mhte ef lvrtte,., V 1lte 11 et 1-t "rtlelly cev• lty tlle 
20.-, .. 111rfece ,1.,.. 

Table IV-2 with the penetration values calculated f 1 um 
television data. From these resu)ts, it appean that pene­
trations obtained from landing simuletior1s on surfaces 
with Po from 4 to 6 N/cm would bracket the actual pene­
trations as determined from television pictures. Thus, 
based on thb compressible soil model, the average lunar 
surface bearing strength to a depth of about 6 cm is 
estimated to be from 4 to 6 N/cm1• 

During the Surveyor VI landing, a clear imprint was 
made by crushable block 13 (Fig. IV-lOc). A small mound 
of soil in the bottom of the impr! "lt is attributed to rup­
ture of the thin aluminum foil that covers the bottom of 
the cored crushable block. Tests, described in Ref. IV-4, 
were r~rformed to establish the pressure levels 
(2.4 N/cm2) required to rupture the aluminum foil. With 
the compressible soil model described above, it was c1l­
culated that the static bearing strength of the lunar soil 
at a depth of 1 to 2 cm is about 1.8 N/cm•. 

The first two Surveyor III touchdo ·•,ns and the hop of 
Surveyor VI were simulated using a landing dynamics 
computer program that incorporated a mathematical 
model of the Surveyor flight control system. The 
Surveyor III landing analysis (Refs. IV-10 and IV-11) 
i>roduc:ed the estimated touchdown velocities shown in 
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P19. IV-14. Surveyor VI Initial lancHnI data and analytical 1hock-ab1orber force/time histories. 

Table IV-1. Variations of engine thrust levels and t,ngine 
height above the surface for the second landing are 
shown in Ref. IV-2. Simulations of the Sun,er,or VI hop 
were also made (Ref. IV-4) to provide data on engine 
thrust levels and engine height above the surface. Engine 
thrust data are shown in Fig. IV-US. 

.,. Depth of Footpad Soll Penetratfom 

Estimating footpad penetration during flrst impact for 
each Sun,er,or landing is difllcult since the televil!ion pic­
tures obtained after landing show only the final position 
of the footpads, not their position at muimum penetra­
tion during ftrst impact. During all the landings, the 
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footpads experienced two or more impacts caused by 
spacecraft rebound; imprints caused by the first impact 
generally were disturbed, or completely obscured, by 
subsequent impacts. 

Two methods were used to determine the depths of 
footpad penetrations. The flrst method consisted of recon­
structing footpad landing imprints in the laboratory by 
using a Sun,eyor footpad and a soil of crushed basalt. 
Lighting angles of a collimated light were adju!:ted to 
match th& sun's position during the lunar observations; 
a prototype television camera on a full-scale Sun,er,or 
model was used to view the '.esults. 
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P11. IV-15. Vartatlen ef Surveye, VI vernier en1lne thrv1t with time clurtn1 the hep. 

\ 
\ The 1econd method ~~s an analysis of spacecraft shad- records following the Snal landing impacts of Surveyor, 

I, III, and VI, and the hop made by Surv,r,or VI. The 
oscillations were most clearly recorded from the initial 
landing and from the hop of Surveyor VI. Clear oscilla­
tions were not observed for Surveyor, V and VII. 

,, 

ows as described in Ref. IV-12. In this approach, esti­
mates relative to footpad dimensions were made of the 
dist~nce and height of lunar soil features around a foot­
pad using lengths of shadows of Surveyor television pic­
tures taken at dilerent sun angles. 

By combining the results of both methods, the general 
features of foodpad imprints and ejecta rims were recon­
structed and vertical dimensions of the imprints were 
detennined, 

The average footpad penetration values listed in Table 
IV-1 are the estimated final depths helow the natural 
lunar surface of the center of the footpads in their present 
position. Local lunar surface variations and dilerences 
in the way soil was ejected during impact caused signift­
cant variations in the depths of soil around each footpad. 
Estimates of initiai footpad 2 penetrations, made during 
mission operations, are given in Table IV-2. Improve­
ments in these estimates are being made, results will be 
published 81 soon 81 available. 

I. Elastlc PropertlN of the Lunar Soll 

Damped oscillations were observed on the strain-gage 

J,L TICHNICAL 11,011 32-126.S 

The &equency of these oscillations can be related to 
the combined elastic properties of the spacecraft and the 
lunar soil; estimates of the elastic properties of the lunar 
soil can be made provided that the constants for the 
spacecraft are known. In addition, the rate of decay of 
the oscillations provides data for an estimate of the dissi­
pative (anel81tic) properties of the soil. Laboratory tests 
have been conducted to detennine the elastic and dis­
sipative constants of the spacecraft; analysis of these 
tests is presently in progress. 

For a single mass-spring system with viscous (velocity) 
damping, the free oscillations are of the fonn [f(t) = 
deflection] 

where 'Y is the fraction of critical damping and Cllo is the 
undamped, angular resonant &equency. The quality fac-
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tor, Q, of a resonant 1y1tem 11 Q = l/(2y). For lar1e Q, 
l.e.,1mall y, the damped frequency 11 approximately equ.a 
to -.i, For a spacecraft on the lunar surface, wo and y 
depend upon the stllne11 and dampinl of the lunar 
surfac,, material, a1 well a1 those of the spacecraft. 

The 01eillatlon1 In ~ach le1 were of the same frequency 
and In phase, Indicating a vertical mode of vibration. 
During the oscillations, the maximum force developed 
In each leg was about 620 N, which ii equivalent to about 
1-mm displacement of the spacecraft center of gravity. 
For such a small motion, linear approxim; . ~ions for the 
spacecraft motion app<..u fustifled. However, there ii 
some dispen,u.. ,n the oscillations, with the frequency 
increasing slightly with decreasin1 amplitude. The reason 
for this dispenion, which is neglected in the present 
analylsls, is not known. It may be caused by nonlinear• 
ities In the system. 

For the initial landing of Sun,er,or Vl, the average fre• 
quency of the observed oscillations is 6.3 Hz and Q is 
about 9; for the post-hop landing, the frequency is 6.9 Hz 
and Q about 12. An approximate analy1il indicates that a 
spacecraft sitting on a rigid surface would have an oscil­
lation frequency of 8.0 Hz ± 10%. Provided that the 
constants of the spacecraft were essentially the same in 
both cases, this observation indicates that the lunar sur• 
face material, as loaded by the Sun,eyor Vl footpads, 
had greater stiffness and contributed less damping at the 
second landing location than at the flnt landing location. 
For Sun,eyor, I and III, the observed frequen,.:y was 
about 6.5 Hz; an estimate of Q has not yet been obtained. 

In the absence of damping, the effective stiffness of the 
lunar surface material under one footpad is approximately 

4trr'Mf'' f• K.,.- ... - ,: - ,~ 
where M is one-third of the spacecraft mass, f, is the 
resonant frequency for the spacecraft on a rigid surface, 
and f.,,. is the observed frequency. 

The rigidity modulus, G, for the lunar material can be 
estimated using the relation (Ref. IV-13) 

G = 2K..(l - 11) .... , 
where r is the radius of the loaded area, and., is Poisson's 
ratio. Since ., lies between O and 0.5 for all common mate­
rials, this relationship provides an estimate of G. Then, 
the shear wave velocity of the lunar soil, V,, can be esti• 
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mated for a given value of G and various usumed values 
of bulk density, p, since V, = (C/p)l,lj. In addition, the 
compre11lonal wave v locfty, V,. can be obtained from 

V• _ 2V:(l - 11) 
,- 1-£ 

For Sun,eyor, I and Ill, the oscillation frequency wu 
6.5 Hz, which results In I(,.. = 4.9 X 1()1 dyne1/cm. Thia 
implies a rigidity modulus ran1e from 3.9 X 1()1 to 
7.8 X 10- dyner/cm2 for ., varying from 0.5 to 0, re1pec• 
tively, and a shear wave velocity of 16 to 28 m/sec for 
a bulk dtmsfty of 1.0 to US g/cm•. For Poilson'1 ratio 
less than 0.45 and the same range of density, a com­
pressional wave velocity of 33 to 70 m/sec ii obtained 
(Ref. IV •2). 

By using the frequencies from the Sun,eyor VI landing, 
the value of I(,,. correlatl n1 with the oscillation frequency 
of 6.3 Hz would be reduced by Rbout 10% from that 
given above and Increased by about 60% for the oscilla• 
tfon frequency of 6.9 Hz. Corresponding changes in the 
velocities would be -5% and +30%, respectively. 

The estimated seismic velocities are considerably lower 
than those expected for terrestrial soils witi: other me­
chanical properties as described in this Report. Until tests 
on the model spacecraft have been evaluated, these re­
sults should be considered as preliminary estimates only. 

C. Lunar Soll Ero1lon 

During a nominal Sun,er,or lunar landing ( engine cut­
off at about 4-m altitude), the vernier engine exhaust gas 
forces acting on the lunar surface are so small that little, 
if any, surface erosion occurs. Durin1 the Sun,er,or Ill 
landing, the vernier engines continued to flre until after 
the spacecraft made two contacts with the lunar surface. 
This landing provided the flnt indication of the elects 
of rocket gases impinging on the lunar surface. To inves­
tigate the elects of the gas plume on the lunar su..face, 
the Suroeyor V vernier engines were flred for 0.55 sec, 
about 2 earth days after landing, at a thrust level less 
than the spacecraft lunar weight. A second erosion test 
was performed 6 earth days after Surveyor VI landed. 
Its engines were flred for 2.:S sec at thrust levels sufBcient 
to cause the spacecraft to rise about 3.:S m and land 
2.4 m from the initial landing point, thereby providing 
good views of the effects of the firing on the lunar sur­
face. On Sun,eyora I and VI, the attitude control jets, 
which exert much lower forces f han the vernier engines, 
were operated to investigate their effects on the lunar 
surface. 
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l. Typet ol Lunar SoG Ero1lon 

Terrestrial te1t1 have demonstrated that the vertical 
ind horimntal 1h ar force, xerted by rocket sue• lm­
plnlfng on a horimntal soil surface could cause lunar 
,urface erosion or cratering by thrt.-.:, bulc r,roceues: 

( 1) V ucou, 1f'Olfon. Entrainment of soil parttclc1 a1 
the exhaust gue1 8ow over the 1urface (Ref1. 
IV-14 and IV-15. thoorettcal 1tudle1; Ref. IV-18. 
an experimental study). 

(2) DIOuied ia, eronon. Movement of 1011 caused by 
the outward and upward flow of ga1 through th 
pores of the soil (Ref. IV-17). An eruption of the 
soil could occur If an er. if ne 11 rapidly shut down. 

(S) Bearing load croterlng (ol,o caU.d e%ploalve crater• 
Ing). Rapid entering caused when the exhata1t pa 
pressure on a surface exceeds the bearing c11pac­
lty of the surface (Ref. IV-18). With full expan1lon 
of Sun,eyor exhaust plumes in the lunar environ­
ment, this type of erosion wu not likely to occur. 

I. Vernier Enpne Flrlnp 

Sun,eyor I I I provided the flnt Indication of the ero1ion 
effects of rocket gait's on the lunar surface. The &ring of 
the vernier engines during the Sun,er,or V mil1lon wu 

1 Intended primarily to determine the dllused p1 erup­
tion effects resulting from rapid engine 1hutdown. 

!

Surveyor VI engines were flred at a higher thrust level. 
and for a longer period of time. to Increase the vilcous 
r roslon elects. 

. a. ObNf'Nllont. 
I 

Surveyor III. The vernier enginea continued to 8re 
during the 8rst two touchdowns of Surver,or III. 'nle 

1 site of the second touchdown wa1 viable to the camera 
, from the &nal landed poaitlon. approximately 11 m away. 
, As seen in Fig. IV-8. not only are the imprints of the 
three footpads visible. but also a light streak of soil can 

I be aetm with adjacent dark soil; both light and dark IOf1 
Rre attributed to the Bring of vernier engine 3. Howev'1!', 
other than the indication that the vernier englnea prob­
ably caused soil erosion, little additional Information 
could be obtained. 

Surveyor V. On September IS. 1967, M hr after land­
ing. the Surver1or V vernier engines were &red at low 
thrust for 0.55 sec. Engines 1 and S were 8red at thrusts 
of 120 N; engine 2 was Sred at 76 N. Shuty of Surveyor 
television pictures has shown that, even though the space-
craft was resting on the inner slope of a small crater at 
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an an1Je of about 10 des (FIi, IV-18). the lrtn1 camed 
no downslope motion of the apaceframe. 11le flrins. how­
ever. did movr the sensor head of the alpha-scattertn1 
lmtrument. which wu re1tln1 on the lunar surface. 
During the firing. the sensor head rotated 15 de.. and 
lt1 center of gravity moved 10 cm In a direction 45 dq 
from th direction of maximum slope. The lunar welpt 
of the sensor head wu 4.4 N. 

Two types of soil erosion occurred: 

(1) Vucou, etmlon. A thin layer of 1011 wu removed 
from beneath. and adjacent to. the vernier enginea 
(Fig. IV-17). Erosion of soil during the 8rtn1 ex­
t~nded to dlltances at least up to 1.9 m from the 
engines. A1 shown in the controlled' mosaics 
(Fig. IV-18). the 1011 J.yer near vernier enlfne S 
and adjacent to the senaor head. wu 1ub1tanttally 
dl1turbed by the &ring. Some of the 1011 and rock 
fragment• moved by the flring are ldentl&ed on 
these annotated mosaics. The largelt fragment 
lmowr. to have been moved ii 4.4 en~ ln <lLm~.;u:,r. 
Television picture, Indicate that. at leut in some 
place,. soil wu disturbed by vilcoUI erosion to 
depths probably greater than 1 cm for distance, 
up to 80 cm from enstne S. Al shown In Fig. IV-18. 
soil at E. beside rock a. was eroded to a depth of 
about 1 cm. The trail (Fig. IV-18a) left by rock H 
a, it rolled downslope ii no longer visible (Fig. 
IV-18b). Figure IV-19 1how1 thu relative ~iltance 
that fragmentl of different 1lze1 can be moved by 
gases striking the lunar surface with surface pres­
sures equivalent to those of vernier engine 3 (Ref. 
IV-S). This ftgure 1how1 that fragment, up to 
4 or 5 cm in diameter were moved at distance, 
up to 1&pproxfmately 20 cm; whereas. at dlltances 
of 200 cm, only fragments up to 0.4 cm in diameter 
were moved. 

(2) Dlffu,ed go, ffl>llon. Exhaust gases. which had 
dlifused Into the soil durin1 the Sring, caused the 
soil to erupt at engbt r ,hutdown and form a ,hal­
low. crescent-1haped enter (Fig. IV-17b). The 
crater II 20 cm In diameter and 0.8 to 1.S cm deep; 
the height of the vernier engine above the 1urface 
was S9 cm, and the maximum static presaure of the 
exhaust gase1 on the 1urf11ce directly below the 
~ngine wu 0.29 N/cm•. Pre- and post-Bring pic­
tures of the lunar surface below engine S are 
shown In Fig. IV-17. 

'11le controlled moaic1 are compoted of narrow-anale televtaton 
framea mounted on a 1Pherical surface; the center and orientation 
of each frame are COffllCt relattve to all otlwr frames. 

169 

I . 
l 



170 

I 
I 

J,L TICHNICAL 11,011 12· I 265 



111,. IV-17. Lunar 1urface ltenHfh luweyor VI vernier en1lne I,•• Hen threu1h 
an auxlllar, mlrrer. Ca) Pre•flrln1 picture. Cit) Po1t-flrln1 picture, 1howln1 the 
,hallow crater cau1ed lty dlHY1ed 1•• eruption at enelne 1hutdown. 
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"9. IV• I I. Ca) Pre-flrt111, ennetwtH •••le ef al,h••ecattett 111-lnlfnl111ent .,... leek •1111 .. 11 fra1111entt net 111evM 
lty the flrl111 •re eutll....,, frat111entt 1hewn lty ,e1t flrlnt ,acturee te have IIHn 111evM lty the flrlnt are,...,..., 
with en ..... Ch,te1111te, 10, lt67). Cit) Pe1t-flrtn1, annetatM ••••le of •l~h•••catterlnt•lftlfnl111ent area.,,._,..., 
net 111ovetl ltr the flrln1 •re eutllnetl, lralfflentt that 111evM are 111arlcetl with an ..... ,..,._,....., 12, 1967). 
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Sun,eyo, VI. On November 17, 1987, 177 hr after 
landing, the Sun,er,o, VI vernier engines were Sred for 
2.5 sec in order to lift the spacecraft from the lunar 1\11'• 

face and to move it a short dutance from the original 
landing site. This maneuver subjected the lunar IW'face 
to greater erotional force:, from the vernier engine exhautt 
gases than that exerted during the Su~o, V static Sring. 
To achieve horizontal motion duri11g the hop, the 1pace­
craft'1 lisht coob'ol system had been preset by earth 
command such that the spacecraft acquired a tilt of 7 deg 
immediately following liftol (Fil, IV-20). This 7-deg tilt 
of the vernier engines cauted soil eroded by the exhautt 
gases to be preferentially ejected to the eut, away from 
the tilt direction (Fig. IV-21 ). 

Figure IV-22 ii a mosaic of computer-enhaooed pie­
hares of the Snt landing site identifying the double 
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imprints :formed hr the footpads and the single imprfnt1 
formed by the crushable blocks during the original land­
ing; the locations of the vernier engines before liftof for 
the hop are aho shown. On Fig. IV-22, major areas of 
erosion cauted by vernier engine exhaust gases are identi• 
Sed with capital letters. Area■ A through E represent 
erosion principally attributed to engine 2, areu G through 
I to engine 3. and areas IC through N to engine 1 (Ref. 
IV-4). Enlargeinentl of the main erosion areas for each 
engine are shown in Fip. IV-23 through IV-25. 

Some of the more pronounced erosion features, formed 
by the flring and visible in Fig. IV-22, include: (1) Sne, 
dark soil deposited in rays by engine 2 at A, B, and C; 
(2) the partial Slling of the shallow depression at E; 
(3) the large number of coarse soil &agmenb deposited by 
engine 2 at D; (4) the surface with a rippled appearance 
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1 at I caused by dilerential erosion by engine 3; and 
, (5) the fan of flne, dark soil deposited in ray, at M by 

engine 1. One or more of the soil clump, ejected by the 
8ring hit the photometric target on one of the omnidirec­
tional antenna• and left a thick coating of soil adhering 
to the target (Fig. IV-gs). 

b. Slnaultlllont and analpN,. The vemier engine Sring 
data and surface prec1ure data for SufWf!or1 Ill, V, and 
VI are summarized in Table IV-3. The thru.~t levels lilted 
were obtained &om analytical simulations ( S"rwr,or, III 
and VI) and from strain pge1 · ·;i the vemier engine sup­
port structure (Su,wr,or V). The minimum nozzle height 
lilted for Suroer,or Ill was estimated from the analytical 

, simulations; those for SurtJeyor, V and VI were obtained 
from comparisons of Sun>ef1or picture• and photographs 
of laboratory simulations using a full-scale spacecraft 
(Refs. IV-3 and IV-4). Lunar surface areas in the vicinity 
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of Sun,er,o, III engines I and 2 could not he viewed 
directly; their minimum nozzle heights are not included. 

The maximum static and dynamic surface preuure1 
listed in Table IV-3 are values obtained from Roberts' 
theory (Refs. IV-14 and IV-US). Figure IV-27 shows the 
relationship between these pressures and gu velocity v1 
radial distance. The dynamic preuure is equal to pu• /2, 
where p is the gas mass density and u the radial velocity 
of the gu along the surface. The values for the Sun,evor V 
static Sring correspond to the engine thrusts and nozzle 
heights given in Table IV-3. The pressures given for 
SurtJeyor, Ill and VI are the maximum values encoun­
tered during the second SufWf!or III landing event and 
SurtJeyor VI hop, respectively. During these maneuven, 
maximum engine thruatl and minimum nozzle heights did 
not occur simultaneou,ly; therefore, the listed maximum 
surface preuure did not correspond to both maximum 
thrusts and minimum nozzle heights. 
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Pl9. IV-24. Me .. lc ef ce111,uter-,rece, .. t1 ,1ct11re1, 1hewln1 1111,rlntl ef feet,atl 3 •ntl cru1h•ltle ltleck 3 111•tl• tlur­
ln1 the lnltl•I lantllnt •ntl MIi tll1turltance cau1etl lty lurv•r• VI vernier en1lne 3 tlu ,1n1 the he, CNeve111lte, 15 
•nd 16, 1M7; eat.I .. 6·11-4Jlt. 
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P11, IV-26. lvner• VI 1thete111etrlc tareet •• N111llllrectle11el e11te11u ltH111. Cet Pre-flrt111 1tlcture CNevet111Nr 11, 
1M7, 09117111 OMn. Cltt Pe1t-flrt111 ,tcture . ..,.,. the flrt111, the tareet ••• clN111 efter the flrl111, the ta,.et 
••• c ... 111 with• terer ef ••II.,, ta O.t 111111 thick. The cNt1111 ,relNlltlr ••• cev,111 ltr 1111,ect ef • ••II ch,111, e11 

\ the tareet llvrt111 the flrt111 CNeve1111te, 11, 1M7, 12,IO.OO OMn. 

The vilcous erosion theory liven in Refs. IV-14 and 
IV-15 was used to c:ompare the theoretical and observed 
crater dfmen1ion1. Theoretically, soils composed of par­
ticle sizes small r than 500,. would not erode u fast u 
observed durtn1 the Su,,,,r,or V 8rtn1. Al10, for a hypo­
thetical soil composed of eoo,. particles and with a cohe­
sion of 0.01 N/cm• (selected to approximate the avera1e 
erosion rate), the theoretical erosion crater diameter 
would be 70 cm illltead of the meuured m-cm-dtameter 

' crater under the su,,,-,or V vemter enstne S. These cal­
culations indicate that viscous erosion wu not the major 
erosion mechanism for the fonnation of the crater. How­
ever, vilcous erosion probably caused the larpr soil 
frapnent1 to move acrost the surface from positions out­
side the crater. 

Since vucou1 erosion does not appear to have been the 
principal eroclfn1 mechanilm, it ii thousiit that dilused 
gu eruption occurred. Thu type of erosion, however, 
does not provide an estimate on cohesion of the surface 
material because the diameter of a dilused gu eruption 
crater ii Jarsely independent of the soil cohesion (Ref. 
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IV-17). But it can be concluded, by compartn1 the calcu­
lated crater diameter with th observed valu , that the 
lunar soil must be relatively impenneable; a Rrtn1 time 
of 0.5 sec (Su,,,er,or V) t1 only one-tenth of the time re­
quired to reach 1teady-1tate condition,. This ii based on 
an assumed soil porotity between 0.3 and 0.5 and a fflCOI• 
tty of the exhaust pses tn the soil between 1 X 10-• and 
S X 10-• poise, as explained in Ref. IV-17. From thil, the 
permeabiltty of the soil wu calculated to be between 
1 X 10-• and 7 X 10-• cm•. 

For comparison, the penneabiUtie1 of soils of dilerent 
unifonn sratn sizes are shown tn Fil- IV-28. Thil Rgure 
shows that the penneabtlity ran1e for the lunar surface 
material, probably down to a d~th of about 15 can, 8t1 
into the permeabtllty ran1e of silts (grain-size ranae from 
2 to 60,.). Lunar soil contains particles Jarser, and prob­
ably smaller, than thil ran1e. However, the estimated 
lunar permeabtlJty indicates that most of the particles 
are fn the 2 to eo,. size ran1e, This estimate ii tn agree­
ment with conclusions reached from light reitectance 
1tmulattons of SufWfiot Ill footpad imprints (Ref. IV-!\. 
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o, E,,.,,.,,,., of ,oil oollnlon, Results of the Surver,o, VI 
erosion teat were used to estimate bounds for the cohe­
sion of the lunar soil. Pictures of the Sun>efior VI landln1 
site (Fl1, IV-22) Indicate some 1urfac,,e erosion, apparently 
of the vucous type, occurred beneath and adjacemt to 
each engine during Jlftol. 11-aere ii no lndk:adoi: that 
bearln1 load entering occurred. Durlnl takeol for the 
Sun,er,o, VI hop, the exhaust p1 preuure on the lunar 
surface decreased p-adually enoup to prevent dllused 
Pl eruption of the 1011. 111erefore, the estimates for soil 
cohesion are hued on the conclusion that the cohesion 
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was not lars fflOUP to prevent vllt-ou1 erosion, but wa1 
larsc enoup for the 1011 to withstand the vertical rret-
1ure loaclin1-

Accon:Un1 to the theory advanced In Refs. IV-14 and 
IV-UJ, th maximum en>1lve shear 1tm1 occun at the 
point of maximum dynamic pteaure and 11 dependent 
on the elective value of the friction c.wfllc&ent. Soll m>-
1lon data obtained by tlw Lan1ley Research Center from 
aoil1 havln1 an Initial Sat surface Indicated the elective 
friction coefBc&ent, C 1, to be about 0.2, which la the value 
ret'Offlmended In Ref. I\' -15. For the lrrepalar, undulat­
ln1 surface e1latin1 at the Sun,-.,c,, VI landing site, the 
friction coefBc&ent should be higher than 0.2. For the 
upper-bound estimate made here, C, 11 taken u 0.4. 
AC.'COl'dtn1 to Table IV-S, the pea&k dynamic pres1uret 
under vernier enlfnes 1, 2. and 3 were 0.30. 0.39, and 0.58 
N/cm•, reapecttvely.11-aus, for a friction ~t of 0.4, 
the lunar surface wu subjected to maximum 1heartn1 
ltreael of 0,11. 0.18, and 0.23 N/cm' by exha111t paet 
from vernier enlfnes l, 2, and 3, respectively. 

Also, at'COrdlng to the theory in Refs. IV-14 and IV-15, 
the vlacous ah aar 1tres1e1 are re1llted by the frlcttonal 
and cohealonal forces of the soil. 11le resistance of the 
aoll surface, provided by the frictional foreet between IOII 
palm, ii neslilfble for the 1mall-diameter putlcles at the 
Surve~ VI landing 1tte. A1 a result, erosion la esldllttally 
milted by cohesion. th,,refore, upper-bound estimates of 
aoll cohesion are "(lual to the maximum values of applied 
1hearin1 1treue1. Because each vernier enlfne caused 
some IOII erosion, the minimum value for an upper­
bound aoll cohesion estimate ii the shear 1treu caused 
by vernier enlfne 1. Tht1 value II 0.12 N/cm•. 

11ae maximum 1urfac,,e loadin1 (1.S5 N/cm') occurred 
under vernier enlfne S. Under the auumptton that 
Terzapt'1 bearing capacity theory (Ref. IV-19) ii appb-
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cable for thl1 type of aurfw loadm1e Ntlm1tet en be 
made lor the minimum value of IOCI --- needed to 
pre~ent a becrin1-Hpldty failure for Vlrioua valun of 
IOCI c:lenalty and Internal frldlon anp,. An applleatlon of 
thll theory, In conjunction wtth the preuure loadlnl 
from Roberti' theory, lnclatea that a toll wtth an 
auumed w lpt denalty of 1.4 X 10-1 N/cm' ( I .S.a/cm' 
mau demlty) and a al c.'Oheclon peater than o.oars 
N/cm' would bt, ,nfllc-tfflt lo prevent a beertas-eapldty 
failure for a al with a U-c:1e1 Int-. mal friction anp. 
For a friction anp, of 90 des. the requilecl value of 
C!Ohnlon la 0.OIO N/cm1• Since a ~I capacity type 
of fadure wu not obeerved durln1 the hop, thla proce­
dure lndatn that the- 1011 C!Ohnlon lo¥,er bound la 
0.oaTS N/cm•. 

'9 Attllucle Coabol Jet Oper&ianl 

.. a,,.,,,.,_,, Attitude t'Ofttrol pa jet,, mounted on 
all Su,.,.,, lep, provided attitude atablllzatlon durlnl 
the 8lpt1. Aft r landlns. Sun. ,,o, I attitude t'Ofttrol feta 
WI.""' opented to produce ahott pul!,ea of IO-rnaec dura­
tion:, with a SO.msec a,.111e between pulsn (Ref. JV-1). 
Pictures taken after openHon of the jets revealed the 
prwence of a small dimple enter near the attitude con­
trol jet I lmplnpment area. Howeiver, teat rnulta are 
Inconclusive becauae no suitable ~rlnl plcturn of the 
lmplnpment u• are available. 

The attitude control feta on Sun,qor VI were com• 
manded to operate for a contlnuoua bunt of 4 aec, and 
for another bunt of eo aec (Ref. IV ..C). Good television 
roverap ol the jet lmplnpment area on the lunar sur• 
face before, durinl, and after jet operation alorded clear 
obtervatlonl of the 1urface eNJllon caused by attitude 
control Jet 2. The nozzle of thl1 Jet wu abc,1o1t 10.4 cm 
above the 1urface and wu Inclined 14 des from the 
1pacecraft vertical uu. 

Compariloi1N of plcturn taken before and after each 
bunt (Fis, IV-29) ahow that the dllturbance of the lunar 
1urface caused by the jet operation, wu minor and that 
no enter wu fonnecl. Some amall IOII frapnenta up to 
25 cm from the lmplnpment area were moved by the 
jet operation. The fflOlt oonaplcuoua elect conalltecl of 
the movement of two lunar 1urface protruslonl, probably 
IOil clumpt, which were 12 to 15 cm from the center of 
jet lmplnpment (frapnenta A and B, Fis, IV-29). 

"· s......,._, """ ........ Laboratory teata were 
performed in whlch an attitude control jet wu operated 
over IOil becla in vacuum. The aod erolion camed by the 
jet wu ol the vllC.'OUI ty1:;e; no eruption camed by c:WfUlecl 
pawuoblerved. 
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It WU r.,unc1 that ftOllon Otaarrecl " the .a eaMalon 
wu below A llmltln1 value. For the sandy adta uNd ill 
thne t . ~he l'1nittn1 value of the eohnton wu 
0.17 N/cm•. Hf)W9Wf, thne t I were c:onductecl at a 
pNUure of approxtmat ly 50 X 10-• mm H1 and full 
t'spanalon of the let plume probably did not occur. There­
fOft, atatlc preuure on the aoll 1urfaee in the vaeuum 
chamber probebly wa, ptt ter than on the lunar surface 
heneath the jet. 

D. S,wa■fl C1nt■Mlnatle11 

Dunn1 all mlalona, ICJffle aplK'effaft t'Ontamlnatlon, 
caused primarily by the landln1 Impact or by vemler 
enpne lrtnp, wu obaervecl (Fip. IV-SO throup IV-81). 
Some tine material wu obeervecl on the thermal com­
a,.rtmenta of SurNfOr I (FIi, IV-80); however, theN 
particles mulct haw been clepoalted before the lanclln1-

Cl11"e on Surwro, Ill ()lctum probal,ly wu caused 
by a thin layer of lunar IOII depollted on the televtalon 
mirror when the vernier enpnea were Ired durln1 the 
Int two touchdowna. 

Althoup Su,_,., V lanclecl on a IO·des alope, no 
obvious t'Ontaminatlon of the 1pacecraft wu procluoecl, 
except that the footpad, plowed Into the lunar 1urfare, 
causln1 toll to be depollted on the f•pad tops. F<'llow­
lnl the vernier enpne Irina, a ,platter of toll wu ob­
aervecl on top of on,- of the electronic compartment, 
(Fis, IV-SI). Thia contamination wu camed by impact 
of a aoll clump, probably ejected by dllused pa enaptton 
from beneath vemle1 engine l. The IOII clump mult have 
followed a near-vertical trajectory to reach the coma,.rt­
ment top. The 8rln1 abo coated the vertical face of the 
l8IIIOI' head of the alpba-acatterln1 lnatrument with aoll, 
deatroyinl the relectlvlty of lb mirror 8nlah. 

Durln1 the hop made by Su,,,.,, VI, aome lunar toil 
lma,.cted and adhered to the photometric tarpt on one 
of the omnidirectional antenna booma (Fig. IV-28). It 11 
ntlmated that the lunar aoll adhesion in thfa cue wu 
between 250 and 1000 dynn/cm'. The minimum value of 
250 dynea/cm' II hued on the aotl wlth1tandln1 an 
acceleration of about 48 m/tee'. which II the eatlmated 
minimum value of peak acceleration exerted on the photo­
metric target dunn1 the hop landins. Thu value clilen 
from that pven In Ref. IV-6. 

A layer of &ne lunar aoil and small IOil clumpt were 
depollted on one of the Su,.,.,, Vil audltary muron. 
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Pl1. IV-2'. ••• M•••lc •f nerrew••"■I• ,1ctvre1 taken thertly ltefere the 4-••c e,erat1e11 ef the attltutle celltrel lett. 
le,reHllttltlve fnl1111e11tt, 1hew11 lty ,.,, •• ,.,....,. ,1ctvre1 te h•v• 111evetl er te have lteen ,-rtl•lly efHH 1ty the 
flrt111, are clrcletl. The d•rk .,.. cuttt111 dl•1•nelly •cre11 ••ch ,1ctvr• It the c•111•,. heu1l111. A 1111• exte11dl111 
threu1h the center ef the •Nltude ce11tNI l•t It 1hew11 lty the •new. The .,,,.x1111ate ,elllt wheN thlt llne lllterce,tt 
the lun•r 1urface It shewn lty •n X CNeve1111ter 9, 1967: Cctal .. 6-MP-U. Cit) Metalc of ,1chlre1 t•k•n l111111edl•tely 
after the 4-••c e,erataen ef the •ttttude centrel ,..,, 1-,reHntatlve fnl1111ent1 th•t •rrlvetl at their ,,e,ent 1lte1 
lt•c•uH •f the let •,•,.ti•" •r• circled CNeve1111ter 9, 19671 C•tal .. 6-MP-2). Cc) M•••lc •f the 1•111• ,,chi,., uted 
In P11. IV-291t, however, the fr•1111ent1 clrcl_,. are th••• fnl1111ent1 ,hewn lty later ,1chlre1 te h•v• lteen 111oved lly 
the 60-tec attitude ce"trel l•t e,e,.tlen CN•v•mlNr 9, 1967J c .. 1 .. 6-#P-2). Cd) Metalc ef ,1chlre1 taken after 
the 60-aec attitude centrel let e,e,.tlen. ,,..111Ht1 drcled •rrlved at their ,re,ent tltH •fter the 60-••c .,.,.t1en 
CNeve1111ter 9, 19671 C.tal .. 6-MP-S). 
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Pl9. IV-29 Cconttll 
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Pl9. IV-29 (contd) 
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Fl9. IV-30. Surveyor I electronlc compartment top after landln9. The relative 
lack •' 1011 contamination 11 1hown by the •mall number of 1011 particle,. 
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(a) 

P11. IV-II. To, of lurverot V co111,-rtfflent I. A clu11119 ef ••II •l•cted ente the ce111,-ttMent te19 durl111 the flrl111 
11tla"•recl In a direction away fre111 vernier en1l11e I, Ca) Pre-flrln1 1tlctur• Ch,te111ller 10, 1967; 02129129 GMTI. 
Cit) Pe1t•flrln1 1tlcture Ch,te111ller 20, 1967; 05141111 GMT). 
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I 
P11, IV-32. lelotlve lock of 1011 conto111lnotlon 
on Surve,o, VI 119ocecraft ofter the vernier 
en1ln• flrln1, ••• Poot,od 21 • few 1011 ,artlcl•• 
II• olon1 the to, ed1• CNove111laer 17, 1967, 
04151s01 GMf. ca., To, of foot19od 3 CNove111laer 
15, 1967, 12123113 GMT). Cc) To, of electronic 
co11119ort111ent A CNove111laer 11, 1967, 06104156 
GMT). 
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I. lufflfflll,Y ancl Conclutlon1 
To date, evaluation• of tel vision and telemetry data, 

aided by analytical and I boratory 1lmulation1, have 
provided the following conclusion. : 

( 1) Th soil at all landing . ltt's 11 predominantly ftnt'­
gralned, granular, nd slightly cob slve. 

(2) At ull sttt•!I, rmll l'jectf."d during spacecraft landings 
and O(X'ratlon, 11 dark r than undlaturht-d soil; 
whereas smoothed nnd flattened soil A. brighter 
than undisturbed soil. 

(3) Imprints of footpads and crushable blocks Indicate 
that the soil Is compresslhle, at least In Its UJl(X'r 
few centlmeten. 

( 4) Static hearing strength of the lunar soil Increases 
with deptl,. Bearing strengths, calculated for var­
ious sh~ed penetrators, are: 

(a) In o:.,proxlmately the upper millimeter: less 
than 0.1 N/cmt (from imprints of small rolling 
fragments). 

(b) At a depth of 1 to 2 mm: 0.2 N/cm~ (from 
imprint! of the sensor head of the alpha­
scattering instrument on Surveyor V 11; see 
Ref. IV-5). 

(c) At a depth of 1 to 2 cm: 1.8 N/cm2 (from 
Sun;eyor VI and VII crushable block Imprints). 

(d) At a depth of 4 cm: between 4.2 and 5.6 N/cm2 

(from an eJCtension of the Surveyor I footpad 
penetration analysis of Ref. IV-7). 

(e) To a depth of 6 cm: between 4 and 6 N/cm11 

(average bearing strength from analyses of 
Surveyor footpad 2 penetrations using the com­
pressible soil model defined In Ref. IV-3). 

(5) Dynamic bearing stress developed on a crushable 
block P.Xceeded 2.4 N/cm2 during penetration to 
a depth of S cm. 

(6) Estimates of the soil shear wave velocity are be­
tween 15 and 35 m/sec, and of the compressional 
wave velocity between 00 and 90 m/sec. The,e 
estimates, based on oscillations in the spacecraft 
landing leg forces, are lower than those expected 
for terrestrial soils with other mechanical proper­
ties as reported In this section. 

(7) Viscous soil erosion, Le., erosion by the entrain­
ment of soil particles as gas ftow11 over the surface, 
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occurred during the v rnler enpne lrinp and attf• 
tude control ~t C>pf'ntlon1. Flnt' aoll roded durin 
th Sun;•r,or VI vernier nstne flring wu picked 
up by 1hau1t paes moving ,n a horizontal sheet 
aloa:1 the lunar urf.ace and was red posited at di•• 
talK.'ft up to se\'l'r I met n . Some aoll clumps and 
f ragm nt1 rjccted from the exhnu1t gas impinge­
ment area. rose at lc.aa1t 1 m above th lunaar sur­
f ce and travell"d at le at 4 m. 

(8) During the Surveyor V vernll"r engine static firing, 
diffused ga1 eruption produet•d a crater 20 cm wide 
and 0.8 to 1.3 cm dt•cp. The Surl)eyor VI dyn mlc 
Bring did not cause dlff used ga1 eruption of the 
soil. 

(9) Ba ed on the S11n;eyor V vernier engine firing, the 
permeability of the 1011, to a depth of about 25 cm, 
11 estimated to be In the range from 1 X 10-' to 
7 X 10·• cm1. This corre pond,i to the pe,meability 
of earth silts and lndlcatl's that most of the lunar 
soil is jn the 2 to 6014 partlcll" 111.e range. 

(10) Soll cohesion is estimated to be between 0.007 and 
0.12 N/cm2 (from vernier en1tne &rings). 

( 11) Lunar soil, eroded by Impingement of vernier en­
gine exhaust gases, adhered to thta spacecraft. The 
most conspicuous examples a1e: 

(a} Surveyor Ill: Dust on the mlrron. 

(b) Surveyor V: Soll on the polished vertical sur­
face of the alpha-sc-Rttering-lnstrument srnsor 
head. 

(c) Surveyor VI: A thick layer of soil on the photo­
metric target. Adhesive strength of the soil 
Impacting, and adhering to, the Sun,eyor VI 
photometric tar1et II estimated to be between 
250 and 1000 dyne1/cm". 

(d) Sun;eyor Vil: A layer of fine soil and small soil 
clumps Oil <,i.e of the auxiliary mirron. 

( 12) Soil at the Sun,eyor VII highland site is similar in 
mechanical properties to the soil at the mare land­
ing sites. The higher rock population at this site 
did not cause an increase in bearing strength of 
the soil. 

(13) Within an 18-m radius of Su"'eyor VII, 0.6% of 
the area is covered by rocks larger than 20 cm in 
diameter, 1.2% by rocks larger than 10 cm, and 
2.8% by rocks larger than 5 cm (Ref. IV-5). 
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V. Soil Mechanics Surface Sampler 
It. f. Scoff <Prlnclpol lnvedl,otorJ and,. I. lt._,,on 

\ The Soll Mechanics Surface-Sampler Experiment was 
conducted on su,.,..,or, Ill and VII; te.b w-.re perfonned 

1 succenfully on both miutona. The 8awlea perfonuance 
of Su"'eflO' Vil allowed more dbcnminatton in the 
perfonnance of lunar tests. and the more quantitative 
daata obtained also provided a mean, for further inter-

I 
pretatlon of Surver,or Ill data. A df1CU11ion \lf the physi­
cal dflerenctri1 between the minions i1 preac,nted here. 
and some conclu1fons are drawn reprdin1 the difference 

' in the characteristics of the two landin1 sites. 

A. The Subty1tem 
Development of the surface sampler u a sc,n mechanics 

butrument (Fig. V-1) involved the study and incorpora­
tion of aenson for direct measurements of position. force, 
and deceleration (Ref. V-1). The evolution of the Su"'er,o, 

1 Project and schedule led to a change fn subsystem 
design (Ref. V-2); a modi8ed surface sampler wu flown 
on Su'"Yo, Ill and, following further changes in the 
surface sampler/spacecraft interface. on Sun,eyo, VII. 

1. Mecbanlam 

The SunJefior Vil surface-sampler mechanilm wu 
identical to that Sown on Suroer,o, Ill (Ref. V-S) with 

,,, rlCHNICAl 11,01r ,2. I 2'5 

the exception of two mapeta. which were placed in the 
bearm1 plate of the scoop door (Ref. V-4). 

I. Electronlm 

The electronics auxiliary for the su,.,.,,or Vil surface 
1amplrr incorporated a 7.5-W heater. larpr than the 5-W 
unit for the su,.,_.,or 111 electronlcl. The desip of the 
electronics was the same for both mlulom. Because 
Su"'er,o, Vil wu a later-generation spacecraft. more 
trl'fflt!try channels were avallaable to the surface sampler. 
Th,- ·riditloi' of two temperature aenson, attcached directly 
to •hf• r~,ract•,m and elevation moton, wu one reftec. 
tlon of this capablHty. The motor-current readout on 
SuN:er,o, Ill wu usiped to a single oommutator frame, 
which yielded a maximum of eight motor-current samples 
for a 2-sec motor actuation. More commutator frames 
were available on Su,.,.r,or VII, and the motor-current 
signal wu fed to 8ve symmetrically spaced commutator 
frames on the mode 4 engineering commutator. Thia 
provided, at the highest spacecraft bit rate of 4400 bits/ 
sec, a potential ( depending on t"e random start and atop 
time of a pulse) maximum of 40 motor-current samples 
for a 1-aec motion. Thia 50-maec sampling nate prov'.ded 
an excellent envelope of the motor-current pulse (Fil, V-1) 
and led to a more accurate indication of forces applied 
to the lunar surface. 

1tl 



Pf9. V-1. Partially extended Iurface 1am,1er on teIt Itand. 
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I. The Mlulon1 
Su.wr,or 111 landed In the southeast part of Oceanus 

Procellarum, a site typical of the maria (Refs. V-5 through 
V-8). Su,wr,or Vll landed, 8\.fa mo later, near the crater 
Tycho, on an ejecta blanket of material considered to be 
much younger than the mare material. During the inter­
val between the missions, adjustments were made in 
operations plans, and some new techniques were devised. 

1. Sun,-,or Ill 

During the Sun,eyor 111 operations for the first lunar 
day, the surface sampler perfonncd seven bearing teats, 
four trench tests, and thirteen impact tests (Fig. V-3). 
During the perfonnance and analysis of these tests, addi­
tional ideas for improved operations techniques were 
evolved, and ultimately led to generation of new com­
mand tapes for use on the Sun,eyor Vll mission. The total 
operating times and ~he number of commands Issued 
during the mission are listed in Table V-1. 

Table V-1. Summary of 1urface-1ampler eperatlon, 

o,.,... ... l11rve,., Ill IIIIYe,., VII 

Tetal ,ewer e11 thH II hr, 22 •111 36 hr, 21 111111 

Totol 1,acecraft ce•111a11d1 5,179 12,6'9 

Total f1111ctle111 1,191 6,956 

Tetal 1Marl111 te1t1 7 16 

Tetal tre11chl111 te1t1 .. 7 

Total l•,ect te1t1 u I 

I. SufWflOI' Vil 

At the time of Surveyor Vil touchdown, the operations 
plans called for the deployment of the alpha.scattering 
instrument before any surface-sampler operations to pre­
vent any possible disturbance of the lunar surface before 
a chemical analysis could be obtained. Because tho alpha­
scattering instrument was not deployed nonnally tn the 
lunar surface, the surface sampler was used to assist in 
the deploymt. 1 t (Ref. V-9). Initial sampler contact with the 
lunar surface occurred at bearing point 1 (Fig. V-4) and, as 
shown in Fig. V-5, was remarkably similar to the Initial 
bearing test on Sun,eyo, Ill (bearing test 1, Fig. V-3). 
Using command tapes especially designed to operate the 
surface sampler in a bearing test mode, as well as tapes 
to provide pictures between each command during a 
trenching test m order to construct a motion picture, 
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1ucceuful soil teats were continued throughout the 8nt 
lunar day. The total operating times and number of 
commands ilsued during the miulon are shown in 
Table V-1; sixteen bearing teats, ~ven trenching teats, 
and two impact tests were perfonned. After initial de­
ployment to the ,,ndlsturbed surface, the alpha-scattering 
instrument was 1edeployed to a second sample position 
(a rock) and then to a third sample position (disturbed 
surface). Figure V-6 shows the surface sampler in the 
process of moving the alpha-scattering instrument from 
the second to the third lunar sample. 11le locations of 
the soil tests and of these sample positions are shown In 
Figs. V-4 and V-7. Figure V-8 shows the result• of data 
analysis from bearing test 2 on the Suruer,or VII mission. 
This diagram Is a revised venion of Fig. V-5 from 
Ref. V-9, following post-mission studies. 

Temperature data and motion-increment measurements 
for the surface.sampler moton on Surveyor VII showed 
that the moton did not change their operating charac­
teristics signi&cantly (particularly u far u distance per 
command Is concerned), even though they operated 
under a wide range of temperatures. The similarity of 
the elevatfon moton on the surface samplers on both 
missions can be seen from the curves of force vs motor 
current shown in Fig. V-9. From these curves, It Is clearly 
evident th&t the bearing forces applied by the surface 
samplers were nearly equal under stall conditions. Thus, 
direct comparisons could be made of the soil at both 
landing sites. , 

The surface-sampler subsystem was operated during 
the second lunar day, thus demonstrating that the unit 
and auxiliary had survived the lunar night. 

C. The Operations: Comparison of T .. ts 

1. Su'"f/Of' Ill 

The landing of Sun,er,or I (Ref. V-3) demonstrated 
that the lunar surface was com)Josed of a granular, soil­
like material and gave some indication of the properties 
of the soil. The S•srwr,or Ill surface sampler had been 
arranged and calibrated so that measurements of the 
current supplied to its motors would give an indication 
of the force applied to the lunar surface In testing oper­
ations. The state of the ipacecraft telemetry following 
landing on the lunar surface, however, precluded any 
measurements of the motor currents, and therefore, the 
forces, during subsequent operations. The maximum 
forces exerted by the elevation and retraction motors 
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lunar day of the Surveyor Ill ml11lon. 
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under stall conditions had been measured in terrestrial 
tests and related to temperatures. Since the motor tem­
peratures couM be estimated during Sun,eyor 111 oper­
ations, the surfat:e tests were conducted until deliberate 
stalling of the motor was achieved. In this manner, it wRs 
po sible to estimate the forces applied to the surface. 
From this information and from various tests conducted 
with Sun,eyor Ill, the properties of the lunar surface soil 
were estimated. 

The lunar surface material appean to have the prop­
erties and behavior of a 6ne-gratned, terrestrial soil pol• 
seHing a small amount of cohesion and an angle of 
internal friction corresponding to a medium dense soil. 
The density ii apparently within the range of ordinary 
terrestrial soil (Ref. V-2). Most of thr. lunar tests, with 
the exception of the beartn1 tests, indicated a relatively 
homogeneous soil material in lateral extent, but one that 
increased somewhat in strensth as a function of depth. 
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P11, Y-4. Plan view of 1urface-1ampler operation, 1howln1 locatlon1 of lt•arln1 ancl lmpad te1t1 performed on 
Surveyor VII. 
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P11. V-6. Surface sampler holdln1 the alpha-scafferln1 Instrument durln1 deployment to third lunar sampltt on the 
Surveyor VII ml11lon (January 22, 1961, 11121112 GMT). 
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This wu obsea ved by the greater dUBculty of deepening 
trenches as the d pth exceeded a few centimeten. 

Relatively few rock, were acceulble to the surface 
sampler on Surveyor 111. and only one of these rock, wu 
picked up for a closer examination. Its dimensions. how­
ever, were too ,mall to permit the weight of the rock to 
be determined. 
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Impact tests w~ perfonned on Su,,,.,, II I. how­
ever, the relatively small 1prln1 t'Ol'lltant of the torque 
spring precludNI the detenninatton of density from thete 
teats. 

I. SU'"fO' VII 

St1""'flOt VI I landed on an ejecta blanket north of the 
rim of Tycho. Telemetry was used extensively for the mea­
surement of motor currents durln1 subsequent surface 
operations. As a consequence, It wu poulble to deter­
mine the force v1 d pth of penetrations dunn1 bearln1 
:esta (Ref. V-9) and trenching operations. The soil be­
haved qualitatively and quantitatively In a fuhkm •Im• 
ilar to that observed at the Surwr,or Ill site; relatively 
minor dilenmce1 were observed. Rc1ult1 from beartn1 
tests show that the mechanical properties cited for the 
mare material can be applied to the Tycho material . 

During Sun,er,or VI I operations, obstnacttons were 
encountered In the trenches. A large fragment of rock. 
which could not be moved with the force available to the 
surface Rmpl r In retraction, wa1 encountered at a depth 
of about 3 cm. Th refore, It appeared that the soil cover 
at the Surveyor VI I site wu generally thinner than that 
encountered by Sun,eyor Ill. Thu soil cover probably 
constitutes only the upper few centlmeten of the frag­
mental debris layer that comprise• the Tycho ejecta 
blanket. 

SllltVCYOII Z1l 
su,t,ACE SAMPLER 

SllltVC 'fOII Jll 
suR,ACE SAMPLER 

o..__ ________________ ___. ___ ___. _______ .._ ___ ...__ ___ ...__ __ ___. 

0 I IO II 10 II IO II 40 41 

OPPOSING FO,tCE, dyn11 >C 101 

P19. V-9. Poree YI motor current for 1urface-aa111pler ltearln1 m•tl•• en Surverore Ill artd VII. 
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In one of the trenchet formed bys.,,,,.,, VII, a depth 
of 20 to M cm wa1 attalnNI In 1ucceulve paun. nabae­
quent analy1l1 of the motor-current data lndlcatfCI rela­
tively lltt~ lncreue of 1trenstl1 with depth In this 
excavation. In fact. from the tft'nchlng lnfnnnatlon, the 
10il lftffll to be relatively uniform to the maximum depth. 
This dllem,ce In behavior from Su""'f/Of' Ill may be 
due to the dllerent chemk:al nature of the IOII at the two 
1ltes, a dilerent ap of the material 1tnce It, depotttion, 
or to other factors (Ref. V-10). 

3. Comparlloa ol Man ancl Hlpland lltet 

Qualitatively, the 10d at the two 1ltes exhibited ~iuln 
dll rences In deformational behavior. In the mare area, a 
penetration test of the lunar 1urfac.-e caused cracldn1 and 
aplltttn1 of the 1urfue matt'rlal u It wu pushed up by 
the 1011 dlaplaced by the 1urface umpler. Althoush this 
cracldn1 wu manifested to IOffle amall extent at the 
Su~ VII 1lte, the procea of deformation wu much 
more one of plastic working of the 1011. It can be c:on­
cluded, therefore, that the 1011 at the Su~ Ill 1lte 
exhibits a brtttleneu lacktn1 tn the 101I In the vicinity of 
Tycho. That Is to •Y, the 1011 at the Suroec,or Ill 1lte 
poaeues 101ne cohesion among the Individual 1urface 

• pains, which can be broken and may not be re-established 
to the •me depee. Thi• can be con8rmed by obaerva­
ttons of the behavior of the material during trenching 
operations at both landing 1ltes. At the Su,.,.,,- Ill 
1lte, a trenchln1 operation produced relatively larp 
chunb of lunar surface material which could be easily 
cnuhed by the 1urface •mpler. At the Surwc,o, VII 1ite, 
the trenchln1 operation produced relatively nnall clods I of 1011, and the material appe red to deform without 
cracking or forming lafle lumpa. Since both 10111 are 
cohnlve, It Indicates a somewhat dilerent nature of the 
cohnlvene11 of the two 1ltn. 

It must be emphasized that the 1011 at the Sun,eyo, Ill 
11te a!IO Indicated a tendency to be cohesive even after 
It wu disturbed, 10 that 10me adhe1lon among the Indi­
vidual fragments must be of a revenlble nature. To some 
extent, It can be concluded that, at the SufWflor Ill 1fte, 
a crust of aomewhat brittle materlAI edited to a depth 
of !~ to 5 cm below the 1urface. Below thu depth, the 
1011 at both ntes exhibited no substantial dilerence, with 
the exception of the Increase in strensth with depth 
obsen•ed at the Sun,qo, Ill nte. With poulble modt-
8cations, because of the depth of thta underlying rock 
fragment,, the soil at the SufWf!or VII site al10 appe&Nd 
to be quite uniform laterally over the region tested by 
the aurfcice aampler. 
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0.. rock fraapnent wu 1queezed In the jaws of the 
Sun,.,- II I 1urface •mp~r. rock frapnenb were pk-keel 
up hy the Surw,,c,, VII 1urface •mpler, and one rock 
frapnent was broken by an Impact. Since the rock 
picked up by the 1urface aamp~r on Su,wvor Ill re­
mained Intact when 1ubjedfld to a force of aeveral 
hundred Newtona per aquare centimeter by the 1urface-

mpler Jaw,. It wu concluded to be a rock frap,ent 
mthc,r than an allffpte of 101I parttc' .. 'I, The rans of 
den1ltle1 obtained by picking up ncl wetpin1 a fra1-
ment adjacent to the SufWflCH' VI I 1paceeraft c:on8rm1 
thl1 conclusion. The den1lty was In the ranp 2.4 to 
3.1 a/cm•, with the molt probable value about 1.8 
to 2.9 glcm•. Another rock mgmcnt of apparently nm• 
liar appeara~ wu fractured by a moderately 1trong 
blow by the Surwc,o, VII narface •mpler. The mapi­
tud" of the Impact lncllcatn that t-lther the umple was 
w akened by fracture planet or dllt'Ontlnulttn within it, 
or that It wa1 not a particularly atron1 rock Initially 
(Ref. V-9). 

On both mllllons, aome lunar 1011 adhered to the 1ur­
face umpler; thf1 adhesion teemed to occur more fre. 
quently toward the end of the lunar day. On Surwr,or Vil, 
1011 fragment, were obaerved to adhere to the outside of 
the 1urface-aampler ICOOp by the end of lunar opera• 
tlon1. The adhesion wu not 1tron1 apparently, u It wu 
observed that aoll depo1lted on the mirror 1urface of the 
alpha-acatterlng 1en10r head 1lld fairly readily across 
the surface after 24-hr contact with the tensor head. 

On Surwr,or Vil. the 1urfue aampler carried two 
magnets embedded In the ICOOp door; 10me of the oper­
ation, conducted were performed for the purpoae of 
1tudytng the Interaction of the magnets with the lunar 
material. Magnetic material, In panular form and one 
apparently magnetic fnpnent wen ptcbc:l up during 
thne testt. 

No alpha-scattering in1trument was carried on 
Surves,or Ill; therefore, all of the 1urface-1ampler time 
wu devoted to lunar 1urfue te1t1. On the Sun,eyc,, VII 
mtuion, a large amount of time wu devoted to inter• 
action with the alpha-scattering tmtrument to enaure 
that it 1ucceufully umpled the lunar surface. 

D. SufflfflClry ancl Conclutlons 
The narface sampler, a venatile and extremely useful 

apparatus for performing a variety of mechanical func­
ttona, a!IO proved It• value u a remote manipulation tool. 



Although relatively compl x op-rations plans had n 
establt1hed before the lau;,~h and touchdown of 
Sun;cyor, Ill and VII, it was fou1aJ that 1u«-t?uful surface­
N4mpler operation, Wl're conducted by evaluatln1 in real 
time th ohtstnclt'1 and tR1lcs to he perfonned. and by 
oiwrating the- surf a,-e sampler In conjunction with th 
t<'levf1lon camera to accomplish the required taw. Tht' 
u • of motor current proved a useful addition to th rro­
Ct.' of manipulating the 1urf at.'t• sampler, whk:h rnponded 
,•orr<.'Ctly to all commands tran1mitt1..-d dunn1 operatlom,. 
The design of th mechani1m and its electronic auxiUary 
was more than adf'qu~tc for all lunar surfaet.' operations. 

Data acquired from the Soll Mechanic• Surface­
Sampler Experiment on the St,rwr,or Ill and VII mi11lon1 
provldl'd signfftcunt Information on the mechanfcul 11rop­
t.•rtlt.•~ of thl' lunar wll. The rnnge of proiwrtlc1 ha11 hct-n 
rc•duc<'d greatly from tht.• range postulated lwfore 
Sl4rocr,or. A ,mmmary of soil parameten, which are pr -
scnted and discu11t.-d in Ref. V-9. i11 gf · en below: 

( 1) The lunnr surf ace nt the S141Wf/Or VII landing site 
is covc•r<'d with a ftnc-gralned soil whose depth 
over rock. or roclc fragml'nt1, varies from 1 or 2 cm 
lo at least 15 cm. Many roclc fragm nt1 ranging in 
size to 10 cm Ile on the surface within the surface­
sampler opcrutlons area. Thia dlffen from the 
St,n,eyor I I I site principally f n the rock distribu­
tion, as only small, partially burled, fragment11 were 
found there. 

(2) The surface soil at the two sites exhibits similar 
properties. The behavior of the soil at a depth of 
several centimeters ls, therefore, consistent with a 

material possn1in1 a cohesion un the order of 
0.M to 0.7 X l& dynn/cm', an an1le of friction 
of t1., to 37 drg, and a density of about US I/cm'. 

(!)) The• re.,lwt nee of tht- soil to pc tratlon, and th • 
fore ltl tren h, inm-a with depth in the top 
1 or 2cm. 

( 4) To a depth of wv ral mllUmtirn at the lunar 1ur­
fa<'t1

, th<• 50fl RPIX' n I I dense. soft<'r, and more 
compreHihle than the unt:I rlyln1 material. 

(5) The bearing capacity of tht' lunar aoll to th 
2.M-cm-wldc• orea of the cl01C.-d scoop of the sur­
face m11lcr was about 2.1 X 1()1 dynes/cm' at a 
~m•tratlo11 of ahout 3 cm. 

(6) Quolltutlvely, the 1011 at thl' Surveyor Vil site was 
I • brittle than at the S11rvcr,or Ill 1Ue; there wu 
lc111 geawral craclcfng, and tc1t1 and trenching oper­
atlon1 pro,•idt-d 11maller lump or agregate1 of 
lunur soil. 

(7) The density of a sin1le rock, which wu picked up 
and weighed durln1 the Suroer,,,, Vil ml11lon, was 
ln the range 2.4 to 3.1 g/cm1. 

(8) The excavation of one partially buried roclc during 
Surveyor Vil operations revealed that the 1ub1ur­
f ace part wa8 angular In contrast to th rounded 
visible part. 

(9) One apparently intact roclc was fractured by a 
blow from the Sr,rocyor V 11 surface sampler. 

(10) The adhesion of lunar soil to the surface-sampler 
scoop appeared to Increase with time. 
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VI. Lunar Surface Temperatures and T~ermal Characteristics 
J. W. Luca, (Cholrmanl, W. ~. Hagemeyer, J.M. S...arl, 

L. 0. Stlmp,on, and J. M. F. Vicker,' 

Each of the ftve landed Surwyor spacecraft trans-

\ 
mitted data back to earth for at least 2 wk. The Surveyor 

I landing sites are shown in Fig. Vl-1; Table VI-1 lists the 
I selenographic location, time of landing, local slope, and 

sun elevation above the eastern horizon at landing. 

In addition to the selenographic location differences, 
the local terrain upon which f'11ch of the spacecraft 
landed was different. Surwyor I landed on a relatively 
smooth, nearly level surface, encircled by hills and low 
mountains. Surwr,or Ill landed about halfway down 
the slope of a crater about 200 m in diameter and 15 m 
deep. The local slope was about 12'1 deg from the lunar 

1 horizontal. Surveyor V landed with one leg on the rim­
less edge of a 9- by 12-m crater, which was 1.5 m deep, 
and the other two legs within the crat«. The local 
slope was about 20 deg from the lunar horizontal. 

1 Surveyor VI landed on a relativ,,ly smooth, nearly level, 
ftat surface. The local slope was less than l deg from 
the lunRr horizontal; after the hop made by the 

1Wfth the exception of J. M. Saari of the ik>etn1 Sclenti&c Retearch 
Laboratorler, the authon are afBUated with the Jet Propulaic,n 
Laboratory. 
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spacecraft, the local slope on the new site was about 
4 deg. Surveyor Vil landed in extremely rough terrain, 
but with a local slope of only about 3 deg. 

The behavior of the various spacecraft on the lunar 
surface varied. Surveyor I gave excellent data for two 
successive lunar days, and partial data was obtained 
as late as the fifth and sixth lunar days. The spacecraft 
operated for 48 hr into the ftrst lunar night. 

Surveyor Ill landed with the vernier propulsion sys­
tem still at a thrust level almost equal to the lunar 
weight. It lifted off after initial touchdown and remained 
aloft for about 24 sec, Liftoff also occurred after the 
second touchdown, the spacecraft remaining aloft for 
12 sec before third touchdown. At the time of second 
touchdown, all analog telemetry signals (which included 
all but two of the temperature telemetry channels, both 
associated with the television camera) became em,­
neous. The anomaly was localized in the signal pro­
cessing analog-digital converten, and it was found that 
most of the analog data obtained in the lowest rate 
mode (17.2 bit/sec) was fairly reliable and could be 
corrected with simple calibration factors. However, the 
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overall accuracy of telemetered temperatures from 
Surveyor Ill was estimated at ±6°K compared with that 
of ±4°K for the other spacecraft. Surveyor Ill experi­
enced a solar eclipse (by the earth) during its ftrst lunar 
day on April 24, offering the 8nt opportunity to observe 
such an event from the moon. Surveyor Ill did shut 
down almost immediately after sunset (2 hr) on the Int 
lunar day. 

Surveyor V, which operated for about 115 hr into the 
ftrst lunar night, also experienced a solar eclipse (by 
the earth) on the second lunar day on October 18 and 
operated for about 215 hr into the second lunar night. 
It operated for a short period of time during the fourth 
lunar day, transmitting 200-line television pictures. 

The vernier rocket engines on Surveyor VI were &red 
on the lunar surface during the &nt lunar day, causing 
the spacecraft to lift off from the lunar surface and to 
hop 2.4 m. Surveyor VI operated for about 40 hr into 
the lunar night; it was revived on the second lunar day, 
but gave thermal data for only a short time. 

Surveyor Vil, which operated for about 80 hr into the 
first lunar night, was successfully re~ved on the second 
lunar day, giving good thermal data during the day; 
however, contact with the spacecraft was lost before 
sunset on the second lunar day. 
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Surveyor I presented the ftrst opportunity to obtain 
in situ estimates of the lunar surface temperatures and 
thermophysical characteristics, in addition to engineer­
ing data on the thermal behavior of the spacecraft 
during operation on the lunar surface. It should be 
emphasized that none of the Surveyor spacecraft camed 
any instruments, as such, to measure lunar surface 
temperatures or surface thermal characteristics. For 
operational reasons, the spacecraft were thermally iso­
lated from the lunar surface to the greatest extent 
possible. There were temperature sensors on the outer 
curfaces of two electronic compartments, on the solar 
panel, and on the planar array, which were highly depen­
dent on the local thermal radiation environment and 
only partially dependent on other spacecraft equipment. 
These spacecraft temperatures have been used to esti­
mate the average brightness temperature of those por­
tions of the surface viewed by each sensor. In this Report, 
brightness temperature is used in the usual sense; that is, 
the experimentally observed temperature a surface .vith 
unit emissivity must have to produce the measured 
response. 

The earth-based (telescopic) eclipse measurements 
used for comparison were performed to a resolution of 
either 8 or 10 sec of arc (14 or 18 km at the disk center). 
The error of matching earth-based infrared maps with 
lunar photographs is 4 to 8 km, based upon a least­
squares approximation using 30 to l50 identl&able hot 
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1pot1. 1119 location of the Surwr,or spacecraft, relative 
to nearby feature• on Lunar Orbiter photographs, ta 
known to 1 m. The Su,wr,or spacecraft provided esti­
mates of surface temperature out to about 18 m from 
the compartments. Thus, compared with the best pre­
vious infrared telescopic observatlon1, this is an improve­
ment in ground resolution by a factor of 1000. The 
derived temperatures after sunset, and during the two 
eclipses, were used to estl,nate the thermal characteri1tlcs 
~, the lunar surface at each site. 

A. larth-laMCI Thermophy1lcal Olttervatlont 

The surface temperatures calculated from the space­
craft thermal data were compared with earth-hued 
measurements and theoretical thermophy1ical models. 
In the following paragraphs, a summary is given of the 
pertinent earth-based measurements of the various land­
ing site regions. 

1. Albedo 

With regard to the theoretical models, it 11 necessary 
to know the bolometric albedo so th,,., during Illumi­
nation the amount of solar radiation £,bsorbed by the 
surface can be calculated. If the small amount of energy 
conducted In or out of the surface during Illumination 
is ignored, then the Lambertian temperature, Ti, (with 
unit surface emissivity assumed) Is defined by the 
expression 

where 

u = Stefan-Boltzmann constant, W /m• 0 1C' 

A = bolomebic or total solar albedo, dimensionless 

S = solar Irradiation, W /m' 

t/, = elevation angle of the sun to the surface, deg 

(1) 

By this de8nitfon, the Lambertfan temperature is that 
which a perfectly diffuse blackbody surface would have 
to radiate the same energy as Is absorbed. Actually, as 
discussed later in this section of this Report, the lunar 
surface exhibits directional effects in its emission; how• 
ever, ft has been found that the Lambertian temperature 
provides a useful comparison to the spacecraft data. 

In order to calculate Ti, the bolomebic albedo of 
each site must be known. For this purpose, the limul-
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taneou1 infrared and photometric scan data of Ref. Vl-1 
were used. Of particular Interest was the scan at full 
moon ( - 2-deg phase angle) just prior to the December 
19, 1964, eclipse. The data show the brightness• tempera­
ture changes with the photometric bria.htness on adja­
cent regions. This allows the calculation of the relation• 
ship between the photometric brightneu Oft thll scan 
and the bolometric albedo. 

Now, because of the directional eml11lon of the lunar 
surface, the observed brightness temperature, T1, dllm 
from the Lambertlan temperature because of the ansJe 
of view, so that 

(I) 

which defines the dbectlonal factor D(t/,), For the full­
moon scan, If the bolometric albedo, A, ii assumed 
proportional to the measured photometric hrightnea, 
B, then 

A= ICB (3) 

where IC is a constant, which If known allows the deter­
mination of A for any point. To determine IC, measure­
ments were made on two areas, 1 and 2, of differing 
brightness at the same .;, so, from Eqs. (1) and (I), 

and 

,. [ b[~\]' = (1 - KB,) S sin ,j, ~ 

,. [ bi:, ]' = (1 - KB,) S sin ,i, ~ 
(4) 

Eliminating D(t/,) between these two equations and solv• 
ing for IC, we Snd 

(5) 

It was thought that K could possibly be a function of t/1, 
so many pairs of points of dilfe-:-ent brightness were mea­
sured over the disk. The results showed that IC was 
essentially independent of t/,, 

For each landing site region, B was measured from 
the scan data and the bolomebic albedo calculated with 
the value of K determined above (see Table VI-!.) 

3With unit 1urf ace emiuMty auumed. 
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I Because the measurements were made with a resoludon 
of 10 sec of arc (18 bn at the center of the dJtk) and 
with a location accuracy of 4 to 8 bn, the albedo of 
the region In the Immediate vicinity of a spacecraft 
could depart considerably from the quoted values. 

I. '111ennophy1lcal Properttn of the Su'"'°' 
Landini Sltn 

The thermophyslcal properties can be determined only 
from post-sunset eclipse or lunation cooling curves. The 
most extensive eclipse measurements are tltose of Refs. 
VI-2 and V!-3 made during the Decerr',,er 19, 1964, 

1 
eclipse. Data on Isotherms during totality for the equa­
torial region have been published (Ref. VJ-4); the meas­
urements revealed anomalous cooling of features of a 
wide range of 1lze1, varying &om kilometer-sized craters 
to the entire maria. It would not, therefore, be surprising 
If thermal heterogeneity were found to dimension• much 
smaller than possible to measure by the earth-based 
eclipse measurements; for example, any local areas 
strewn with sizable boulders should cool more slowly 
than unst.·c,wn areas. 

Isotherms In the region of the Su,wr,or I landing site 
have been transferred to the Lunar Aeronautical Chart 
(Fig. VI-2). In that region, the craters Flamsteed and 
Flamsteed 8 are prominent hot spots. It can be seen 
that the area in which Su~or I landed ii one with 
small horizontal thermal gradients; thus, It contain• the 
highly insulating properties that typify the general 
lunar surface. 

J 

Isothermal contoun In the region of the Su,wr,or Ill 
lite during totality of the December 19, 1964, eclipse 
(Ref. VI-2) are shown In Fig. VI-3. The region ii relatively 
bland. Isothermal contoun for the Su,wror V and VI 
landing lite region1 from the same eclipse data, are 
shown In Ftp. Vl-4 and VI-5, respectively. Again both 
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regions appear to be relatively bland at the limit of 
resolution of the earth-based measurements. 

The crater Tycho 11 an outstanding thermal anomaly 
on the lunar surface &om the standpoint of the tem• 
perature difference over Its environs and the size of the 
area alected. Isotherms of the region from Ref. VI-3 
are shown In Fig. Vl-8 and indicate that there are three 
maxima In the temperature distribution within the crater 
and that the anomaly extends about one crater diameter 
beyond the rim. The Su,wr,o, Vil landing site Is within 
the anomalous area surrounc!ing the crater. During 
eclipse totality, the central peak is about 82°1C wanner 
than the environs, whereas the Suruer,or Vll landing 
site area Is only 14°K wanner. 

3. Earth-Buecl Predictions of Lunar Surf aee 
Temperatures of the Su,.,..,, Landini Sltn 

The 1pacecraft data were compared with earth-based 
measurements of the illuminated lunar surface made 
during the December 19, 1964, eclipse. The latter mea­
surements, It 11 to be noted, are influenced by the direc­
tional elects of Infrared emission determined by the 
direction from which the site regions were observed 
on earth. Lunation calculations (Ref. VI-5) of the homo­
geneous model were used usumlng constant thenno­
physlcal properties. 'nlese properties are characterized 
by the thermal parameter.., = (kpc)-"', where Jc 11 ther­
mal conductivity, p is density, and c ii specilc h•t. 
This constant y model, however, can not adequately 
represent the earth-hued measurements during both 
eclipse and po■t•sumet, since the former require, a 
much larger constant.., than the latter. During Wuml• 
nation, the model predicts temperatures euentlally In 
agreement with Eq. (1) If.., Is greater than 500. Recently 
a particulate model f'f the lunar soil bu been propoaed 
(Ref. Vl-8) which ag. .. aes with both the eclipse and post• 
sunset cooling. 
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Th«, bolomtttrlc albedo, uaed in the followtn1 calclala­
tlon1 re thost- given In Tabl Vl-2 for ch landin1 lit.. 
~ trmpn tur were corrl'Ctrd for the appropriat. 
moon/1un dl1tu~. Also. tilt' normal tn ch 1urfue 
t•lt•ffk•nt was "· "umc•d cofncklent with the 10<.·al Vl'rtlc I. 

A y \'alUl' of AOO (R f. Vl-5) ls typical for th lunation 
of the l'quatorlal Su,wr,or sites and was derived from 
rarth-hu1e.-d post-,mnsct mt•a1un.•ment1 of m re 11tta1 in 
the t•111tem RCtion (Rrf. Vl-7). Th larg r y values givt•n 
In the followtn1 par11graph1 resulted from earth-hued 
ecUpse mea1ur •ment1. The difference in y i• thousht to 
be u conaequent-e of h t exchan,ce from only the upper­
mo t mlllirooten of soil during an ecUpsc, wh reu a 

I different type of soil at a lower depth ii involved during 
the lunation warming and ooollng phaae1. 

The calrulated lunar surface Lambertian trmperaturN 
(Ref. Vl-5)3 for the homogeneou1 rnodt"I at th Surwr,or I 
landing site are shown in Fig. Vl-7. The 1pedlc values 

I 

·•B. P. Jon,•• c11lcul11ted the Lamberttan cuJ\·e• for the cllfer nt 
Sem:Cfl()r 11itt-s tndudln1 pmt-1un11t•t wh,•re the differentiation due 
to -y i• •hcnlfk,mt. 

400 

100 

for solar oonstant and lunar relecttvity (albedo) u,ed 
for ch mi11lon are given in Table VI-I. Ttl time ale 
wu1 ftxNI auumin1 a ftat moon 1urface at IUIINt. The 
y AOO intertnt'Cliate curve in Fl . VI-T it comktered 
most repr 1mtatlvr of the 1ite. It 11 of aome tntenet to 
note thot II y valu of 13.W had been inferred for the 
Surwr,or I ,dtr ff"ltfl t• rth-balNI eclipse meuurementl. 
Temperatures calculatNI for thr su,,,.r,o, Ill site are 
,ihown In Fl,c. VI-A. 

Thermal m a1urcrncnt1 wrre m de of the Su,-,.r,o, Ill 
,iitc• during th•• April 24, 1967. eclipse. Fipre Vl-8 
1how1 u pn•dicted l'OOling curvt• for th alt from earth­
baaed m n1uruments obtained during the December 19, 
1964, ecUpae (Ref. Vl-2). When this curve wa1 00mpued 
with the theoretical ecUl)lf' coolin1 curves for • homo­
geneous model (Ref. Vl-8), lt was poulble to infer a 
value for y of 1400. Values of y ln this ranp, •• deter­
mined from ecUpse calculations, are representative of 
the in1ul11tlng material that characterizes much of the 
lunur surf ce. The warming curve In Flai. Vl-9 repre,entl 
calculated t,qulllbrium surface temperaturel corres­
ponding to thr lnsolation at each time. 
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The calculated LamherUan trmperature for the 
Surc.:c•yor V landing site is shown in Fig. Vl-10. Figure 
VJ-11 is a predicted eclipse cooling curve for the site, 
from earth-based mcnsurements. By using the theoretical 
eclipse cooling curves for a hol"l'>geneous model (Ref. 
Vl-8), n y of 1350 was obtained for the lunar 1urface 
materh,I. 

The calculated Lambertian temperatures and earth­
based temperatures (Ref. VJ-1) at the Sun,er,or VI landing 
site are shown in Fig. VJ-12. Each value bu been plotted 
at that time in November 1967 when the elevation angle 
of the sun wali the same as when the measurement wu 

1 
made. These earth-based measurements show the direc­
tionality of lunar infrared emission; near local noon. 
when the surface was observed from the same general 
direction as the sun ( i.e.. when the phase angle was 
small). the measured temperatures were higher than the 
calculated Lambertian temperatures. Earth-based eclipse 
observations show cooling during totality comparable 
to that for " homogeneous model with a y of 1100. 

• 

The calculated Lambertian temperatures for the 
Suroeyor Vil landing site al'e shown in Fig. Vl-13. Also 
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shown ure the earth-bt11ed measured temperatures, which 
again show n d,rectional effect dishibuted over a larger 
portion of the lunar day. During the Dt.'Cember 19. 1964, 
c•<:li11sC', lngrao, et al. (Ref. Vl-9) made measurements of 
Tycho to n 9-sf.'C-of-arc resolution up to a few minute, 
before the end of totality. Tht',w eclipse obaervational 
dnta Rt the cooling curve for a homogeneous model 
with y = 450 inside the crater nnd with y = 1100 oubide 
the crater hy 30 sec of arc. It should be noted that a 
y = 1091 was erroneously used in Ref. VJ-10 for po1t­
sunset temperatures outside the crater instead of 800 
from actual post-sunset measurements (Ref. Vl-7). 

Although no earth-based measurements of the 
Surveyor Vil landing site region were made during the 
lunar night, it was possible to obtain a post-sunaet cool­
ing curve by interpolation in the following manner: 

( 1) Earth-based eclipse cooling curves were obtained 
from the data of Ref. Vl-2 for the crater itself, 
the landing site region, and the environs outside 
the anomalous region surrounding the crater. 
These curves showed the landing site region had a 
temperature difference over the environs only 
0.27 as large as that for the crater itself. 

(2) Post-sunset cooling curves were availabl~ for the 
crater (Ref. Vl-1); for the environs, a theoretical 
curve for the homogeneous model with 'Y = 800 
was assumed. 

(3) A post-sunset curve for the landing site region was 
determined by interpolating 0.27 of the way from 
the environs curve to the crater curve. resulting 
in the predicted X curve shown in Fig. VI-13. 
This post-sunset curve corresponds to a 'Y of 550 
for the landing ·dte region. 

4. Dlrectfonal Effects 

It has been determined that, when the lunar surface is 
illuminated by the sun. the observed brightness tem­
perature is not constant for different angles of observa­
tion; i.e .. the surface does not behave like a Lambertian 
surface (Ref. VI-11). This effect. ascribed to surface 
roughness. causes the brightness temperature to be higher 
when the phase angle is small (i.e., when the sun/ 
surface/observer angle is small) than when it is large. 
(Qualitatively. the emission is greater when viewing the 
lunar surface with the sun over one•s shoulder.) Such 
directionality will have an effect on the radiation 
received by the compartments on the Surveyor space• 
craft to a degree depending upon the scale of the local 
surface roughness. 
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P19. YI•? 2. larth•baHd and calculated temperature• for Surveyor VI landl1111 1lte. 

To correct the calculations for directional effects, 
earth-based rneasmements over the enttrfl lunar disk 
were used for three sun angles. For a sun elevation 
angle of 90 deg, the measurements of Sinton (Ref. VI-12) 
were taken, which show the variation in radiance from 
the subsolar point as a function of the angle of observa­
tion. For two other sun angles of 30 and 60 deg, the 
infrared scan data for different phases made by 
Shorthill and Saari were used. Albedo corrections for 
each point were made from the full-moon photometric 
data. The directional factor was determined frorr. Eq. (2) 
by using a calculated Lambertian temperature at each 
point. 

Directional factors obtained in this manner were 
• ,.renced to a lunar surface element by a coordinate sys­
tem with azimuth and elevation , "gles for the direction of 
observation defined as follows. Azimuth angles were 
measured from the normal projection of the sun direction 
onto the surface. Elevation angles were measured from 
the surface in the plane of observation. Directional 
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factors obtained over the globe were referenced to this 
azimuth/elevation angle system. A least-squares ::pher­
ical harmonic flt, symmetrical with respect to plus and 
minus azimuth angles, was then computed for the data. 
A contour plot of the directional factor for a sun 
elevation angle of 60 deg is shown in Fig. VI-14. Direc­
tional factors were, of necessity, obtained from global 
measurements made on a variety of features. It is 
possible, therefore, for a small area such as a Suroeyor 
landing site to have different directional effects than the 
average sur:·1ce if the local roughness or surface con­
flguration d-' 'fered significantly from the average. 

I. Spac~crcaft Thermal Measurements 

1. Spa .. ecraft Description 

The Surveyor spacecraft (Fig. VI-US) had a basic 
structural frame of tubular aluminum which served u 
a tetrahedral uaounting structure for the electronic gear 
and propulsion system. The three spacecraft legs were 
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P19. Vl-13. larth•baHd, calculated, and predicted temperature, for Surveyor VII landln1 1lt1, 

attached at the three comers of the base. The • .. nar 
array antenna and solar panel, mounted on a mast about 
1 m above the apex of the structure, cast varying shadow 
patterns on the spacecraft and the lunar surface through­
out the lunar day. Changes in shadow patterns occurred 
as a result of the commanded repositionings of the planar 
array antenna and solar panel and from the apparent 
movement of the sun (ab<,nt 0.5 deg/hr). 

Generally, the spacecraft components in the sun­
illuminated areas had white painted surfaces that 
provided a low-solar-absorptance and high-infrared­
emittance thermal Rnish. The polished aluminum under­
side thermally isolated the spacecraft from the lunar 
surface. 

The temperature data of various points in the space­
craft were provided by platinum resistance temperature 
sensors. Each sensor was calibrated individually to 
±2°K; other nominal system inaccuracies degraded the 
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overall accuracy to ± 4°K.• Most of the 75 senaors 
measured internal spacecraft temperatures. Some, how• 
ever, were externally located and were responsive to 
the lunar surface radiation; four were located on the 
outside panels of the two main electronic components, 
on the solar panel and on the planar array antenna. 

a. Compartment canllte,i. Compartments A and B 
housed the spacecraft electronics and battery. A thermal 
blanket of multilayer insulation surrounded the com­
ponents in each compartment, and in turn was covered 
with an aluminum panel. A temperature sensor was 
bvI~~ed to the polished-aluminum inner surface of the 
outl· oard face, i.e., the surface facing the blanket of 
eac·:1 compartment (see Figs. Vl-16 and VI-17). The 

•These temperature sensors were low resolution; other 1en10n, 
critkal for •pacecraft performance assessment, were calibrated to 
± 1 °K with an overall accuracy of ± 3°K over a narrow tempera• 
ture ran1e, 
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P19. Vl-16. Surveror model 1howln1 com,artment A. 

221 ,,, flCHNICAl 11,01r 32• J 26.S 

I 
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blanket tsolat«I the panel• from the ln1lde of the com­
partment,. Bmauae th o•.,tboanl faces ot the c:ompatt• 
menh had ,, 1tron1 radiative roupllng to ~he lunar 
wurf ace, but wer vlrtuully 1hl lded &om view of other 
1pocc.,craft romponent,, n analysis of lunar surface 
briptnn1 t mperature1 wa, poalble. 

Som dllerences existed In the thermal blanket de-
1ip (75 layen of alumlnlr.ed Mylar) on the clllerent 
ml11lon1. Su,wr,or, I and 111 had a blanket that wa, 
Integral (taped and lnterl ved) to the compartment 
wall. su,.,.r,or, V, VI , and V 11 t,ad a new blanket destp 
Installed u a separatu Item. Both design, provided 
excellent Insulation. The 1peclftc poramet rs needed to 
obtain lunar 1urf ace tt1mperature1 from the rompart­
ment temperature data are liven in Ref,. Vl-10 and 
Vl-13 through Vl-18. 

b. Solo, pa,wl and planar a,,,,,, anlnna. The solar 
panel und planar array antenna were relatively low-h at­
capodty planar 1urface1. Temperature data measured 
by thew two 1urface1 also may be used to derive lunar 

1 1urface brightness temperatures. Additional complexity 
i• Introduced In the analysis, since these 1ubty1tem1 
thermally interact with 10me spacecraft equipment. 

Two different solar panel de1ign1 were used: one for 
Surver,or, I und Ill and anoth r for Surveyor, V, VI, 

, and VII. The sractftc parameters needed to obtain lunar 
surface tern(' . .m•tures from the sohn· panel and planar 
array antenna temperatures are given in Ref1. Vl-10 and 
Vl-13 through Vl-16. The planar array antennu as a source 

1 of temperature data is now considcl't'd very practical 
because of the additional support structure attached 
to It. 

I. Surface View, 

The landed orientations for the different Su,,,.r,or 
spacecraft are compared in Fig. VI-18. The surface 
views from the compartments are depicted along with 
local downslope tilt. It should be noted that f l climinary 
values were used for calculation purposes as shown 
and were based upon solar panel and planar anay 
antenna positional data. 

The lunar surface temperatures were found to be 
dependent primarily upon the sun ·elevation angle to the 
local lunar surface slope. Thus, for Su,,,.r,or, Ill and V, 
which landed on sloping surfaces, simple time transla­
tions of the lunar noon to a local zenith reaulted In 
improved ternix,1'llture distributions. The lunar surface 
temperature measured by each compartment sensor also 
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was influenced by terrain feature• and shadowing of 
the lunar surface by the 1pacecraf t. 

a. Su,,,.,ar l. The n11umed landed orientation of 
Surveyor I is shown in Fig. VI-19. The azimuth of leg l, 
the Y nxts, is given us 1 deg 1011th of west; the vertical 
1pncccrnf t -Z lllis ts taken to be tilted 0.5 deg toward 
the west. To ensure early morning coverage, the science 
bay (television camera) was directed eutwRrd, which 
resulted in oompartment A viewing aouthweat and com­
partment 8 viewing northwe1t. The normal to the outer 
canister face of each oompartment made an angle of 
89 ± 1 deg with the spacecraft -Z (vertical) axil. The 
view factors from oompartments A and 8 to the lunar 
surface (dc8ned later in Eq. 6 as Fu plus F rn) were 
approximately 0.28 and 0.29, respectively. The tempeaa• 
ture data measured by thermal sensors on the outboard 
faces of the compartment, are given in Ref. VI-13. 

The solar panel was stepped throughout the lunar 
day 10 that it would be nearly normal to the sun vector. 
1he solar panel temperature dllta are presented in Fig. 
VI-00, since ther are plannoo for future use and were 
not presented earlier In Ref. VI-13. 

L. S.,,,,.,,ar lll. The assumed orientation of Sur­
ver,or 111, with respect to lunar coordinates ls liven in 
Fig. VI -21. The normal to the compartment A outer 
canister face wu lying In a vertical plane of azimuth 
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9 dea eut of aouth ani wu Inclined at an ansle of es 
dea to the local verttca~ . The normal to the compartment 
B outer canister face had an azimuth 18 de1 north of 
west and wu inclined at ,,n angle of 81 des to the local 
vertical. 'the spacecraft -Z .ut, approximated the dtrec­
tion nf the local surface normal; both compartment 
nnrrnal1 were Inclined at 89 deg to thia dlrectlon. 

The Surveyor 111 landing site ( about 45 m southeut 
of the crater center) 11 shown In Fig. Vl-22. The surface 
area viewed by each compartment wa1 limited by the 
canister face orientation and crater rim. On thia buts, 
compartment A viewed a maximum projected surface 
area of 1.3 X 10' m•, and compartment B an area of 
2.6 X l& m•. The resulting view factors from compart­
mentl A and B to the lunar surface were 0.31 aud 0.41, 
re1pectlvely. The compartment, solar panel, and planar 
array temperature data are given In Ref. VI-1-4. 

c. s.,,.,.,, V. Su,wr,or V landed In a small (9- X 
12-m) crater, with lea 1 positioned neu the crater rim 
and lep 2 and 3 downslope on the southwest wall of 
the crater. Figure VI-i-11how1 the a,aumed orientation 
of Su,wr,or \." with respect to the lunar coordlnatea after 
landing and after IUDlet of the Int lunar day. At 

232 

approxlmate;y ,unset of the 8nt lunar day, the shock 
absorbers on lep I and 8 compreaecl, placln1 the apace­
cnft even more downslope. Dur1n1 the NCODd lunar 
day, the spacecraft auumed the orientation It had dwinl 
the &rst lunar day. 

n,e lorabon of the spacecraft within the enter prolle 
It shown In 1''11, VI-M. Compartment A primarily 
viewed the eut aide of the enter, the surface ~ ·•.m1J 
the enter, and space, with an ovr7'11 view fartor t,f 
0.147 to the lunar surface. Compartment B vlr.wt..,1 tl ,e 

west aide of the crater, the surface beyond the ca-11t~..,. rtm, 
and space, with an overall view factor of 0.255 !t, H,~, 
lunar surface. The compartment, solar panel, and pbr."·t 
array temperature data are given In Ref. Vl-15. 

,L S.,,.,.,, VI. Su,wr,or VI, after the Initial landln1 
and later after the bop, wu altuated on a 1enerally !evel, 
Sat surface. The hop occurred on November 17 when 
the vemler engine, were &red for 2.5 sec, causing the 
apacecnft to rile and to land 2.4 m from the original 
landing point. The usumed orlentatlona of the space­
craft with respect to the lunar coordlnate1 are shown In 
Fig. VI-25. Compartment A viewed the area to the 
southwest, with a view factor of 0.311 to the lunar sur­
face after the Initial landin1 1..,d 0.350 after the bop. 
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Compartment B viewed the area to the north, with a 
view factor of 0.318 to the lunar surface after th'J irutial 
landing and 0.316 after th~ hop. The compartmE:nt tem­
perature data were given in Ref. Vl-16. The sohr panel 
temperature data are presented in Fig. VI-26, since 
they were not included in Ref. VI-16. 

e. SUJWf/Of' VII. Surwyor VII landed on a generally 
level surface in a highland area, The assumed orientation 
of the spacecraft with respect to lunar coordinates is 
shown in Fig. VI-27. Compartment A viewed the east, 
with a view factor of 0.337 to the lunar surface. Com­
partmez. • B viewed the area to the southwest, with a 
view factor of 0.3.13 to the lunar surface. During the 
lunar night, shock absorber 2 compressed, resulth1g i ii 

a slope of th 1pacecraft vertical axis about 6 dP-1: vlth 
respect to the local vertical during the r,econd \1,;n~· 
day. The compartment, solar panel, and planut tt,,,ray 
temperature data are given •n Ref. VI-10. 

3. Surf ace Temperature Calculation. 

The lunar surface brightness temperatures were deter­
mined from the spacecraft compartment outboard face 
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tempenturea. Thia was accomplished by evaluating the 
radiative heat balanu, required between the compan­
ment face and the lunar surface -. iewed using the 
followln1 equation ( depicted in Fig. VI-18): 

where 

T, = compartment surface temperature, 0 JC 

T • = lunar surface brightness temperature in sun­
light, OJ( 

Ta = lunar surface brightness temperature in 
shadow 

= 200° K assumed in the calculations 

S = solar irradiation constant, W /m1 

Fu = geometric view facton from compartments 
to sunlit portion of lunar surface, dimension­
less 

Fu = geometric view facton from compartments 
to shadowed portion of lunar surfac", dfmvn­
less 

q = heat ftux from inside to outside of compart­
ment wall, ,v /m2 

u = Stefan-Boltzmann constant 

= 5.675 X 10-' W /m1 °K• 

•• = compartment surface emittance, dimension­
less 

= 0.87 ± 0.02 

t 2 = lunar surface emittance, dimensionless 

= 1.0 (brightness temperature assumption) 

a 1H = compartment surface solar absorptance, di­
mensionless 

~ 0.20 + 0.02 

fJ :;;; angle between direction of sun and normal 
to compartment surface, deg 

f = elevatiou angle of the sun to the lu·nar sur­
face, deg 

P 2 - A = lunar reflectivity to solar irradiation, di­
mensionless 
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Table VI-12 shows some of the parameter values used 
in the lunar surface temperature calculations for each 
mission. Other parameters used, such as view factors and 
sun angles, and the detailed results of these calculations, 
are given in Refs. VI-10 and VI-13 through VI-16. 

4. Shading Test 

A differential shading test was performed on 
Surveyor Ill compartment B to try to establish the de­
gree of thermal isolation of the compartment outboard 
face from the Vycor mirrors and the radar altimeter and 
doppler velocity sen.-ior (RADVS) antenna. The top of 
the compartment on all Surveyor spacecraft was covered 
with Vycor mirrors which had a low a./c(= 0.12/0.79) 
permitting heat flow out of the compartment during the 
high lunar day temperatures. (Thermal switches intemal 
~o the compartment isolated the interior from the mir­
rors during the lunar night.) The RAD VS &ntenna was 
located under the outer compartment face. 

231 

HUT IALANC[ : 

,,., r1 • ca,, lcot • 

.,, .. , .. .,,: 

VIEW 'ACTOR: 

,., · 1 ., 

ALltDO 

•• .,,1 k ... 
•• • 
I,-

(SOLAfl flAOIATION) 

(MOIATION "tOM 

2 

SUNLIT L.UNAfl Sufl,AC[I 

(flAOIATION FROM 
SHADED LUNAII SUll'ACEI 

(HUT 'L.OW OUT 0, COMPMTMlNT) 

P11. Vl-21. HHt exchan1e for a co111part111ent outltoard 
face. 

A~ the beginning of the shading test, all componentl 
were unshaded, including the compartment outboard 
face, the Vycor mirrors, and the RADVS antenna. Next, 
with all the components shaded from the direct sun by 
the solar panel, tht outboard face temperature dropped 
6.7°K (12°F). Subsequently, each component was un­
shaded in succession: the Rrst was the r ADVS antenna, 
which resulted in a AT= 0.6°K (1 °F); the outboard 
face, which resulted in a AT= B.l °K (11 °F); and the 
Vycor mirrors, which resulted in a AT = 0.8°1( (l.5°F). 
[The sum ls greater than the original 6.7°K (1!°F) drop 
because of the increasing sun angle during the test.] By 
far the greatest temperature change occurred when the 
outer face was unshaded, with small changes resulting 
when either the RADVS antenna or the compartment 
top were exposed. The results, while encouraging, were 
not conclusive because of the high sun angle at the time 
of the test. 

C. Data AnalyNI 
1. Prelfmfnary Re .. ulu 

Temperature data measured by thermal sensors lo­
cated on the outboard panels of the electronic compart­
ments, on the solar panel, and on the planar anay 
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1ntenna for the most part are presented In Refs. VI-10 
ind Vl-1/3 through Vl-16. (Figures Vl-20 and VI-26 
~ntaln solar panel temperature data not previously 
reported.) Included are data taken during the 8nt lunar 
~ay, durln1 eclipses, after sunset and on some subsequent 
lunnr days; auxiliary sun/panel/spacecraft relative posi­
tional information is also ,ncluded. 

Lunar surface brightness temperatures were calculated 
using the compartment outboard panel temperatures and 
Eq. (6), depicted essentially as a rad,ation baJ ·.nee rela­
tionship in Fig. Vl-28. Th"se preliminary results were 
presented in Refs. Vl-10 and Vl-13 through Vl-16 shortly 
after each Suroeyor mission. In some cases, lunar surface 
brightness temperatures were calculated using the solar 
panel temperatures; however, they were not presented 
because of the incomplete effort. 

The lunar surface temperatures derived from the 
Surveyor I compartment data using Eq. (6) were found 
to differ from earth-based predictions. Higher morning 
temperatures were evident and lower values of y resulted 
from Sun,eyor. Similar discrepancies occurred on the 
subsequent Surveyor missions, and especially large dif-

\ 
ferences were noted during the eclipses on the Surveyor 

. Ill and V missions. These Surveyor-based eclipse lunar 
surface temperatures were found to be higher than earth-
based predictions by 150 and 80°K, respectively. 

Another discrepancy also appeared when lunar surface 
temperatures derived from the solar panel temperature 
measul'ements were found t'> differ from the results ob­
tained from compartment data. In fact, the solar panel 
results were closer to earth-based predictions. This com­
parison is shown In FhJ. VI-29 during the s~1rveyor Ill 
eclipse. 

I Under the early conviction that compartment data 
were more reliable. efforts were concentrated upon re­
ducing these data, as well as attempting to explain the 
above discrepancies. During some of the missions, 
the compartment-based results were as much as 25°K 
higher during the lunar morning or afternoon than earth­
based predictions. At night, the compartment-based 
lunar surface temperatures also were higher, re$ulting 

J in y values near 500, compared with earth-based eclipse 
predictions for y of about 1350. Recent earth-based mea­
surements taken during the lunar night by Wildey, 
Murray, and Westphal (Ref. VI-7), have resulted in y 
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values less than 1000, compared with the earlier earth­
based measurements taken during eclipses by Saari and 
Shorthill (Refs. Vl-2 through Vl-4), which resulted in y 
values averaging about 1350. 

Several effects have been considered in modeling the 
lunar surface characteristics in order to expl.,in the dif­
ferenct> between eclipse and post-suntet measurements. 
Effects given serious consideration are directional thennal 
emission, variation of thermal conductivity with soil 
depth, and variation of density with depth. Winter and 
Saari (Ref. V1-6) have doveloped a •cube" model that 
varies thermal conductivity with depth, and they have 
been able to match the Wildey, Murray, and Westphal 
J: ;nar post-sunset data as well as eclipse measurements 
with th,s model. Jones (Ref. VI-17) recently suggested a 
model that includes density variation with depth and 
conductivity as a function of depth and temperature. 

I, Error Analyses 

Early efforts were made during the mission operations 
time period to explain the discrepancies in lunar surface 
temperatures derived from compartment, solar panel, 
and earth-based data. These included the possible effects 
that could result from dust, paint degradation, r.rater 
cavities, heat capacity of rocks, and directionulity. Of 
these, only the last two effects were found to be of 
interest; rocks may have had the effect of maintaining 
a higher post-sunset temperature for compartment B on 
Surveyor VII, and directionality partially explained some 
of the higher morning or afternoon temperatures (Ref. 
VI-14). Additional efforts to discretize the lunar surface 
into many nodes to obtain more accuracy were of lfmi ted 
value. Further discretization efforts should be rcsbicted 
to the immediate foreground, particularly where craters 
o. rocks exist. 

Efforts subsequent to the mission operations time 
period were devoted to searching for other possible em>n 
and determining their influence upon the calculated lunar 
surface temperatures. The Brst erron investigated were 
those within Eq. (6), where it was confirmed that the 
temperature sensor inaccuracy and the view factor un­
certainty were the significant error contributon during 
the lunar day; also, the uncertainty in oompartment 
internal heat loss, q, was signiftcant after sunset. The 
inaccuracy in the sensor measurement was established as 
being the most signiftcant error snurce with a possible 
error of ±2°K by itself and +4°:t.: including other telem­
etry system inaccuracies. 
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Relative erron, which were due to the varioua unr,a -
tainttt s, were separately calcul"ted at many different 
Um s during both the lunar da)' and the lunar night. 
When these results were a1>plled as error bands to the 
compartment and solar panel data, the ttsultln1 lunar 
surface temperaturu from these two sources still could 
not be made to ovf'rlap without a11umlng some unrea­
sonably Jorge initial error sources. However, the slope of 
the post-,mnset surface temperature derived from oom­
partment data on Surveyor V matched the siope of earth­
balNI surface temperatures by using :a value of q 80% 

I of Its nominal. 

Attention was then given to thf' snlar panel to see 
whether, by varying the Initial erron, one possibly could 
make It more nearly match the compartment results, 
Heat conduction from the mast, where there were thermal 
sensors on two of the drive moton, Increased the dlf • 
ff'rence behYPPn the two spacecraft predictions of the 
lunar surface temperatures. Allowing for change of emit­
tance of the back surface paint at cryogenic trmperatures 
produced a sUghtly favorable reduction in this difference. 
Most of the other possible contributors increased the 
energy received by the solar panel, which further sepa­
rated the hYo results. 

\ Loter, it was realized that, since the compartmrnt side 
\ j faces were nearly vertical, they would view approxi­

mately one-half lunar 1urface and one-half cold space, 
whereas an outboard face containing the temperature 
sensor was tilted back about 20 deg and would view 
more cold space than warm lunar surface. The impor­
tance of this elect was estimated for Sun,eyor V during 
the lunar night, where data were available for 200 hr after 
sunset and where transient elects were at a minimum. 
SimpU6ed calculations were made, assuming that the 
sides and outboard face were isolated from each other 
but were conductively coupled to the interior of the 
compartment via the same value for q as that previously 
used for the outboard face. These calculations showed 
that the side faces could be 10°JC warmer than 
the outboard face of the compartment, and thus could 
significantly affect the outboard face temperature. 

Then, ush1g nominal lunar surfaci! temperatures for 
'Y = 500 and y = 750, the temper~ture of the outbo~rd 
face was computed including conduction from the 1: 1de 
faces and nominal q from the interior. These computed 
temperatures we:. ,.· -'Om pared with the actual Sun,eyor V 
canister temperatures, u shown In Fig. VI-30. Agreement 
was good between the outer face temperatures computed 
assuming a 'Y = 500 and the actual flight data; without 
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the side face conductfo11, a 'Y of about 400 previously had 
been obtained. 

Based on this ugreement between actual and calculated 
outer face temperat,ares, the comparison of results from 
different data sources shown in Fig. Vl-31 was made. 
The error band derived previously for the compartments 
was placed around a lunar surface 'Y = 500 temperatu.e 
curve, recognizing that the error band may be larger 
than that shown when the conductive effect is included. 
Note that lunar surface temperatures calculated from 
the solar panel fall fu~, below this error band. If an 
error band were placed upon the solar panel results, these 
hands would overlap, especially late into the lunar 
night. Also shown are the results of the new cube model, 
(Ref. Vl-6) for the lunar surface during the night, which 
has an average 'Y value of about 850. The cube model 
was adjusted t.o flt the Wildey, Murray, and Westphal 
data (Ref. Vl-7) also shown In the figure. This lies within 
the probable error band for the solar panel lunar surface 
temperature results, and Hes between the solar panel and 
the compartment results until well into the night. Figure 
Vl-31 also presents the curve for 'Y = 1350, originally 
predicted from earth-based eclipse measurements, which 
indicates this value of 'Y is much too large for the night. 

During the lunar day, one of the hYo compartment 
side faces was nearly always illuminated by the sun. In 
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certain cases, the sun can illuminate the polished alumi­
num inboard face at low sun elevation angles. This face 
then would become quite hot and conduct heat to the 
outboard face via th" side and hottom faces. Approxi­
mate calculations indicate that the outboard face tem­
perature might be elevated as much as 35°1C in certain 
cases and that the lunar surfatce tenaperature could be 
correspondingly reduced. 

3. Concluslom 

The errors associated with compartment-based lunar 
surface temperature calculations appear to be signillcant, 
particularly during the lunar day. Heat conduction from 
the other compartment faces is the most important factor 
to be included in the revised compartment model. The 
solar panel erron appear to be less and the equations 
simpler than those for the revised compartment model. 

The post-sunset lunar surface temperatures derived 
from Surveyor V data and earth-based measurements 
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appear to be in agreement within the error hands. This 
Is the only case investigated in some depth. More 
detailed cnlculation1 are required for all spacecraft. 

The lunar soil is highly insulating, as indicated by the 
values of the thermal parameter obtained. It is estimated 
the Surt>er,or-based y values given in Refs. Vl-10 and 
VI-13 through Vl-16 should be increased at least by 
100 (cm11 sec"' °K/g cal). 

Directional emission of the lunar surface may he a 
partial cause of temperature dflerences between those 
derived from Sun,er,or compartment data and those 
predicted assuming Lambertian emission. 

No dust layer that had an i.pprechble thermal effect 
wu apparent on any of the spacecraft, since ft would 
have been detected by the thennal senson. 
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VII. Lunar Surface Electromagnetic Properties 

Analysis and baterpretation of the Surveyor data on 
electromagnetic properties of the lunar surface material 
are dilcuued hen,, The text ii in three parts: 

(1) Methods of reduction and presentation of the radar 
data obtained for the various Surveyor spacecraft 
during the landing phase. 

(2) Interpretation of the radar data in tenns of lunar 
propertie1, 

(S) Analy1is and interpretation of the magnet data. 

j A. laclar Data and Data lecluctlon 

I 
D. 0. Muhlemon (CltolrmonJ, W. E. lrown, Jr., 
L. David,, and W. H. Peale• 

j l. Radar S)'ltem 

Radar signal strength data were taken with the radar 
altimeter and doppler velocity sensor (RADVS) for ap­
proximately the Snal S min of Sight on Surveyor, I, Ill, V, 
VI, and VII. Identical systems were used on each flight; 
these systems consisted of four narrow beams, three of 
which were oriented at angles of 25 deg with respect 
to the roll axil (at a wavelength of 2.S cm) and the fourth 
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along the roll axil. Beam 4 wa1 frequency-modulated to 
obtain slant range information. The sole design criterion 
for the RADVS system was determined by guidance and 
control requirements. Nevertheless, telemetered values 
of the various signal strengths have yielded unique and 
signfftcant information concerning the radar reftection 
properties of the lunar surface in the various landing 
regiom, 

Data from each Sight were obtained durtn1 the Snal 
2 to S min before touchdown. During this time, the range 
varied from about 20 1cm to zero, the beam angle• of 
incidence from a maximum of 80 deg off normal, the 
beam surface intercept radius from about 1 km; the beam 
was swept laterally alon1 the lunar :iurface to distances 
of up to 20 1cm, Al the approach geometry wu 1lfghtly 
different for each flight, the initial orientations of the 
radar beams were correspondingly dilerent; in each 
case, the final minute of descent was performed with the 
spacecraft roll axis essentially perpendicular to the mean 
lunar surface and with essentially zero lateral velocity. 
Consequently, during this time period, three of the beams 
remained at an incidence angle of 25 deg to the mean 
surface, and beam 4 was approximately at normal 
incidence. 
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A very brfef description of the radan b stven in thb 
Report. The velocity beams divide the output of a 7 -W, 
two-cavity klystron, radiated h)' two parabolic antennas 
in the three bearr,. The antennas are divided by septum• 
Into receiving and transmlttlns sections. The retum 
signals are detected in quadrature by pafn of microwave 
mtxen tl 1at are excited by the transmitter •lanai, con­
verting tc. the doppler frequencies In the ran1e of about 
100 to A0,000 Hz. The do~-pler 1lgnal1 are amplifted in 
matched pain of preampli8en that employ automatic 
gain control, each in three, discrete gain 1tate1 differing 
by about 25 db. 

The preampli8er outputs are proce1sed by frequency 
trackers, which provide estimates of the center frequency 
of each doppler spectrum. The three doppler frequencies 
are combine<! in frequency converters to give three 
orthogonal velocity components in spacecraft coordinates 
a1 analog voltages. 

The altimeter transmits about 250 mW from a reflex 
klystron, which is frequency-modulated at the repeller 
with a sawtooth waveform. The retum signal is processed 
In the same way as in the velocity beams by microwave 
mixers, preampliften, and a frequency tracker. The slgnel 
frequency consists of the sum of a component propor• 
tlonal to range (arising from the frequency modulation) 
and a doppler component. The doppler component is 
subtracted In the converter using data derived from the 
velocity beams. An analog voltage proportional to slant 
n&nge b provided at the output. 

The instrumentation for signal strength consists of 
rectiften and Siter amplfften in each frequency tracker. 
The preampliSer outputs are proce11ed by single-sideband 
modulaton, which are driven by the frequency fc + fo, 
where fc is a reference frequency (800 kHz) and lo fs the 
tracker estimate of the input signal frequency. The 
modulators are designed to produce the lower sideband, 
causing the signal spectrum to occur at about le, The 
translated spectrum is ampliSed fn an IF amplifter with a 
center frequei.cy of 800 kHz and a bandwidth of 10 kHz. 
The signal strength instrumentation is at the output of 
this ampWler. 

The rectifier is a half-wave diode rectf8er operating at 
a sufBciently high level to provide reasonably linear 
performance. The output is ftltered by a single-section 
RC Siter with an 0.05-sec time constant. The output is 
scaled to provide a full-scale voltage of 5 V DC. 
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U nambiauou1 interpretation of the signal strength 
nnalop require knowledge of the preampli8er pin stat , 
indicated by discrete outputs provided for each beam, 
and 1lgnal frequency, which f1 necessary because the pre­
ampli8en employ low-frequency rr.!!~f. The frequ ncie1 
are computed by the invene of the: : ~ .'.nsformntion fn th 
converter of the radar, u1in1 telemetered radar velocity 
and range output data. In the case of the altimeter, the 
range frequency scale factor under1oe1 a discrete change 
nt 304.8-m (1000 ft), this event being indicated by a 
004.8-m mark. 

This particular design, which was entirely adequate for 
its guidance and control function, caused certain dlfllcul­
ties in the interpretation of the signal 1trenath data for 
scientiftc purposes, particularly the use of discrete gain 
states. During periods t, which a beam was normal to the 
lunar surface (usually beam 4), the radar echo apparently 
contained two components intermittently: a (strong) 
coherent retum and a (nominal) Incoherent component. 
The receiver sy1tem11 attempted to follow these signal 
variations, thus causing rapid gain-state switching. This 
effect was particularly common during the last SO sec of 
flight when thP- nomfnal signal strength also rapidly 
increased with time. 

The radar data reduction consists of converting the 
telemetered signal strength voltages to the actual signal 
strengths in watts ( accomplished by using the telemetry ·' 
calibrations and gain-state information) and by com­
puting a radar cross section with a •radar equation," which 
removes the range effect and Includes the measured 
numerical values of the radar parameten, i.e., the antenna 
gains and transmitter powen. The accuracy of this 
process is dlfBcult to estimate. Erron will arise from the 
uncertainties in the telemetry calibrations, the numerical 
values of gains and transmitter powen, incorrect gain­
state decisions, and any possible dlfBculty in the theoreti­
cally radar equation. In all, we are concerned with 20, 
nearly Independent, radar systr.ms, all of which can only 
be pre-flight calibrated under a tight time schedule. This 
situation should be contrasted to that for an earth-based 
radar system where many months are available for antenna 
pattern and gain measurements and where the transmitter . 
power can be continuously monitored during the experi­
ments. Nevertheless, the Suroeyor signal strength data are 
highly consistent among the various beams on each Sight, 
strongly suggesting that a corresponding Sight-to-flight 
consistency exists. In the wont case, one beam was found 
to differ by 2 db from the other three beams; in all other 
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cu •• the various beams ap1>e r to be ron1istcnt to bctt"' 
than 1 db. 

I. Trafeetory Reeonstructlon 
A necessary requirement for accurate evaluation of 

lunar radar data Is a complete knowledge of the tennlnal 
descent trajecto~-'· With this knowledge, a time history ot 
the slant range to the surface, Incidence angle, and relative 
velocity of the Individual radar beam(s) may be deter­
mined. In addition, where the precise touchdown point 
can be detennlned by using Lunar Orbiter photographs 
or by other means, then the trace of beam Incidence points 
on the lunar surf ace can be reronstructed as a function of 
time. By this means, both geometric and terrain effoct1 
could be removed from the telemetered radar signal 
strength measurements. 

While the reconstructed trajectory is nece11ary for 
analysis of lunar surf ace electrical properties, the primary 
purpose of the Surveyor post-flight, terminal-descent 
trajectory-nnulysis effort was to recognize anomalous 
spacecraft behavior, discover the source(s), and suggest 
appropriate system modifications for succeeding space­
craft. The accuracies of trajectory reconstruction, there• 

I fore, were based on these engineering requirements rather 
than on the scientlftc requirements of lunar surface 

I analysis. However, the reconstruction accuracies proved 
adequate for both purposes. 

In preparation for tenninal-descent post-flight analysis, 
the development of a set of computer programs was in­
tt:ated, based on the concept of obtaining a least-squares 
best ftt of telemetry data. The program was also designed 
to solve for both system and telemetry errors. The tech­
nique required as a base a three-dimensional, six-degree­
of -freedom simulation of the terminal descent. An existing 
six-degree-of-freedom computer program (6DOF), which 
contained radar and flight control subsystem models, 
including weight and moment of Inertia changes, ,,·ns 
used for this purpose. Figure VII-1 presents a functional 
block diagram of the 6DOF program. The integration of 
rigid body rotational and translational dynamic equations 
is performed using simple trapezoidal numerical inte­
gration. The resulting computational accuracies obtained 
have, in -'eneral, been several times better than the most 
stringent requirements. 

The control system model consists of the attitude, accel­
eration, and rang'!/velocity command descent control 
loops. The radar subsystem serves as the navigational 
sensor In the last control loop and must provide con­
tinuous and accurate data on range and velocity so that 
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the spacecraft may succe sfully negotiate a 10ft landing. 
Also included in this block i~ a model of the propulsion 
system. Although it Is not re')Uirt>rl for an accurate trajec­
tOI')' reconstruction, thP. subsystem dynamics included 
tian ,.-on1tants of at least 0.1 sec in mapltude. 

B)' the time Suroef/Or I wa1 launched, the least-1quares 
program had been developed to the point that all telemetry 
error sources had been modeled and initial work had 
begun on modeling the spacecraft system errors. During 
program checkout, it was found that large sy1tem errors 
(out of speciftcation errors) would cause the program to 
diverge from the solution, while small errors were resolved 
with high accuracy. To achieve convergence in the flnt 
case, it was nece11ary to modify the mooel so that the 
large system error became a small relative error, which, 
of course, negated the rea'lon for such a program. Lacie of 
convergence wu111 due primarily to a highly nonlinear 
relation between spacecraft system parameters and tra­
jectory characteristics and high correlation among avail­
able telemetry data. At this same tln-,e, it was found 
from Surveyor I post-flight work that the 6DOF program 
could be perturbed by hand with very quick convergence 
and matching of the telemetry data. 

Since, in either case, the basic system model required 
modification for large system errors, the least-squares best 
8t approach was dropped in favor of the much simpler 
technique of manual perturbation. To support this ap­
proach, effort was expended or, increasing the flexibilfty 
of the 6DOF program and developing analysis techniques 
utilizing the comparison of telemetered descent time 
events (burnout, segment intercept, segment acquisitions, 
etc.) to determine system errors. This avenue of post-flight 
analysis was used with success and, in the case of 
Surveyor V, with its highly nonstandard descent, ft 
probably was the only reasonable m~thod. 

In practice, the 6DOF trajectory reconstruction was 
required to match closely (to at least the expected accu­
racy of the radar system) the best post-mission estimates 
of range, velocity (from telemetry data), and incidence 
angle for the entire terminal-descent phase. The times 
spent in any discrete phase such as the descent segments 
were required to be within 0.5 sec of the actual time; 
the total descent time from ignition to touchdown was 
required to be within 1.0 sec of the known total time. 
An indication of the goodness of 8t to the actual trajectory 
was the subject of a study which showed that independent 
errors of approximately 1 % In range arad velocity would 
cause from 0.5- to 1.0-sec errors In the time interval of a 
desCf'nt segment and even greater variance In total descent 
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time. Based on this analysis, the erron between the SDOF 
lmulatlon trajectory and the true tnjedory are estimated 

to be 2% In beam range, 191, In beam velocity, and 1 deg 
In beam Incidence ana)e (lcr). The lcr error In spacecraft 
roll attitude Is estimated to be O.S deg. These erron In 
the trajectory reconstruction cause erron on the order of 
l.5 db or le11 fn the rad r signal strength calculations. 
It ii Important to realize that the Incidence an1lea ob­
t 1lned ln this way are relative to the mean lunar surface. 
Erron during the short steering phase followtn1 retro 
burnout (about 2 min before touchdown) may ht, some­
what larger as trajectory parameten change rapidly 
:luring this period. These erron were larger during the 
8nal 10 sec of the Surwr,or 't • descent. 

The detaf11 of the data reduction procedures and pro­
gram, are lfven fn Ref. Vll-1. The radar equation used 
fn all of the reductions Is 

I 

where 

pr - power received 

P, - power transmitted 

G - antenna pin 

R - range along beam center 

I - angle of mcfdence 

.\ - wavelength (23 cm) 

• - beam half-angle 

(1) 

Clearly, y(I) Is the angularly dependent radar cro11 section 
projected perpendicularly to the beam axis. For a pusalan 
approximation for the antenna pattern, ft can be shown 

that 

♦' s ~ ( ,i; )1

,(rad)1 (I) 

All data In thf11 .ctkm of thta Report have been redut'ed 
from the meuured 1l111al strengths, Pr, using Eq1, ( 1) and 
(2). and the parameten given In Table VJl-1. The half­
power beam angle Is about ~ deg. In prtnclple, the actual 
power received Is the Integral of the beam pattern over 
the lllumfnated surface. Strictly 1pealdna. Eq. (1) Is correct 
only If the actu11I lunar angular scattering law la Sat. This 
error Is negligible for angle, of fncldt•nce peater than, 
say, 5 deg. The actual scattering law apparently Is 1wB­
clently peaked near nonnal fncldence to cause an approlf­
mate 2591, error at normal Incidence by ustn1 Eq. (1). 

3. Varlatlona In Raclar Crou 8eGtba 

All signal strength data have been reduced to the crou 
section, y( I), t,xpreased variously u a function of time to 
touchdown, helpt above the mean surface, and distance 
along the lunar surface to the touchdown point. Complete 
sea of such curves for Surv111or I naay be found In 
Ref. Vll-1, St1rv1t1or Ill In Rf'f. VIl-2, and Su'"r!or VII 
fn Ref. VII-S. The quantity of data k tu too peat to 
present fn this Report; therefoftl, typical eramplea only 
are presented here. 

The gamma radar crou aectfon, for Sun,evor I are 
shown u a function of time to touchdown fn Fig. VIl-2. 
The approach geometry for this Slpt wu such that 
beam 4 wu almott always nonnal and beams 1, 2, and 3 
were at an Incidence ana)e of 25 deg. Thus, we would 
expect the gamma values for these beams to be nearly 
constant except for real variations In the lunar surface. 
The beam 4 data In Fig. Vll-2 clearly show• the nonnal­
lncfdence, rapid signal 1trenath variations over an ap­
proximate 10-db range. It Is lmpoaatble to estimate a 

Taltle VII• 1. Surveyor NNr ,ONffleten 
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meaningful avenge value of the beam 4 data, but a 
1tnipt numerical mean fl about 0.4 (-4 db). 

The same data representation for Sun,er,or 11111 shown 
in Fig. VII-S. In thll case, the beam tnctdence angles do 
not reach the final touchdown configuration until about 
100 sec before touchdo\\ n. some evidence of the angular 
variation In gamma can be seen before thll time in 
Fig. VIJ-S. After 100 sec, beam, 1, !, and 3 are in close 
agreement and with nearly constant y. Beam 4 ,.~ually 
approached normal incidence quite slowly, reachtn1 
I = 2 de1 at 80 sec where, apin, iadinl II noticeable. 

0 

• 

Ftgure Vll-4 1how1 the time varlat10n1 for Su,wr,or V 
beam,, which had continuously varytn1 incidence anaJes 
that did not reach the touchdown ClOllftguratton until a 
few sec:onds before the touchdown. Beam 4 did not reach 
I = 2 deg until about 10 sec; very little evidence of fading 
can be seen in Fig. Vll-4. nail fltpt exhibited the weakest 
echoes of all Surwr,or 8tght1 (compare Ft1, Vll-4 with 
Ftp. Vll-2 and VII-S). The croH-sectlon data for SurostJor 
VI are shown In Fig. Vll-5. The landing conftguratton 
wu reached rapidly for thil ftipt (by 120 sec). A •ii• 
niftcant dip, which probably can be explained by a terrain 
variation, can be seen around 100 aec tor beam 2. Stron1 
fadin1 occun on beam 4 after 80 aec. The alpiftcant 
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P19. VII-I. •••r cro11 1ectle11 for lvrwero, Ill •• • function of 11111• te teuchdewn. 
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d«rcue In ., for I m• 1. 2. aand S hNween approxl• 
matcly !lO and 20 'C occumd on all 8lpt1 and appt-an 
to he a !IOClatctd with a&Ah•••t tr 1wltchin : i.l',, tht' dl11 
probably ii a char l'tttriltlc of thc radar 1yatffll, 

An umpl of the altltud ck-p·ndcmcy of y '.1 1hown 
In Fig. Vll-5 with the St1n:,•r,o, VII data. E1«'1,,t for tht' 
lu~t 1(0) m of tlw fllKht (Urik•, 00 M'C tc 0), wht'n th• 11y1tt-m 
11 1trongly alt'Ctt.-d hy pin 1wltchln and a r pld lnctt 
In 1lgnal trcngth, no alUtuck ~fft.-'11 are in vim-net'. 
Th" variation• In ., above 10 km ort• c••plalnttd ,•,11llr In 
tenn1 of ihr known ch n1t•1 In the lncld nc,• an1k-s. 
Con,tderahlt• n•ul 1trul'tul'\• I• t•,·ld •nt with he m 3 data. 
which show 1trong n1turn1 wh •n that he m Cl'OIIOO a 
group of mountain• and a crater l'hortly ht•foft' touch­
down ( • Ref. Vll-3). Fl1ure Vll-611how1 a ltron1 tx-am :J 
t.-cho bchvt'<'n th • ultltudt."1 of 10 to 5 km: thl1 l'Cho 11 
cau •d hy the locul terr In, which t orlc•ntrd more per• 
pcndtcularly to the I am th n the mean surf ace. Tht• 
altltudc11 have nothing to do with this 1,hcaaum •non: 
altitude wa, 1 lt'<.iNI u1 thl' Ind pendent variable In 
Fig. Vll-6. The• r1 In gamma a. 2.0 km 11 th typlc I 
re1pon when a be m crossoo a cratrr that appcan 
.. fresh" In the a11odatcd Luna, Orbit r photoa,aph. Thi• 
wUI be dlscu111ed more fully below. 

,. Radar Crot•Seetlon Dependence on lncklence Anale 

The quantity of particular Interest that may be e,u. 
mated from the data IN th variation In the radar cn>11 
aectlon, either ., or "• a, a function of the anglt1 of lncl­
d nee, tJ. Th valu I of y plotted In Flp, Vll-2 through 
Vll-6 are functions of the Incidence angle relative to 
local surface illuminated by a given beam. The Incidence 
angl I relative to th mea,a lunar surface u a function of 
time have been obtained with the 800F computer 
prop-am. Only ff th local-plan Incidence angle dat 
were available to u, could we croH-plot the y v1 I data to 
obtain a detenninatlon of tru angular dependence of-,. 
Clearly, the me of th m n-plane lncldence angle data 
a 1ume1 that the surface ii 8at over the entire region 
covered by the beam,. If a given landing relfon has a 
general slope of 1 or 2 d g. it will 1lpi8cantly alect 
Interpretation of y( I), particularly for data taken near 
nonnal Incidence where the bacbcattertn1 law ii peabd. 
However, In most cues, the Sun,e11or landtn1 sites are 
free of 1lope1 and •rolling hllll" and the interpretation 
of y( I) 11 relatively straightforward. A notable exception 
ii the Suroer,or VII beam S, which did pan over '1lilb" 
that were large compared to the beam 117.e. 

A p011lble explanatAon of the Sight-to-ljpt variation of 
the degree of facUn1 on beam 4 (near normal incidence) 
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may be fonnulatrd from tht'w kin,. If tht' lntmnitt nt 
1tmng «hoes obwrv~d c;,n be-am 4 data are coherent 
n-tums (truly 11>«ular), they would be abecmt if the 
Joe I 1urf rov rNl hy tht' hr m we-re sloped 1 or 2 cit, 
from thtt horl1.ont11I. In this ca•, the 11K'CUlar IC' tt rln 
din-t'tlon would not ht- I d, toward tlk' radar and only 
nom-ohc•n•nt MOON would hr dc>t tt-d. 

Th,• naular cros1- 11on dut , -,(I), are shown In Fl . 
Vll-7 through Vll-12 wlwrc• the valu of th indt•pt'nd nt 
\'arl hit'. I, wc.-n• tulwn from tht• •-100F program. M011t 
of thl' d ta oc ur at tJ «>t ahout 25 dt•IC and. to a I s r 
..•tt•nt, nl'ur O dt'g. (All Sun:,•yu, I radar d"t" N' ut thl'te 
two llnah~11 ar. ] will r.ot ht• 1hown hc>rc•: howt."vc.-r, It can 
hf• lnf,•1·rc-d from Fig. Vll-2.) The- S11rver,or II I d tll urc 
1hown In Ft . Vll-7 with all of tlw hc-am1 1upc•rlmpo1t-d. 
It con h,~ 1t"t'n that at 1111)' gf,·cn nn1le, . ., 40 dt•ll, th,• 
valu I of y arc wld •ly spread. Thia variation mny ht· 
c•ausc•d hy any of th following facton: 

( 1) Rc>om Is Ulumlnat1n1 diff •rent region, of the lunar 
1urfa~. which m y h vc• varying local 1lopt"1 and 
true dlffeN'nct'II In electric n-flectlvlty. 

(2) Sitcnal may he strongly fading at any 1iven time. 

(S) Rl"celvt'r may be in1tanta~u1ly out of lock. 

(4) For any pven data point, we may have selected the 
wrong pin state In the data reduction. 

The clu1tcr of data around I = 25 d g has the addltionol 
clc.•c:t of 1u1>l"rlmp01lng the 1lgnal 1trength1 of thr radan 
for which our numerical v11luc1 of the pins ond trans­
mitt r powers may he 1lfshtly In error (±1 db). Since 
all data have been included fn Fig. Vll-7, the efec:ta 
of the 1tll'(',ngly nonlinear behavior of th ndan during 
the 8nal SO sec of Sight are quite evident. The clustering 
near I = 0 deg ii more dlfRcult to explain. Strong •up-fad 1" 
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were absent for Suroey01· Ill and, in this sense, Fig, VII-7 
II not typical. However, tt.ere II a considerable presence 
of very weak echoes(al10 nontypical from I= 0 to 3 deg). 
It;.. not known whether these echoes are caused by the 
receiver dropping out of lock or by many Incorrect gain­
state decisions in the dat, reduction. It II certain, how­
ever, that these dRta do ,,,t represent the true lunar cross 
SN:tion near normul tncldence (see Se~on VII-B). 

The data £or each beam are shown separately for 
Surveyor Vin Fig. VII-8. Beam 4, in particular, ap~ .. n 
to yield a good estimate of the backscatter function for 
this region, partly becaUJe the geometry of the trajectory 
swept the beam through a wide range of I in a near 
optimum way. Beams 1, 2, and 3 exhibit the usual wide 
spread In values near , _ 25 deg for apparently the same 
reasons as discussed above. A superposition of all the 
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data 11 1hown in Fig. Vll-9, which will be interpreted 
in Section Vll-8 . 

11M9 cn,u aectlonl for the various beams for SufWfO' VI 
are shown In Fla♦ Vll-10 and the compoaite in Fla♦ VJl-11. 
A double clusterln1 of dat11 near nonnal Incidence ii 
evident, but not undentood. It does not appear pouible 
to Interpret the two clu1ten u coh rent .,,nd incoherent, 
since they should dtler by about 18 db. Furthermore, It 
ii not at all cle r which poup, if any, represents the 
..normal incidence croa aection." 

The Sun,e~o, VII composite data are 1hown In FIi, 
Vll-12 with evidence of two clusten near nom1al lncf. 
dence. The most notable chancterfltic of these data II 
that the croes sections are slgnlflcantly hflher at r.:I 
angles of Incidence (by nearly +2 db). Thia apparently 
repre .. ent1 a true dtlerence In the radar cn,u section In 
the Tycho area (Suruer,or VII) relative to the mare repms. 

I. Cornlatlcm with L...., OrWm l'hotopaphl 

BecaUJe the various Su,w~o, landln1 sites were selected 
in regiona that appeared •smooth" In lunar photographs, 
only a small variation In lunar topopaphy wu explored 
by the ndar 1)'lteml. 

Cona.tquently, few topographical feature, are SUI• 

pated by the Suroevor 1ipal sbength data, with the 
exception of beam Son Suro,yorVll. However, In 1evenl 
cues, anomalously 1tron1 echo,,, have been correl,tecl 
with certain craten visible on the Lunar Orbiter photo­
graph of the appropriate resion. The Snt such detection 
occurred with Surwyor I (discussed in Ref. VII-1). In 
Ilk• .i ~ cues, It II lnttdUoe'1, clear from inspection of the 
pbotopaphs why a certatn crater was detectable in the 
radar response and why othen were not. 

The correlations of the beam trace, on the lunar 1ur­
face with the corresponding Lunar Orbiter photographs 
a,~ ~hown ln Figs. VIl-13 through Vll-18. The carteslan 
coordinates of the Interception of the beam center with 
tho mean lunar surface were computed with the 6DOF 
pNgram. The beam pattdrna for Sun,eyor I are shown in 
Fig. VII-13 (recall that beam 4 II always normal for this 
flight). A close Inspection of thll Lunar Orbiter photo­
[raph indicates that beam 1 (to the left) crossed two 
,110.,A&lous craten, whereu the other beams (2, 3, and 4) 
c~ued nothing 10 prominent. Figure VII-14 shows an 
enJarg~ment of the beam 1 trace with a scaled graph of 
the <..,) cros, section. The correlations between the craten 
of inter.est and the cn,u sections are clear, and no sig­
niScant comlattons with other craten can be defended. 
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These effects cannot be explained in , quantitative way, 
but we can say that they probably arise from a combina­
tion of focusing toward the radar, more compacted 
material or less granulrted material, and higher Intrinsic 
dielectric constant. 

The Surveyor Ill region is shown in Fig. VIl-115 along 
with a cr05s-section graph. The only detectable event 
occun on beam 1, which rises vertically along the 
center. Clearly, the crater that lies about 1~ m from 
the spacecraft is responsible for the radar feature. The 
very complex beam traces for Surveyor V are shown in 
Fig. VII-16. Even though many craten are travened, no 
events can be seen on the cross-section data. 
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The Surveyor VII picture (Fig. VII-17) shows that 
beam 3 (from left to right) crossed a signiflcant crater 
about 700 m from the touchdown point. The effect on 
the rad1&r cross section is easily seen in Fig. VII-6 
(beam 3) at the altitude coordinate of 2000 m. 

Figure VII-18 shows a larger view of the Surveyor VII 
landing site (again with beam 3 to the left). Beam 3 
travened a "hill" tilted in the direction toward the sun 
(to the right), which created the broad and very strong 
feature seen in Fig. VII-6 during the altitude range from 
9 to 5 Ian. This event occurred about 5 Ian from tht, 
touchdown point. 
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I. ln..,,..lallN ef Surv.,., lall■r .,.._ 
D. O. Multlemon 

In principle, the measurement of the radar CNJU section 
for the oomplete ranp of incidence analn can be Inter­
preted In tcn111 of the electrical parameten of the surface 
material• (auumln1 that they are homopneoua to NYeral 
1kln depth1) and 1urface topoaraphlc ltatbtlcl. In prac­
tice, these two elect, are dlllcult to ,eparate even with 
•perfect" meuurementl. In measurements of terrestrial 
1urfaces, It II pou!ble to meuun the electrical param­
eten from laboratory umpln and to carry out topo­
graphic 1urvey1. Althoup many 1uch telb have been 
conduded, relatfvely little theoretical IDllpt concemln1 
the radar scatterln1 behavior for 1UCh test np,m bu 
been obtained. 

In lunar or planetary radar telb, all the Information 
must be extracted from the relectfvlty data; conse­
quently, one must adopt 10111e theoretical scatterln1 theory 
to remove the elect• of 1urface roupneu In order to 
eltlmat~ the 1urface electrical parameten, in particular 
the dielectric con1tant. The 1eneral 1tructure of the lunar 
backscatter characterl1tics b fairly well known from radar 
meuurement1 from the earth. We wm u1ume, a priori, 
that the backscatter law for a local re~on on the lunar 
1urface b the 1ame a1 that for the •vera1e lunar dbk 
u seen from the earth. 

We deftned the function F(I) aud the param«er" such 
that the powe1 backscattered per unit solid ansJe (per 
watt of power per square meter illuminated) b 

Then the power backscattered from a surface element at 
angle 8 (measured from the sub-earth point for the cue 
of illumination from the earth) II 

where G II the antenna pin, A, the elective antenna 
area, , the dlltance from the radar to the lunar 1urface, 
and R the radlUI of the moon. If the moon were a 
perfectly conducting anooth sphere, the power received 
would be 

(4) 
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which, when used to normalize lq. (S), ytelcll the anpalar 
radar CIOII NCtion, .(I): 

,1P.?- .(I) • 1,1'(1) COi I (5) ,, 

We notice that the p,nma croa NCtAon of VII-A II 
related to c,( I) by the relattomhlp 

c,(I) a y(I) COi i (8) 

If we call the total observed cl'Ols section of the moon p, 
then It must be that 

I., P(I) co, lsln I di = p J.
• 1• 

(1) 

which 1upplles the normalization condition for the back­
scatterln1 functlom F(I) or F(I) COi ,. 

We mU1t now consider the cue where a local (lat) 
region of the moon II Wumlnated by a radar beam of 
known pattem G(♦), where ♦ 11 the ansle measured from 
the electrical am and the beam II uaumed to be sym­
metrlcatl In azimuth about this am. Auumln1 that the 
beam Is puulan with small half-power ansJe (about 
S de1), the power received from a surface element II 

ThU1, If we know that angular behavior of the scatter­
Ing law, F(I), and me Eq. (7), we may estimate "from 
meuured v&lues of P,(I), I.e., the Suro,r,or radar data. 

Thei-e are two scattering theories available which rep­
resent the earth-based lunar racL&r data well. 'The Snt 
theory, which we will call F1(I), derived by f.-'agfon, 
Beckmann, and othen (see Ref. VII-I), II baaed on an 
approximate application of exact Huygen•s theory and 
usumes that the surface autocorrelation function II ex­
ponential (really linear) and that surface height variations 
are gauuianly distributed about some mean level. In 
this cue 

P,(I) cos I= (eo1•f + ~ lin'I)''' (9) 

where C II a wavelength-dependent parameter related to 
the surface statflticl. The normalization constant, Ki, must 
be found with the me of Eq. (7). The second theoretical 
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e1preuk>n, c:lertved by Muhleman (aee Ref. VII-I), u-
1umes that the echo power la Incoherent and that surface 
hetsht variations from some mean lev I are distributed 
exponentfally. The scattertn• function ii then 

P,(I) COi i (tin I + a ooe I)' (10) 

where a ts also a wavelenath-dependent 1tattstical surface 
parameter. Although Eq. ( 10) represent, lunar echoes all 
the way to the lunar limb, Eq. (9) overestimate, the 
limb power, and a correction derived by Beckmann Is 
usually applied to ftt lunar data. However, this correction 
will not seriously alect our nonnalizatlon (Kq. 7) and 
will not be applied. 

If we use either P,(I) or P,(I) In Eq. (7), IC, and IC, can 
be computed only If we know the relationship between 
"and p. We wlll a11ume that they are equal, which can­
not be far from correct, and treat " u the Fresnel relectton 
coeSlclent for nonnal Incidence. This should be recos~ 
nized u a aertous uaumptton. 

The functions P,(I) and P~(I) are quite similar, and 
1 
apparently the only 1lgn1Scant dllerence f1 that P,(I) Is 

\ hued on pus1lan and P 1( I) on exponential surface-height 
1tatlltlc1. The practical dilerence ln the two functions Is 
that P,(I) f1 more peaked at nonnal Incidence. One could 

0 

• • 

• 
• 

hope to re10lve thil question wtth the Su,wvc,, data, but 
the lack of nonnal-b.clclence crou-sectlon data prevents 
lt, u will be seer. below. 

The crou-sectlon dat.. for Su,,,.,, V vs Incidence anale 
an, shown in Fil, Vll-19 alon1 with Eq. (9) with C • 8. 
11,e theory 8t1 the data well from 0 tn 00 des. 11ae apee­
ment for Jaraer ans)es can be Improved by 111ln1 a smaller 
value of C, but then the curve will fall well below tlNa 
data for 1m II angles. The u of lt'veral values of C IMffll 

theoretically unreasonablt', The same data are shown ln 
Fig. Vll-20 along with P11(I) for a = 0.38 and 0.42. In this 
case, most of the (poor) near-nonnal Incidence data fall 
below the curve,. The situation l1 even more complex 
for Sun,e~ Vil, a, shown ln Fig. Vll-21 alon1 with 
P ,(I) for C = 8 and P ,( I) for a = 0.48. These parameter 
estlmatn imply that the Su,wvar Vil reston (Tycho rim) 
ii somewhat •rougher" than the mare landtn1 1lte1. A 
laraer value of a could be choaen such that P ,( I) would 
pa11 through the lower cluster of near-nonnal Incidence 
data, I.e., the surface auumed even rougher. Apparently, 
it ii lmpo11lble to determine which cluster truly represents 
the moon ln thil repm. 

All of the -,( I) data were treated f n thl1 way to obtain 
e1tlmate1 of C and a and then to ntlmate " with the use 
of Eq1. (7) through (10). The data for SU""f/Orl I, III, 
and VI are even more dlfBcult to treat than those for V 
and Vil. The fonnal results are shown In Table Vll-1. 
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The values luted in Table VII-I reprnent our estimates 
o{ the surface relectivitiel where we have attempted to 
remove the elects of surface roupneu. The results for 
the two scattering theories apee to within the estimated 
erron. Consistent with the above auumptk>nl, particu­
larly the interpretation of " 11 the Fresnel re8ection 
coefllcient, the estimates of the dielectric constants can be 
computed mm the Fresnel equation for nonna1 mcldence. 

( 1 + ,")' • = 1- ," (11) 
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\V hav talcm the unwetptfid a\'fflp of " from the two 
theorin (and for their unttrta,nUn) for nc:h cue. Appll• 
cation of Eq. ( I I) thffl y~lds the multi of Tab Vll-3. 
TIit' multi an• quit comllt nt with an ntlmat~ for 
the av ra moon of about • 2.7 from radar ( arth• 
hued) and 2.0 to 2.5 from arth-bued, radlo-emb.Aon 
polarization elect,. 

Finally, In a far more 1peiculatlve calculation, we can 
nUmate a ranp of material denaltlet u1ln1 the well known 
relatlon1hlp between the dielectric t'Ollttant of a material 
In a 1011d fonn and that for a panulated fonn, I.e., vart• 
aUon In • with paclcln1 factor. Furthennore, w will 
UIUIM that the density of the m t rial In the ·so11cr fonn 
II 2.90 s/cm1 and that the lunar basalt ha, a dielectric 
constant of•• 4, 5, e, or 7. The latter factor •• actually 
C.'Ompletely unknown I 111eae results are shown In 
Table Vll-4. 

Teltle VII-I, l1tl111atN ef tllelectrlc ce111•11tt 

...... ... ............... 
,.,,_.,_ I IAO:to.tO 
,.,,.,.,.,,, 1.0,:to.11 
,.,,.,.,. 'I 1.00:0.16 

..... ,.v, 1.17:to.lO 
,__.,_ 'Ill , ... :to.AO 

T•ltl• Vll-4, 1,-cvletlve ••ti••• ef the lvner 1vl'ftlc• ......... " ............ , ........ 
(~) 

....., ..... 
........ ......... .. ...... ~ ,. = '·" 

• ....... ,, .. .,, ,, ... 
,.,,..,., IA±o.lO ' O.t7 uo 

• OAI IA 

• OAI 1.10 
7 o.n O.fl 

,.,,..,.,,, l.o7:to.ll ' OA7 IA 

• OM '·" • 0.JI 1.00 
7 o.n O.fl 

twY.,-v 1.00:to.,, ' OAI uo 
• O.JI ,.,o 
• o.n O.N 
7 O.JI O.tO 

lune,- 'Ill J.ll±oA 
' 0.11 I.JI 

• OM , ... 
• OM 1,0 
7 Cl.II uo 

1,& FICHNICAl 11,0IJ 12• I 261 

c ......... 
J. N...-deW11 

Before the Surw,c,, Prc,tffl, na direct data were avad-
1ble on the t'Offlpotltlon of lunar surface materials. Surface 
rtlOdels con,llttn1 of matenala quit dtlerent from ter­
restrial surface rocks and ala were defended theoretically 
In the literature, u wen models bued on tenettrtal 
analop. 

For aeveral centurtn, lunar albedo dtlerencet in the 
man and hipland area,, which were obeerved from 
earth, had been Interpreted u Indicative of polllble 
dllerencee In c.'OfflpotitAon and roupnna. Color relee­
tance photopapha, taken wtth 1ed a•ld p,en 81ten, 
1howed dllermcea within man area-tome part, ap­
peared redder, 101ne peener (Ref. Vll-4). Hipland areu 
appeared much llpter, with many craten and rays rnult• 
inl In a..ar-whlte lmapa. It II lnterestln1 to note that the 
area around the crater Tycho appeared nddllh, 1lmllar 
to many anare areu; the Su,wvo, VII lamlln1 site wu 
within thll reddllh halo. Later reftedance atudlel usin1 
black and white phot.-pha also showed dlltlnct anu 
of dllennt reftedance within the maria. Flpn Vll-12 
show, the Su"',vor landinl 1ltn on a 1l'8htly aibboua 
moon.• 

Althoush the Lunar Orb#,r photopapha showed de· 
tailed •urface morpholOI)' and Indicated abundant craten 
u well u structures 1ugeatlve of low, nothln1 de8nlte 
t'Ould be detennlned concemln1 the compoaid'ffl of the 
lunar surface. However, from some of the surface fea .. 
turea,an Internal aource for some surface material seemed 
• poulbllity . 

Radar retuma showed peater re8ectlvlty from cratered 
areu. Thu could be related to poulble compo1ltfonal 
dUference, In tenna of demitlel and dielectric properties, 
but could also be relatt!d to ,lope In tenna of re8ectance 
planes and rock dlltrtbutlon. Thus, these data also could 
not result In de8nlte concluslonl reprdln1 composition. 
However, it should be noted that the Jou tanpnt to 
dentlty ratio derived from the landln1 radar (RADVS 
echo data) on Surw,or Ill (Ref. VII-I) w,,, augettlve 
of bualt. 

Infrared acannln1 of the moon at • wavelensth of 
10 to 12,& resulted in the identllcatlon of over 1000 '1IOt 
apotl, .. or thermally anomalous areu. Of 800 anomali8I 
lmllyzecl, 809' were found to coincide with craten.• 

'E. A. Wbttu•, private cr.cnmualcation, 198'7, 
•J, Sun. private oommunk.atiall, 1111, 
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F'1ure \ ·11-~~hhow1 the distribution ofthermal anomalies 
ohlt'rv d In 10 to 121& scanning. Thennal parameter (,y) 
valu s of 20 to about 1400 have been suggested. The 
Tyrho area Is the brightest anomaly observed (Ref. 
Vll-5;. Thi• range of values is comparable to values for 
solid terrestrial rode at one extreme and Rne powder on 
the other. Analysis has not shown evidence for an Internal 
heat source, but has not excluded such a possibilfty.• 
Compositional deduction, cannot be made from these 
data. 

Nearly 600 lunar transient events• ranging from obscure 
hazes to lightening-like streaks, which have been repcrted 
during the last 000 yr, have been collected and evaluated 
{Ref. Vll-6); over 200 of these events occurred In one 
area, the Herodotus-Shroeter Valley, Cobra Head Com­
plex. SuC'h repetitious activity is sugJesti ve of volcanism 
or outgassing: Kosyrev {Ref. Vll-7) has reported obtain• 
Ing a spectrographic plate of the crater Alphonsus during 
a gaseous emission from the central peak. From prelimi­
nary comparisons, about 20 of the lunar event sites 
appear to coincide with areas showing thennal anomRlles. 
A volcanic interpretation of these events would suggnt 
basaltic composition. (See Fig. Vll-22 for a compttrlsO'n 
of areas showing thennal anomalies at 10 to 1214 :-nd 
areas from which visual events have been reported.) 

\ Besides the problem of composltfon, the origin of lunar 
craten Ions has been a subject of debate. On the one 
extreme, meteorltfc Impact and accretion of the lunar 
surf a, e art, suggested: on the other extreme, volcanic 
activity and associated phenomena are considered dom­
inant in the fonnation of lunar surface material and 
surface morphology. 

This controveny over casual agents of morphology 
also involves composition. If the s:irface material were 
primarily the result of volcanism and the craters pre­
dominantly the result of endogenic processes then, by 
analogy with the earth, the expected composition over 
most of the lunar surface might be basaltic, since the 
volume of terrestrial basalt equals about Rve times 
the volume of all other extruslves combined on earth 
(Rd. Vll-8). Such a lunar model assumes a similar basic 
gabbroic parental magma and a similar degree, or less, 
of differentiation in resultant melts. 

However, if the surface material and cratering were 
results of im"lact and accretion, the surface composition 

'D. F. Winter, private commurucatton, 1968. 
•a. M. Middkbunt, private communication, 1968. 
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would reflect some alteration toward the composition of 
the m teoritfc Aux: some addition of meteoritic nickel­
Iron would be expected {93% of observed falls are 
chondrites, about 8% irons). Furthennore, pulveriza­
tion of surface material by impact should produce a size 
distribution of particles and frap,ents In the particulate 
lunar surface c,,vertn1 to some depth. rather than a purely 
Roe-grained homogeneous material (Ref. Vll-9)9 over­
lain by material with a rock and pal'ticle distribution of 
considerable hetero1enelty. 

Magnetite, the magnetic material found in basalt, usu­
ally ranges from about 5 to 12% in terrestrial basalts and 
Is usually Rnely disseminated throughout the rock. Me­
teoritic nickel-fron in the fonn of kamaclte (about 5% NI), 
or taenite (13 to 6.5% Ni) mi1ht be expected to occur 
on the lunar surf ace as separate small particles or frag­
ments resulting from impact. Chuming of the upper 
lunar surface layer might be Jrpected to thorou1hly mix 
these fragments with surf ace mates 1.al to some depth. 
These magnetic particles would be free particles, rather 
than embedded In silicates as is the magnetite in basalt. 
Laboratory studies show a considerable difference be­
tween the results of magnet contact with powdered basalt 
and results of contact with powders to which separate 
pure powdered iron has been added. Thus, a magnet test 
could: 

(1) Suggest a rock type. 

(2) Indicate addition of free magnetic fragments. 

(3) Give some indication of whether endogenic or 
exogenic agents may have been dominant on the 
lunar surface. 

It should be noted that, in considering the observed falls 
as a model meteoritic flux, the assumption is made that 
the flux was relatively constant during a large period of 
geologic time (about 4.5 billion yean). Such an assump• 
tion may or may not be valid. 

1. Purpose of Magnet Tests 

The purpose of the magnet test was to detennine: 

(1) Presence and amount of magnetic material on the 
lunar surface. 

(2) Dflerences in amount of magnetic material in 
the maria and in the highlands. 

(3) Dflerences in amount of magnetic material be­
tween the surface tests and the subsurface tests 
(to a d,::pth of about 20 cm). 

'J. A, O'Eeefe, private communication, .1968, 
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(4) Preteooe of larser mapettc frapncmh on the lunar 
surface, tf any (on Sun,q/Or Vil). 

Data derived from operations of the alpha-scattering in­
strument indicate the elemental P"rcent in the Fe-Ni-Co 
group; the determination of wL ,er the iron content 
occun in pyroxenes, homblende1, or in a magnetic form 
(Fe, Fe:tO., or Fo-Ni combination1) can be derived only 
from the magnet data. 

I. Mapet Assembly Dellp 

Magnetic 1uaceptfbtltty of most terrestrial rocks b pro­
portional to the magnetite content (Ref. VII-10). see 
Fig. VII-2-1, where the abscissa scale ii baaed largely on 
information found In Ref. VII-11. '111111, magnetic data 
may 1uge1t a rock type on the bails of magnetitf! r.on­
tent and may indicate an anomalous addition of mag­
netic material to a normal terrestrial rock type. 

10 

OIIERVED ,ALLS MAINITITI, 
IRON METEORITES: ◄% N10N 
STONY IRONS: -1.&% 

TTLI 
Kl 

~~~•--Tl 
111.01 
,ALLI) 

,OSI&! 
IAIALT 
RANGE 

,1AK IIANH 

Moe'f lAIALTI 

GflANITEI 

0.01 0.1 I 10 100 
MAGNETITE CONTENT, vol % 

P19. Vll-23. Ma1netlc suaceptlltlllty of common terre1-
trlal rock, 11 la,.ely a function of ma1netlte content. 
Sedimentary rock, ancl 1nel11e1 al10 fall In the ran1e 
of 1ranlte1. Pure Iron may 10 con1lderaltly hl9her than 
unity. 
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a. Foolpatl ........., ....,,Un. The footpa,·'. , ~pet 
auemblie1 attached to footpad 2 on Su,wyor, V, v'I, and 
VII (also on footpad 3 of Surwr,or VII), conabted of a 
magnetized Alnico V bar, 5 X 1.27 X 0.82 cm, and a 
1fmllar-1lze, unmagnetized bar of lnconel X-750. Fig­
ure VII-M 1how1 the footpad 2 masnet uaembly on 
Sun,er,or V before launch at Cape ~nedy. 

Magnetic 8ux readinp along pole edges ran1ed from 
about 300 to 800 gauss. Pion of 120 readinp on each bar 
were made to assbt in the interpretation of the results. 
Magnets with this strength stronaly attract the common 
ferrimagnetlc mineral, magnetite (Fe,O • ), and the ferro­
magnetic metals, nickel, iron, and cobalt. 

b. Surf~empln ,,.,.,,..,,, In addition to the mag­
neh on footpads 2 and 3, two rechnJIUlar horseshoe 
magnets, 1.9 X 0.96 X 0.32 cm, were embedded side by 
side in the back of the surface-sampler door on Sun,eyor 
VII. Magnetic 8ux readinp at the pole fa<:c! were about 
700 gauas; the south poles were adjacent (see Fig. VII-25). 
On the moon, thb con8guration ii capable of attracting 
and picking up a fragment of nickel-iron meteorite, or 
magnetite about 12 cm in diameter. Thua, a teat of mag­
netic material at trench depths wu possible on Sun,eyor 
VII, u well u the capability of choosing the teat area 
and testing larger fragmentl. 

3. Data 

Surveyor, V and VI landed in mare areas, Mare Tran­
q uUUtati1 and Sinus MedU, re,i,ectively. In Mare 
Tranquillitatb, the landing Involved a meter-long slide 
through the lunar surface materta I, at a depth of about 
7 to 12 cm on the inner slope of e 9- by 12-m crater. The 
magnet uaembly on Sun,eyo, V contacted material 
through moat, if not all, of this ,Ude (Refs. VIl-12 and 
VIl-13). In sunset lighting, the amount and distribution 
of magnetic material were clearly vbible. A relatively 
small amount of magnetic material, with a particle size 
below camera resolution (1 mm), wu observed to be 
present on the lunar surface in Mare Tranquillitatb (1ee 
Fig. VIl-28). 

The second magnet landing in a mare area (Sinua 
Medii) achieved a successful test following the hop per­
formed by Surveyor VI (Ref. Vll-14). During the land­
ing, the lower seven-eighths of the bar magnet made 
momentary contact with the lunar surface material. A 
small amount of magnetic material, leu than that on the 
Surveyor V magnet, wu observed to be present. The 
lesser amount probably was due to the dilerence in 
landing modes. Again, the particlti~ were smaller than 
camera resolution (see Fig. VII-27). 
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1119. Vll-24. Ma1net a11embly on footpad 2 of Surveyor V before launch at Cape Kennedy. Similar a1Hmblle1 
were attached to footpad 2 on Surveyor VI and to footpads 2 and 3 on Surveyor VII. 
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(b) 

Fig. Vll-25. (a) Magnet, embedded In the door of the 1urface ,ampler on Surveyor VII. lelow are the magnetic flux 
reading,. (b) Clo1eup of 1urface-1ampler magnet a11embly; after mounting, the entire a11embly 11 painted blue. 
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Fig. Vll-26. Ca) Meter-long sllde In surface material was performed by footpad 2 In the Surveyor V landing (Sep­
tember 12, 1967, 00:11:35 GMT; September 11, 1967, 23:31:23 GMT). Cb) Surveyor V magnet a11embly In sunHt 
llghtlng shows a relatively small amount of magnetic material adhering to the maanet (September 23, 1967, 
09:54:20 GMT). 
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STRAIN-GAG! TRACE 
FOOTPAD 2 

P19. Vll-27. (a) Hop performed by Surveyor VI caused footpad 2 to follow this trafectory. In landln1, a short 
bounce occurred, and momentary contact with the lunar surface material was made by the ma1net. The strain• 
1a1• data shown at the boHom Indicate that the movement from b to c was a bounce rather than a 1llde. (b) After 
the hop, the Surveyor VI ma1n•t a11embly 1how1 a small amount of fine material collected on the ma1n•t 
(November 19, 1967, 04159157 GMT, computer-proce11ed), 
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P11, Vll-27 (contd) 

Surveyor VII, which landed n<.'rth of the rim of the 
crater Tycho, made the first and only landing in a high­
land area. It was anticipated that this area might show 
a difference in the extent of differentiation in the surface 
material. A more acidic rock would contain considerably 
less magnetite; this would be quite obvious in a magnet 

, test. On the other hand, a higher contribution of mag­
netic material from meteoritic impact would also be 
obvious. Neither footpad (2 or 3), to which magnets were 
attached, penetrated the surface sufBciently (more than 
6 cm) to provide a magnet test (see Fig. VII-28). How­
ever, the magnets on the surface sampler provided an 
opportunity for surface tests as well as for depth tests 
(Ref. VII-US). Figures VII-29 through VII-31 show the 
results after the first two bearing strength tests with 

J,L TICHNICAL 11,011 32· J 265 

the surface sampler. A small amount of magnetic material 
was observed to outline the horseshoe magnets after the 
first bearing strength test, with a slight increase follow­
ing the second test. After trenching at a depth of up to 
20 cm (Fig. Vll-32), an obvious increase in the amount 
of magnetic material was observed. Figure Vll-33 shows 
the area before and after trenching efforts of the surface 
sampler. 

An object, selected to be tested for ma~etfc attraction, 
was chosen on the basis of shape, gray tone, and lus"c,r in 
comparison with other rocks in the area (Fig. VII-34). 
The object is about 1.2 cm in diameter, appears to be 
dense, fairly ~mooth, and shows a slight luster. The sur­
face sampler wu dragged on the surface toward the 

273 
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P19. Vll-21. Surveyor VII footpads after lanclln1 north of Tycho. Ca) Poot­
pacl 2 CCatalo1 7-11-7). Cb) Pootpacl 3. lecauH the penetration depth, 
of tt-e footpad, were le11 than 6 cm, neither ma1net contacted lunar 
surface material. 
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P19. Vll-29. Vl1w1 of the 1urfac1-1a11119l1r 111a1n1t1 It•• 
fore, d11rln1, and after the flnt bHrln1 1tr1n1th t11t. 

, The d119th of the t11t wa1 about 5 c111. S.1111 111a1netlc 
111at1rlal can be 111n around the 111a1n1tlc 19011 1ncl1. 
111 P19. Vll-33 for t11t arH. 

J,L 11CHNICAL 11,011 12-12fl 

Pl9. Vll-30. l1concl lt1arln1 1tren1th t11t 1howln1 
1urfac1-1a11119l1r 111a1n1t1 before, clurln1, and after t11t. 
Th• d119th of the t11t wa1 about 5 cm. A 1111all lncrH11 
11 111n 1ft the a111ount of 111a1n1tlc 111at1rlal that outttn11 
the 111a1nltlc 19011 1nd1. 
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P19. VII-J1. Cle1eu,1 ef 1urfac•--111,1er 
111aInett fellewln1 two ltNrlnI 1trenlfh 
te1t1. Ca) llcl• ef 111 .. net outtlnecl lty 
maInetlc material (January 11, 1961, 
07141126 OMn ca., Pel• ecl1•• (January 
20, 1961, Ola36all OMTI. 
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Pit, Vll•II. After 1N11chl111 et tle,tht u, te 20 CM, an elwleut Innate 111 111 .. 11etlc 111aterlal wa1 
elttervetl ... the turftlce•NIII, .. .......... U..Nty 20, IHI, I lsOlall OMn. 

object, which wu attracted and picked up b)· the hone­
ahoe magnets (Ffl. Vll-85). From the mottona of the 
surface umpler and the relative positiom of the object, 
it waa concluded that the object wu adherin1 to the 
ICOOp door because of mapetic attracdon. 

The morpholol)' of the object ii not in diaapeement 
with that of a nickel-iron meteorite•, or of a nodular 

'H, •owsa, i,rmte ooam,untratlaa, lNI. 

1,1 flCHNICAl llf'Olf ll•IH.f 

magnetite fragment. Whatever the actual composition of 
the fragment and ib IOUl'Ce, it II evidence of po11ible 
availability of iron on the moon, since only ore-p-ade 
material would be attracted by the mapet au.nnbly used. 

Various labontory studiea have been conducted for 
comparilon with the reaulta of the mapet teltl on the 
lunarlurface. 



••· VII-II. Te111 earty view ef 1urface-N1111tler •,-atl•n• erea 1hewl111 ltearln1 1trenlfh te1t 11te1, e, encl eltled, It, 
which we, HlectH fer 111a1netlc ettractlen te1t en th• lta1l1 ef ltt lu1ter, 1he1te, encl ,,., tene. lottN11 1urface-
1an1,1er •1t•ratl•n• erea after trenchln1 effem CCata ... 7-11-16). 
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P11, Vll•M. Oltlect 1electetl fer ma1netlc attnlctlen te1t. 
Net• lu1ter, .,arlc a,,H,.nce, tfflNth 1ha1t•, anti a,,a,·• 
ent tl•n•• 11uallty (January 13, 1961, 02s06121 OMn. 

P11, Vll-35. Obl•ct attnlctetl ancl plclcetl up by the acllacent ma1netlc 1outh pole encl, of the 
1urface-u1mpler ma1net1 wa, about 1 .2 cm In diameter, falrly 1mooth, with 1ome ln .. ularltl•• 
that appear 1une1tlve of exfollatlon (January 20, 1961, 14151139 OMT). 
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The distance from which a mapet with a magnetic 
8111 of about 500 aauu wlll attract powdered fron or 
mapetite on the earth i1 about 1.9 cm (Refs. Vll•ll and 
Vll•lS). 

eo-110,. 
i.HYOLITI 

IAIALT 

'nle bar magnets and horseshoe masnet, on the IW'• 

face sampler were recorded pho• -.araphically followtn1 
contact with rock powden with a wide ranp of oompo-
1itiom-powderecl CaOH with additions of Iron, and 
powdered basalt with additions of iron. Tests conducted 
in a l~•torr vacuum included Impact in rock powder 
IAmples u well a1 jet exhaust te,,, 

LMnding modes were 1fmulated In the laboratory using 
S7-5014 bualt powder. These tests aullted In determining 
the depth of footpad penetration and dynamics of COD• 

tact with the lunar surface material (Refs. Vll•ll and 
Vll-13), 

(b) 

SCOfltACEOUS BASALT l!ASALT + 2% Ft 

BASALT BASALT+ 3o/e Ft 

BASALT+ lo/e Ft BASALT+ 4o/e Ft 

P11, Vll-36. Laboratory 1tucH01. Ca) Ma1not a110t11bly contact with rock powclon 1n atmo,phoro. Cb, c) Ma1not a1Hm• 
bly contact with powclorocl baNlt with aclclocl powclorocl Iron In atmo1phero. (cl) Ma1not a11ombly contact with 
powclorocl baNlt In atmo,phoro. Top: 37p., mlclcllos J7-50p., bottoms 50-15014. Co) Ma1not a11ombly contact with 
powclorttcl CaOH with oclclltlon, of powclorocl Iron In atmo1phoro. Cf) Ma1not a11ombly contact with powdered 
baNlt (37-50}') with aclclltlon, of powclorocl Iron In 10---ton vacuum. (9) lo,ulte of flrln1 tho ~tGtuclo control tot Into 
37-5014 ba1~1t with varyln1 porconta1•• of Iron In 10-•-ton vacuum. Top: b...,• flrln9; ~ktJlo: after flrln1 Into , 
37-5014 baNlt with 1 % aclclocl Iron; bottom: after flrln1 Into 37-5014 ba1alt with 4% added k~n. Ch) Surface-,amplot 
ma1note after contact with varlou, powdered rocb In atmo,phoro. en Surfaco-,amplor ma1n•te after contact with 
varlou, 11101 of Iron partlclo, and ba1alt with and without Iron adclltlon,. Ct) Laboratory 1lmulatlon of an9ular rola­
tlon1hlp1 of 1urfaco-1amplor ma1note to tho lunar 1urfaco durln1 pickup of ma9notlc fra9mont. Noto plumb bob. 
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Following the succeHful pickup of a magnetic frag­
ment north of the crater Tycho, the motions of the 
surface sampler were reproduced in the laboratory. Var­
ious meteorite and basaltic fragments were used. The 
only objects that could be attracted and picked up by 
the surface-sampler magnets were magnetite and me­
teoritic fragmmts of nickel-Iron. Figure Vll-38 1how1 
some of the laboratory tests In rock powden. Two land­
ing mode simulations, with their lunar counterparts and 
simulations of surface-sampler motions during fragment 
pickup, are also shown. 

S. Ducuulon 

Two dilerent categorie, of magnetic particles are 
points of concern in the lunar magnet results and the 
laboratory studies: 

(1) The magnetite content and mode of occurrence in 
a rock type. 

(2) The amount of free kamacite or taenite particles 
added to a rock powder by meteoritic impact. 

As shown in Fig. Vll-£3, magnetic susceptibility of a rock 
can be plotted venus magnetite content, with a resultant 
grouping of rock types. Granite11, gneisses, and sedi-

1 
mentary rocks are usually low in magnetic susceptibility 
because of the low magnetite content ( < 0.1 % ). Although 

1 basalts have a wide range of magnetic susceptibility 

(cl 

BASALT + 10% Ft BASALT +20% Ft 

BASALT + 15% Ft IOO"f.Ft 

above IO-• cp units, the range In which most basalts fall 
Is more restricted. Magnetic 1usceptibillty may vary 
somewhat with a change only in the mode of occurre~ 
of the magnetite, I.e., particle size and grouping of par­
ticles, and with the amount of pure Fe10. relative to 

P11, Vll-36 (contd) 
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BASALT + 2% Ft 

BASALT +5% Ft 

P19. Vll-36 (contcl) 
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P19. Vll-36 (contcl) 
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P11, Vll-36 (contd) 

titanium replacement of iron (see Fig. VII-37). Both 
chondritic meteorites and the Little Lake basalt fall fn 
the upper part of the magnetic susceptibility range for 
basalts. Pure magnetite falls at unity, or higher. as do 
taenite, kamacite, and pure iron which may fall much 
higher. Particle size and grouping alect the magnetic 
susceptibllity of a rock. In Little Lake basalt, the mag­
netite occurs as particles, 10 to 25" in diameter, which 
are disseminated throughout the rock (Fig. VII-38). 

Laboratnry studies in which a magnet with a magnetic 
flux strength of 600 gauss wu placed in contact with 
various powdered rock types show that the amount of 
material adhering to the masnet has a direct correlation 
with the magnetite content, as would be expected from 
the magnetic susceptibility plot. 

The material that adhered to the magnet in these tests 
is not all magnetite, but a mixture of about the same 
proportions u the powder being tested. Thus, the material 
on the magnet has a similar albedo. texture, grain size 
distribution. and overall appearance to the parent sample. 
Practically no material ls attracted by the magnet in 
contact with rock powder samples with lea magnetite 

214 

than that found in basaltic rocks (rhyolite and dacite 
powders). When present. magnetite usually occurs as ,,, • 
very Rnely disseminated particles throughout the rock. 

The other extreme to be considered is that all mag-
netic material in a sample occurs as free particles not 
embedded in the rock grains. This situation would be 
more analogous to meteoritic infall. causing addition of 
magnetic kamacite and taenite particles. Tests in which 
powdered iron was added to CaOH powder closely 
resemble this situation. From comparison with lunar 
results. a volumetric addition of 0.25% iron powder is 
an extreme upper limit for the amount of free magnetic 
material that could be present at the lunar sites tested, 
if no inherent magnetite were present. Thus. it becomes 
obvious that the meteoritic nickel-iron addition to the 
lunar sites must be very small. and in fact is not in 
evidence in the magnet tests ff the similarity of the lunar 
tests to a contact with basalt powder with no iron addi­
tion is accepted. 

The presence of magnetic material is thus established 
in the mare areu tested and in the landing site north of 
Tycho. From comparison with the various laboratory 

.1,1 TICHNICAL 11,01r 12• I 265 



,eTI 
ILMENI 

TIOz 

,,20, 
HEMATITE 

MAGHEMITE 

MOLECULAR PERCENT 

Pit, Vll-37. Ph•11 dl•tra"' thewl"I P.o-Pe10a-Tl01 Nlatlen1hl111, Only 
M•terl•I en the lewer Pe.-TIO.-Pe,O. ceM11e1ltlen llne weultl lte attractetl 
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MAGNETITE MRTICLES 
IN LITTLE LAKE BASALT 

Without considering the dllerences In landing modes 
and testing methods, the SufWf!Or V landlnl site (Mare 
Tranquillitatil) would appear to have more magnetic 
material to a depth of about 10 cm than the Surueyor Vl 
site (Sinus Medll) or the Sun,qor Vil site (Tycho). On the 
same bub, the Su'"flor Vl site would appear to have 
the leut amount of mapetlc material to a depth of 
about 8 cm. 

Still not considering the testing mode dllerence1, In 
the test, of the surface-sampler magnets on Su,wyor Vil, 
the amount of magnetic material appean to Increase 
slightly with depth from surface tests to trench bottom 
(about 20 cm; see Ftp. Vll-32 and Vll-83), 

However, If test modes are comfdeted, the Increase In 
amount of the material on the Surw,or V magnet over 

0 "------~---'--~---~--~ that displayed by SufWflor Vl ii expbined adequately 
o 100 200 300 400 soo by draging a mapet through a 1-m length of material 

GRAIN SIZE, I'- rather than upo11D1 the mapet to a momentary contact. 

Pit, Vll-31. Ma1netlte particle 111• v1 Ma1net1c 1u1cep• 
tlltlllty. 

studies, a bualttc composition is suggested, and thus a 
basaltic range for magnetite content and mapetic sus­
ceptibility. A mapetite content of 8 ±29' ii suggested, 
which indicates a magnetic susceptibility of about 
i X 10-1 cp units (see Fig. VII-24). 
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In the cue of the surface-sampler magnets, both the 
mode of testing and possibly the packing of material may 
be Involved. In the bearing strength tests, the surface 
sampler wu pushed Int~ the surface to a depth of about 
5 cm. Trenching reached a depth of about IO cm, which 
could conceivably represent a sample with dllerent par­
ticle packing. However, no Indication of this wu seen ID 
the power needed for trench puw at the bottom ID 
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t'Olllparilon to surface puses. A 10" dtlerer.1 In pack, 
in1 probably is neceuary to cause a dilerence in power 
requirements.' 

The elects of particle packln1 dtlerence1 are under 
laboratory study usln1 bualtic powden with mapettte 
Cl0ntent1 1pannln1 the nn10 of mapetlc IUICeptiblUty 
for basalts. Finer fractions of iron powder addittons and 
powder additions of aaumecl meteoritic 8ux composi• 
ttom also are beinl studied. 

Magnetic attnctton of iron vapor deposits on 1illcate 
particle, ha, been lnvestipted with iron thlckneues of 
a few angstrom, on silicate grains 25,,. in diameter. No 
attraction was observed. Thus, the presence of such a 
deposition presumably could not be tested by the 
Sun>e,or mapets, 

In rock form, rather than powder, the magnets will 
attract material with magnetic 1usceptibilltie1 approach­
lnl unity or hfsher, I.e., mapetite, nickel-iron meteorites, 
and pure iron. On the moon, objects up to appronmately 
12 cm could be attracted and suspended by the two small 
hone1hoe maanets on the surface sampler. The object 
picked up by the surface sampler at the Su,wyor Vil 
landing site wu about 1.2 cm in diameter; it wu 1us• 
pended by the two adjacent south poles at an angle of 
about M deg to the horizon, and wu thrown ol by a side 
movement of the surface sampler. From tests ClOllducted 
·Ntth an accelerometer attached to the surface sampler, 
the force that dislodged the fragment was concluded to 
be about 5 X 101 dynes (see Fip, Vll-39 and Vll-40). 
The force needed to su,pend ft wu about 1.8 X 10 
dynes. '11lus, the magnetic 1usceptibillty lies between 
S X l~• and 8 X 1~1 cp units. Studies conducted with 
meteoritic fragments, rocb, and minerals also indicate 
that the susceptibflfty must be about 1, suggesting that 
the object could be composed of magnetite or meteoritic 
nickel-iron. 

A comparison of the lunar magnet test results with 
other data from the landing sites ts of geologic Interest 
In the interpretation of the magnet data. Al observed 
from photograph, taken with red aud green 81ten (Ref. 
Vll-4), all mare landing sites are in areas that appear 
reddub. The Sun,eyor VI landing site ta more mottled 
than thit of Suroer,or V, but dtattnctly shows higher re­
Sectance tn the red. The SutWflor Vil site, north of 

'F. I. Roblnoa, private camanmlcatioa, 1888. 
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"•· VII-ff. All •cc.a.,......,••• tllttlchNI te the 1ur• 
face ..... ,,., te lleten11lne ferce, exe,tNI en the ,.ck. 

Tycho, ii In a reddish halo around that crater, sugestlng 
that the surface material there may not be typf"!al of , .. 
highlands. Most lunar htplands are very light to white 
In the composite photograph referenced. '11lu1, from this 
relectance work alone, a similarity tn material at all 
Sun>e,or landing sites is suggested. 

Panoramu of the mare landing 1fte1 and the Tycbo 
rim (Fig. Vll-41) show an apparent Increase in rock 
diltributfon In the Tycho area, and a perceptible Increase 
In rolling hills and steeper slopes. However, the gross 
morphology appears to be aomewhat similar. 

Rock shapes in the maria u well u on the Tycbo rim 
range from rounded and porous to blocky, dense, and 
angular. Ught and dark rocb are seen in both types of 
areu, with lighter rocb predominant. Rock shapes typical 
of volcanic activity are seen In all locations (see Fig. 
Vll-42). Such shapes range from those 1ugeltive of uh 
and lappillt to densely crystalline Igneous rocb, wbtch 
would be expected u throwout material at some depth 
with volcanic activity. Experiments with maama tn a 
high vacuum sugest that any magma extruded on the 
lunar surface would be utremdy porou, (Ref. VII-18). 
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1119. Yll-40. Meve111ent ef 1urface ..... ,,.,. C•) Durln1 reek 11lcku11 •1t•ratlen. Cit) lult••tauent 111eve111ent that cauHtl 
the •ltl•ct •• It• _.,,, .... NI. The nu1111Nn ln .. lcate the Mtauence ef ce111111t1n_., Move111entt .,. taulte lerky. 

A consideration of surface rock distribution and 1ub-
1urface cross sections ii pertinent. All footpad lmprintl 
and trenches reveal a very Sne-srained, homoaeneo111 
material with no particles lafler than 1 mm, i.e., camera 
resolution. No perceptible paclcing dilerence ii observed 

I in the bottoms of trenches (see footnote 7). Rock fra1-
ment1 are distributed over the surface in all states of 

1 burial, from balanced perch pmitiom to near burial. It 
mipt be expected that this areal distribution would be 

, 1lmdar at near-surface depths. or that ib density would 
diminish with depth. However, no rocb appear to be 
present below the surface to the depths viewed (Fi1. 
VII..U). 11ua ii more suggestive of depositions of vol­
canic uh and later of rocb, rather than of churntn1 and 
pulverization by bombardment. 

From the mare ,,tea, the alpha-acatterinl imtrumenb 
produced data that were x,mpadble with basaltic com­
posWon (l\e&. VII-17 and VII-18). A decrease by about 
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a factor of two in heavy elemenb and a 11J1ht increase 
in aluminum were observed at the Sun,qo, Vil site 
(Ref. VIl-19). Such a decrease in heavy element,, if due 
to iron content, ii not observable in the mapettc iron 
data. Alpha-scattering data may be reftectin1 contamina­
tion of one rock type (basalt) with another more acidic 
rock type. 'nle numerous rocb acattered on the surface 
are predominantly lighter than the surface layer on which 
they rest. Dust from these rocb ii undoubtedly present 
and would probably 1how much lower iron content. 
Rocb turned over by the surface sampler evidence round­
inl and weatherin1 only on exposed rock tops. The depth 
to which the surface sampler penetrated in bearing 
strength tesb wu about 5 cm. All the subsurface material 
appean to be homogeneous, ftne.grained, darker mate­
rial (see Fig. VIl-'1). The Sumqor Vil magnet contacb 
represent tests of this dark subsurface material, and are 
very similar to the tesb from the maria a'ld to laboratory 
tests in basalt. 
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(1) IIHIWYOII I 

P11. Vll-41. The ,anora111a1 of the 111are arN• were 11ulte 
1l111llar. Althou1h 1110,e rock,, hlll1, anti 1tNper 1lope1 
occur north of Tycho, the 1eneral 1110,pholOIY 11 1l111llar 
to that of the 111arla. (a) Surveyor I. (It) Surveyor Ill. (c) Sur­
veyo, V. (ti) Surveyo, VI. (e) Surveyor VII. 
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P11. Vll-41 Ccentll) 

290 ,,, FICHNICAL 11,01r 12., 261 



(d) SIIRV~YOR ~ 

P19. Vll-41 (contd) 
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P19. Vll-41 (contd) 
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lo) SUIWEYOlr I 

Fl9. Vll-42. locks with morpholo9y were preHnt at all Surveyor landln1 sites. (a) Surveyor I. 
Top: note tll,• vesicular structure; bottom: note the lava-Ilk• structure, basalt-Ilk• pattern 
of breaka1e, tube-Ilk• fra1ments. (b) Surveyor Ill. Note the vHlcular structure In both 
rocks. (c) Surveyor V. loth of thHe rocks may be veslcular. Cd) Surveyor VI. The picture 
at the to~ Is computer-proce11ed. loth of theH rocks may be vesicular. (e) Surveyor VII. 
Top left: note the ll9ht flecks that may be phenocrystl In a darker matrix; top rl9ht: note 
the fracture typical of l9neous rocks; bottom: rock rubble showln1 morpholo9y typical of 
tenestrlal basalt. 
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( c ) $11/tVE YO/t r 

(d) SIIRVCYOR Jil!l' 

P19. Vll-42 (contd) 
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P19. Vll-42 (contd) 
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( b) SIIIIVE '1'011 Ill 

(o) $UIIV£Y<m r 

F19. Vll-43. Comparl1on of material In Imprints, trenchH, and slide walls shows that the subsurface material 11 flne-
1ralned and hvmo1eneous, with no lar1e fra1ments. (a) Surveror I. This computer-proce11ed picture show• the 
Imprint made by footpad 2. (b) Surveyor Ill. Top: footpad 2 Imprint; bottom: note the smooth trench wall. (c) Sur­
veyor V. Note the smooth Imprint and sllde wall (also He F19. Vll-26a). (d) Surveyor VI. Top: Imprint of footpad 2 
made durln1 the hop; bottom: Imprint ~f footpad 2 made after the hop. (e) Surveyor VII. Top: Imprint of footpad 2: 
bottom: cloHup of a trench wall. All trench walls showed a slmllar smooth texture (He Fl9. Vll-33). 
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P19. Vll-43 (contcl) 
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Pl9. Vll-43 (contd) 
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1119. Vll-43 (contd) 
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Hapke (Ref. VII-IO) hu campued the optical char· 
acteruttc. of the lunar aurface with thole of rocb and 
meteorite powden. Intensity, polarization, spectrum. and 
albedo of the moon were matched only by thole of buic 
rocb m1talnln1 latHc ban, but htt~ or no free Iron. 
These studies are t'Olllutent wtth extrapolation of COIi• 

cluslons from the Sun,qo, mare lanclln1 1lte1 to the mare 
areu ln 1enenl. 

I. Coaclualalll 

From comparilon of the lunar reaulta with laboratory 
1tudlea, the followln1 mncluslona are poulble: 

( 1) A nnall amount of magnetic material II preaent at 
all S ",,,.~ landin1 1ltea teated (Mare Tnnqull• 
llt,.tll, Sinus Medil, and north of the crater Tycho; 
F11. Vll-38). The amount of mapetlc material. If 
exiltlnl u free Iron puttdea, II lea than o.•~ 
by volume. 

(2) All lunar multi are coruiltent with laboratory 
studlea usln1 &nely powdered bualt1. The Uttle 
Lake ba,;alt, which wu used ln laboratory studies, 
contains about 10 to 12" by volume mapetite 
dluemlnatecl ln pains about 25,. ln diameter. 
Studies In various powder sizes of basalt show that 

altpt ctileN.,. bl puttcle ._ at the lanclfna 
lit• and In lancUns model are IUlldent to aplatn 
the relatively altpt clilerencee In the amount of 
mapettc materlAI obeerved on the lunar mapeta. 

(G) The object attnctecl by the aurface-umpler maa· 
nett 11 probably mapettte or meteoritic nickel-Iron. 

It ii the author'• optnAon that a volcantc ...,_ 
II sugestecl for the lunar 1urface material. Becauae 
of the lack of an Indication of any powdered 
meteoritic nlckel-uor and because of the uniform, 
Sn.pained 1urfue material In all areaa, both in 
footpad lmprintl and trench walla, the 1urfue 
material probably don not repre1e11t a meteoritic 
pulverlzatlon product. '11111 1uaeata that the ma• 
terlal wu either lne-anlned at the time of depoat­
Hon, I.e., uh, or wu pulverlr.ecl by a procea not 
yet klenttled. The thermal repne and aolar wind 
are poulble contrtbuton to this procea. 

Meteoritic Impact undoubtedly occun on the 
moon. However, any addition of meteoritic nickel­
iron that may be present at the Su,,,.,, landtn1 
sltea must be leas than amounta perceivable by the 
methodt Mtployecl. 
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VIII. The Alpha-Scattering Chemical Analysis Experiment 
on the Surveyor Lunar Missions 

Antltony L. Turkevlclt lPrlnclpol lnvedl,otorJ, Wayne A. Ander,on, Tltana,I, E. Economou, 
Ern•d J. Franzgrote, Harry E. Griffin, Stanley L. Grotclt, Jame, H. Patter,on, 

and Kenneth P. Sowln,kl' 

] Sun,er,or, V, VI, and VII carried alpha-.catterlng 
instruments to obtain chemical analyses of lunar surf ace 
material. The lunar locations of these analyses are indi­
cated in Fig. VIII-I. At the Surveyor V landing site 
(Mare Tranquillitatis), two samples were analyzed; one 
sample was analyzed at the Surveyor Vl site (Sinus 
Medii), another mare region. With the cooperation of 
the Soil Mechanics Surface•Samp~.,r Experiment, three 
samples were analyzed at the Surveyor Vil terra landing 
site (n,":~r the crater Tycho). Values derived from analy­
Sf!s of the ftrst sample on each of these missions have 
been 1eported in Refs. VIII-1 through VIII-3. The pre­
liminary results given in these references were obtained 
from portions of the data received by teletype. These 
data were analyzed by computers programmed for real­
time mission support using a librr :y of only eight ele• 
ments. These preliminary analyses ,t>ermitted only partial 
temperature and gain•shift corrections, and made no 
provision for nonstandard sampJ~ geometry. The results, 

1The aftlll11ttona of A. Turkevich, t,;, Franzsrote, and J. Patterson 
are listed ln Appendix C of this Report. Wit.ii the exception of H. 
Griffin of the Arsonn" National Laboratory, and S. Crotch, of the 
Jet Propulalon Laboratory, the remalninl authon are from the 
Univenfty of Chicasu. 
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though assigned rather large errors at present, represent 
the ftrst direct chemical analyses of an extraterrestrial 
body, permitting sfgniflcant conclusions to be drawn 
concerning tlae nature of the lunar surface material and 
its history. 

A. History 
The alpha-scattering method of analysis makes use 

of the charr.cteristic energy spectra of alpha particles 
rebounding at nearly 180 deg after coilision with atomfc 
nuclei. The energy spectra of protons, produced by 
nuclear reactions of alpha particles with some light 
elements, are also used. 

The phenomenon of large•angle scattering of alpha 
particles by matter was ftrst reported by Geiger and 
Marsden in 1909 (Ref. VIII-4). Rutherford (Ref. VIII-5) 
showed that this behavior could raot be explained by 
the atomic theories of that time, and used it as a basis 
for his nuclear model of the atom. The relation of the 
fraction of the kinetic energy remaining with the alpha 
particle after impact, T,"/To, to the angle of scattering, 6, 
and the mass number of the nucleus, A, was derived by 
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F19. VIII• 1. larth-ba1eJ tele1coplc photo9raph of the moon 1howln1 locatlon1 of the thrH Surveyor ch•mic:al­
analy1l1 1lte1. 
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Darwin (Ref. Vlll-8) on the a11umption1 that kinetic 
energy and momentum are oonserved and that the scat• 
terlng nucleus is initially at rest. This relation is: 

T,.. - [4cosl + (A2 - l61in2 I)~ ] ' (l) 
-,.;;- - A + 4 

From Eq. (1), the t'ieoretlcal po11ibility of applying 
this phenomenon to chemical analysis i1 obvious. How­
ever, the lack of high-intensity sources of mono-energetic 
alpha particles and of convenient methods for alpha­
partlcle-energy measurement made application tnpracti­
cal for several decades after these discoveries. Starting 
in 1950, several investigators suggested the use of charged 
particles from an accelerator for chemical analysis (Ref. 
VIII-7). Rubin and co-workers (Ref. VIII-8) developed 
a method of analyzing thin samples using accelerated 
alpha particles and protons, with a magnetic spectrom­
eter for energy analysis. In 1960, one of the present 
authors, at the suggestion of the late Professor Samuel 
K. Allison of the University of Chicago, found, in a pre­
liminary investigation, that an alpha-scattering method 
of analysis using isotopic alpha-particle sources was 
feasible (Ref. VIII-9). On the basis of these results, the 

' development of an analytical instrument for the Surveyor 
Program was started. A research apparatus containing 
one curium-242 alpha source and one silicon semi­
conductor detector was designed and used to obtain 
much fundamental data on the alpha-scattering response 
of elements and compounds (Ref. VIII-10). These dnta 
showed that the minimum sensiti~,fty of the method was 
for elements in the region of sodium. The measuremt •nt 
of the energy spectra of protons, which are obtained 
from nuclear interactions of alpha particles with ele­
ments in this region, was, therefore, introduced to im­
prove the sensitivity for these geologically important 
elements. These ( a, p) reactions are also associated with 
the name of Rutherford, who reported the ftrst arti8cial 
transmutation of an element by such a reaction with 
nitrogen (Ref. VIII-11). 

A breadboard model of an instrument for a lunar 
mission was built fi further study of the characteristicll 
of the alpha and proton spectra (Refs. Vlll-10 and 
VIII-12). Then a prototype instrument was designed. w. 
be compatible with a sample-prt-l)aration system on a 
lunar ,oft-landing spacecraft. This prototype was not 
tested extensively because of a change m the Surveyor 
Program, which required direct deployment of an instru­
ment to the moon's surface instead of the analysis of 
prepared samples. 
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A series of four 81pt prototn- of a deployable 
instrument, followed by four lipt model11, was ori&i• 
nally planned. These (actually only seven instruments 
were built) were desiped and built at the Unlvenity 
of Chicago' 1 Labontory of Applied Science and later by 
that Univenlty'• Labontory of Astrophysics and Space 
Research (Ref. VIII-13). Prototypes 1 and 2 (P-1 and 
P-2) were used for developmental work on the Instrument 
and on the method of analysis. On the basis of results from 
the program at this stage, postponements in the launch 
schedule, and a clearer identification of the hazards 
to the experiment under lunar conditions, signiftcant 
improvements In the experiment were madt:. These Im• 
provements included the introduction of a commandable 
electronic-pulse generator that could be used to calibrate 
the energy scale of the instrument, the introduction of a 
crude ratemeter to monitor the solar and cosmic-ray 
proton background during a mission, and a redesign of 
the outer envt,lope of the deployable part of the instru­
ment to provide better temperature control. Prototype 3 
(P-3), which incorporated these changes, was used as a 
type-approval model to ensure the capability of the 
instrument to function properly under mission conditions. 
Shortly before the Surveyor V mission, P-3 was used for a 
practice loading of sources and testing .it Cape Kennedy. 
Prototype 4 (P-4) eventually became the instrument used 
on Sun,eyor \' > while flight instrumentJ 1 and 2 (F -1 ,ind 
Fu2) were used on Surveyor, VI and VII, respectively. 
Flight instrument 3 (F-3) was usNI as the backup or 
spare instrument for all thrre flights. Mme detail!, e>n 
the Instrument development and history are given in 
Ref. VIII-14. 
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Fig. Vlll-2. Comparison of spectra of alpha partlcles 
scattered from thin and thick samples. The upper dia­
grams show the geometry of scaHerlng; the low er Indi­
cate the conHpondlng shapes of a11oclated spectra. 

305 

•' 'l,, 



•. Method 
In an elemental sample only a few atoms thick, the 

spectrum of alpha particles scattered backward In a 
vacuum would consist of a narrow peak, whose energy, 
T ,.., is determined by Eq. ( 1 ). For a thicker sample, 
alpha particles scattered at various depths below the 
surface suler a l011 of enel'I)' in the material before and 
after the scattering ttvent. The relationship of thin and 
thick target spectra is shown in Fig. Vlll-2. The energy 
distribution of alpha particles scattered from thick sam­
ples, then, ts a continuous spectrum, terminating sharr ,!y 
at the ener1y. T ,.., determined by the ma11 number of tht! 
element (Eq. 1). 

Figure VIII-3 shows a series of plots of T ,../To as a 
function of scattering angle for various mass numbers, 
according to Eq. (1). It can be seen that: 

(1) The greatest resolution between mass numbers ts 
at a scattering angle of 180 deg (although there 
is very little change above 180 deg). 

(2) The resolution decreases rapidly with increuln1 
mass number. 

0.20 

0. 10 

0 20 40 60 80 100 120 140 160 180 
SCATTERING ANGLE, 8 

Fig. Vlll-3. Dependence of the ratio of the maximum 
energy of scattered alpha partlclH tn the lnltlal energy, 
T111/To, on the laboratc,ry· angle of scattering, 8, and on 
the maH number, A. 
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The practical resolution limit for dlltlnpllhin1 individual 
elements for the Instrument used In the Surw,c,, Propam 
is approximately at mus number 40 (Ca). 

The proton spectra from ( a, p) reactions In thick .. m. 
pies are also characteristic of the elements makln1 up the 
sample. Such reactions are energetically impouible In 
the major Isotopes of elements such as carbon and oxygen; 
they have negligible yields, because of the high Coulomb 
barrier for 6.1-MeV alpha particles, in elemt .. its heavier 
than about calcium. The yield, of protons are relatively 
high for the geochemically important elements sodium, 
magnesium, and aluminum, which have a low scattering 
probability for alpha particle,. 

Figure Vlll-4 ii a set of alpha and proton spectra(called 
a library) of most of the elements that may be t.•xpected 
as major constituents of common rocks. In this 8gure, the 
intensities, after background subtraction, of the scattered 
alpha particles and protons from various elements are 
plotted on a logarithmic scale as a function of the puls~­
height-analyzer channel number. The intensities have 
been normalized to a measurement time of 1000 min and 
a source strength of 1ou disintegrations/min. In Fig. 
VIII-4, the channel number is related to the energy de­
posited by the particle in the detector • >' the relations: 

N" = 18.94En - 10.9 

N,, = 18.86E,, - 10.7 

where N is the channel number; Eis the energy, in million 
electron volts, deposited in the detector. These spectra 
were obtained in pre-mission calibrations with the 
Surveyor flight instruments. 

The typical shape of the scattered-alpha spectrum of 
an element heavier than calcium (Fig. VIII-4e) is a rela­
tively flat plateau terminating in a sharp dropol to zero 
intensity at Tm, as determined by Eq. (1). The intensity 
at a given channel number in the spectrum is determined 
by the scattering cross section for alpha particles of the 
nuclei of the material and the energy loss of the alpha 
particles caused by ionization in the sample (Ref. VIIl-10). 
The fact that the plateau for a heavy element has very 
nearly a constant intensity indicates that the effects of the 
variation of these properties with energy are very nearly 
balanced over a range of several million electron volts. 
Because the spectra of the heavier elements are nearly 
identical in shape, only a few representative spectra are 
included in this library. 
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Fipre VIII-& show, the variaUon of intemity of alpha 
acattmn1 (n r r .) with atomic number, both plotted 
on loprithmic acalN. The unit, of the ordinate are the 
same u shown in Fil, Vlll..f. The aolid point, are valuea 
obtained directly from 1pedra of elemental samples. 
while the open point• are derived from 1pectn of 1imple 
t'Olllpounch of th lerMnt. The line dnwn with a ,lope 
of 3/2 through the point, for clement, of hlaht-..- atomic 
number 1how1 the, approximate pow r depend nee of 
Int nalty on atomic number, predicted by 1lmple theory 
(Ref. Vlll-10), 

In Fla, Vlll-5, It i1 seen that the Int n1lty of acattertn1 
i1 greatly enhanced abovl' the, 3/2 power line for cl ment1 
Upter than IOdlum. This la 111aociated with direct int ,. 
action of alpha parUcl 11 with nucl i of low char1 . This 
interaction hu very hiah scattertn1 crou aectton, at 

I0,000 -...-,--r-

! 
IOOO 0 

\ 
I • IOOO 

t 
0 § 

0 0 I IOOO 

I IOO 

r 
I 100 

100---...,._~~~----'--"-_..__._~~~ 
4 I I IO IO 40 tO IOIOO 

ATOMIC NUMl!i., Z 

Pie, Vlll-5. Dependence of lntentlty of alpha acafferln1 
on atomic number In a Surveyor-type lnttrument. The 
ordinate It the lntentlty of acafferln1 near the hl1h­
ener9y endpoint 1,y the varlout element• Included In 
the 111,rary of P19. Vlll-4. Solid clrclH Indicate lnten1ltle1 
of ace1Herln1 from elemental ,amples. lntentltl•• de­
rived u1ln1 compound, of certain element, f e.9., 0, Na) 
are Indicated by open circle,. 
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chancterittic monance eael'I)' np,m. For th• reuoo, 
the 1pectn of these liaht element, are not only peady 
mere sed in Intensity, but also show more 1tructun than 
in the cun where Rutherford acattertn1 predomina , 
The Int naitles of acatterin1 an often very monaly de­
pend nt on Kattertn1 an1le, with the elect especially 
lars at ans)es close to 180 des, 11lis monanc.1eattertn1 
phenomenon stve, the method a very hip 1e111ttivtty 
for carbon and OX)'len (Fla, Vf 11..fa), wbereu the aen­
,tttvity would be very poor for these element, if the 
Intensity had followed the z•1• law. 

In lement1 that underao (a, p) reactions, aome of he 
1tructure in the 1pectra from the alpha detecton (e,1,, 
Fil, Vlll..fb, c, and d) is d1Jt1 to the protona. Becalllft 
the ran1e of the protons is oft n peater than the ten• 
altlve depth of the alllcon semiconductor detecton med 
for alpha partlcln, the peab that appear In the alpha 
spectra do not always represent the total enerlf of the 
protons, but merely the amount depoaited in the alpha 
detr.ctor. For thl1 reaaon, variation of the tensitive depth 
of the detecton can cauee shifts in the positions of the 
peab that are due to protons. 

The proton spectra of Fig, Vlll-4 have been obtained 
with semiconductor detecton covered with 1old foil of 
thickne11 just 1u81cient to absorb the scattered alpha 
particles. This also reduces the energy of the proton,, 
completely absorbing those with enel'I)' leu than 1.5 \ 
MeV. The proton detectors had aenalttve depths sreal 
enough to measure the full enel'I)' of the entering proton. 
Since the cro111ectton1 for the (a, p) reaction, are usually 
much lower than for alpha scattering, the total active 
aren of the proton detectors had to be greater to obtain 
adequate intensities for the proton spectra. 

Because the protons are produced by nuclear inter­
actions, the proton spectra consist of a aeries of peaks 
corresponding to resonance interactions of alpha particles 
with the nuclei of elements emitting protons. The peaks 
are usually greatly broadened, however, by the large 
variation in the geomelrlcal relationships of the proton 
detectors in the inst,-.1ment to the various parts of the 
sample where the protons are produced. The elements 
product ng protons include boron, nitrogen, fluorine, 
sodium, magnesium, aluminum, silicon, phosphorus, 
sulfur, chlorine, potassium, and titanium (see Ffg. Vlll-4b, 
c, and d). The spectrum for aluminum (Fig. VIll-4c) 
extends to the highest energy of all proton-producing 
elements; its presence in sfgniftcant amounts in a sample 
can he readily detected by a cunory examination of the 
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proton apectnam. Other elements that prod~ high­
rn«'r )' proton, lncludt' sodium, flur,rlnc•, boron, 
phosphorus, and pota11lum. Elt'mmta uch 111 nltrogm. 
magne1iurr., 1illc.-on, and sulfur produce rrotons whost­
highe1t mttgy 11 lr11 thau 3.5 MttV. &belt" propntlca, in 
addition to the dllerences In the chancteriltic 1h1pn 
of the lpedn, allow nolutton of the various element• 
that produce protons. 

In the analyst, of spectra from samples that mntaln 
more than one element, use 11 made of the fact that, 
for both protons and alpha particles, to quite a 1ood 
approximation, the composite spectra hRve the shapes of 
the Individual elffllt'ntal 1pectn addltlvrly combined. 
F11ure Vlll-8 tllustrate1 this for the 1y1tem SI, C, and 
SIC. In such a compl :- 1y1tem, the contribution of an 
Individual elem nt has been shown (Ref. vtll-10) to 
be proportional to: (1) Its contribution a1 a pure element 
(the llbnry 1pectnam), (2) the atomic fraction of the 
elfflnent In the sample, and (3) the en rgy-1011 cross 
section of the element. It was also shown, experimentally, 
that auumln1 the en 11Y-l011 cross section, to be pro­
portional to the square roots of the atomic mr.as numbers 
11 adequate for preliminary analy1t1. (A functional de­
pendence of the en rl)'-1011 cro11 Stttlon on the atomic 
number, rath r than on the ma11 number, seems to be 
more ju1tlfled theoretically.) Thus, for each energy chan­
nel, f, of the alpha and proton 1pedra, an equation may 
be set up of the form 

whe,, 

11 = (kl<A"'>) Ir,jl, Ai' 

' 
(I) 

11 = total Intensity of the sample spectrum in 
channel f 

r, = Rtom fraction of an element I In the sample 

j l, = Intensity in channel f of the library spec­
trum of element I 

A~ = square root of the mass number of ele­
ment I 

<A"'> == Xr1Ai', average square root of the mass 
I 
numben of the elements in the sample 

1c = factor to take into account differences in 
the conditions ( e.g., the effective source 
strengths and sample distances) under 
which the library spectra and the sample 
measurements were obtained. The recog­
nized, slightly different effect of distance 
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on the mponse in the .lpha and proton 
modn and the dect of a~ltanc.-e on the 
1hapn of the proton ~n are lpored 
at this 1ta (' of analy1i1. 

Equation (2) may be re1rran1ro Into the fonn: 

where 

,I a I f,jl, 

' 
(S) 

Th /, values •re the facton by which the Ubnry spc,ctn 
n, multiplied to obtain a composite lpfctnam that bnt 

corresponds to the observed umpl spec I rum. They are 
obtained by a leut-square1 tre1tment of the data by 
mean, of Eq. (3). 

From Eq. (4), It is seen that the value, of f.lAi' for 
a If ven aample are proportional to the atomic fractions, 
r,, In the umple. 

Thus, considering 011ly chemical element, represonted 
in the Ubnry, the fnctton of the atoms that are of 
element I is If ven by 

(S) 

Since hydroaen, helium, and lithium are not determined 
by this method, the analytical re1ult1 are in terms of 
fracdona of atoms heavier than lithium. 

Thus, it is seen that a library of elemental spectra, 
such 11 that in Fig. Vlll-4, is essential to the analysis 
of the alpha-1cattertn1 data. For elements that are not 
n,adily available in their pure solid state, the libnry 
spectra may be derived from spectra of their compound,. 
This is best accomplished using the spectrum of a simple 
compound containing only one element for which the 
library spectrum is not known. Equation (2) may then 
be solved for j I, of this element for each energy chan­
nel, as this is the only quantity in the equation that is 
unknown. In Fig. Vlll-4, the spectra of carbon, nitrogen, 
oxygen, ftuorine, sodium, potassium, and calcium were 
derived using this technique. Some systematic em,n 
are apparent below channel 30 in the alpha spectra of 
sodium, potassium .. and calcium. They were introduced 
in these examples by the method of derivation using 
srx,actra from carbonates. 
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This method of chemic-al analy1is by use of alpha par­
ticles was tested on 11 variety of rocks. Table VIII-I 
showH the rttsults ol>tainc.•d using the P-1 instrument on 
ttight rocks of u rell~onahltt range in <.-omposition (Ref. 
\'111-15). The duta are prt•sented in tenns of atomic 
pt•rct•nt. togt•ther with u nwusurt• of tht• unct•rtainty. 
The unc·ertainty is derivt•d from the statistical errors 
of the mcasuremt.:nt und the lt.•ast-squares analysis. The 
tllbl(> also prest'nts results of analysis hy conventionlll 
tK·hniques. 

Table Vlll-:2 lists tlat! standard d viations, in atomic 
per<.-ent, between the alpha-sc•attering method and the 
<.'Onventional analyses for the most abundant el ments 
(Ret'. Vlll-15). The lt.•ss-than-1-atomlc-% dllndurd dt•vi • 
ations for sodium and alumiraum depend strongly on 
the data from the proton mode. which indicates its 
importance in tht• analysis of these elements. 

In interpreting tht.• rt•sults from this analytical tech­
nique. <.·t•rtain inherent ch11ructeristic1 must be kept tn 

Taltl• Vlll-1. Com11arl10" ltetween al11ha and conventional analyH1 of 1ome rock, fin atomic 11ercentt 
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mind. The inabi!ity to determine directly elements lighter 
than beryllium and, in particular, hydrogen, has already 
been mentioned. Another characteristic is that the pene­
tration of alpha particles into the m11terlal is so small 
(at leut with 8.1-MeV alpha particles) that the results 
apply strictly to the surface of the sample. Moreover, the 
depth to which the particles penetrate before interacting 
depends on the nucleus and processes involved in the 
Interaction. The lack of resolution for the heavier ele­
ments has als,J IH!en mentioned, as well as the only 
moderate sensitivity and accuracy of the results fn 
practical situations. In addition, tl,e Interpretation de­
pends on whether the averagr atomic stopping f'OWer of 
the material investfpted is essentially constant over the 
sample examined. However, the technique, because of 
its relative comprehensiveness and the lightness and 
ruggedness of the equipment, together with the low 
power requirements, is particularly suitable for early 
chemical-analysis missions to extraterrestrial bodies, 

C. Instrument 

The instrument for the Surveyor Alpha-Scattering 
Experiment consists of a sensor head, which is deployed 
directly to the lunar surface, and an electronics package, 
which is housed in a thermally controlled compartment 
on the spacecraft. Figure Vlll-7 shows the alpha­
scattering sensor head, electronics, and the mechanism 
for attaching the sensor head to the spacecraft and de­
ployir,q it to the lunar surface. The alpha-scattering 
instruinent deli . ~rs to the spacecraft, for transmission to 
the earth, information on the number and energy of 
alpha particles scattered back from a sample, and on 
the number and energy of protons produced fn the 
sample by (a, p) reactions. 
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Fipre Vlll-8 shows the Sun,qo, Vil apacecraft in 
Its landed conftsuratlon. The sensor head (klenti&ecl hi 
Fig. Vlll-8) 11 mounted on the outer edge of the apace­
frame, midway between lep ! and S. The electronlcl 
equipment usoclatecl with th • instrument is in the com­
partment directly above the sensor head (identiled in 
Fig. Vlll-8). The position of the sensor head, relative 
to the television camera and surface sampler (on 
Sun,qor Vil), b also noted in Fig. Vlll-8. The television 
camera was used to obtt 111 : ,lctures of the instrument 
and of the local terrain to which ft would be deployed; 
the surface sampler could be extended to the alpha­
scattering Instrument area. 

During the ftight and lunar touchdown, the sensor 
head was attached to the spacecraft by means of the 
deployment mechanism. This mechanlnn consisted of 
a platform which held the 1en110r head, and a device that 
could lower the sensor head to the lunar surface upon 
command from earth. 

The total weight of the instrument and a~socf at:.-d 
equipment ( deployment mechanism, supporting sub­
structure, thermally insulating compartment, spacecraft 
fnterfacing, and cabling) on the spacecraft is 13 kg. The 
operating power 11 less than 2 W. An additional 15 W 
are consumed by beaten in the sensor head and in the 
electronics compartment when both are operating. The 
power for the electronics ls supplied at 29 V by the 
spacecraft; power for the heaters fs supplied at 22 V. 

1. Sensor Head 

The sensor head is shaped like a box, 17.1 X 15.8 X 
13.3 cm high, with a 00.5-cm-diameter plate on the 
bottom. (See Fig. Vlll-7 for an overall view of the sensor 
head.) It contains six source capsules that provide the 
alpha particles, two detecton to register the number 
and energy of the scattered alpha particles, four detector 
systems for the protons, and part of the instrument elec­
tronics. Figure Vlll-9 shows a view of the bottom of 
the sensor head. The 10.8-cm circular opening is the port 
through which the sample is analyzed; the sources and 
detectors can be seen through the sample port. Figure 
VIIl-10 is a cutaway view of the sensor head showin!; 
the operational relationships of these components. 

The geometrical arrangement of sources and detectors, 
as seen fn Figs. VIll-9 and VIll-10, was chosen to satisfy 
several requirements. The sources and alpha detecton 
were mounted as close together as practical, so that 
particles scattered from the sample could be measured 
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Fl9. Vlll-7. Alpha-1cafferln1 ln1trument and auxlllary hardware. The Hn1or head 11 the part of the ln1trument that 
wa1 lowered to the lunar 1urface. In It• ,towed po1ltlon on the 1pacecraft, the Hn1or head wa1 held on the deploy­
ment mechanl1m on top of the 1tandard ,ample. The dl9ltal electronlca and electronlc auxlllary were contalnttd In 
electronlca compartment C for thermal control. 
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Fig. VIII-I. Pftotograph of the SurYeyor VII spacecraft showing the location of the alpha-scafferln9 Instrument rela­
th,e to other parts of the spacecraft. 

at the desirable large angles (see Section VIH-B and 
Fig. VIII-3). A minimum of two independently operable 
alpha detectors was thought to be necessary. To main­
tain instrument deliverr schedules and to avoid develop­
mental problems, the same types of source capsules and 
alpha detectors used in earlier versions of the instrument 
were retained. Thus, the choice of the number and geom­
etry of these components was reduced to a compromise 
between their most compact arrangement and the highest 
total intensity of sources. 

The number, size, and location of the proton detectors 
were chosen to maximize reliability and the measured 

:na 

event rate. Because the range of protons of the same 
energy is larger than that of alpha particles, and since 
the proton spectra do not vary as seriously with angle as 
do the alpha spectra, it was possible to locate the proton 
detectors at n lower angle, closer to the sample, and to 
make them much larger than the alpha detectors. 

The structure and external surf aces of the sensor head 
were designed for passi, ~ thermal control (Ref. VIII-16). 
The sides and bottom of the sensor head are gold-plated; 
on the top is a second-surface Vycor-aluminum mirror 
to promote the radiation of heat from the interior of 
the sensor head to cold space. 
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Fl9. Vlll-9. Bottom view of the alpha-scattering Hnsor head showing the relative position of ,ourcH and detec• 
tors and the port through which the lunar surface was examined. 
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A nylon c.-ord used in the deployment ls fasttmed lo 
an eyebolt on th~ center of the top of the sensor head. 
On Surveyor VI', the eyebolt was redesigned as a knob 
to be grasped hy the surface sampler for redeployment 
of the sensor head to suc.-cessive samples. The electrical 
connection to the spacecraft Is through a ftexihle, Rat 
cable ,attached to the Inboard side of the sensor head. 
To maintain an Inert, dry atmosphere inside the sensor 
head, dry nitrogen was introduced through a short tube 
on the outboard side of the sensor head during the pre­
launch period. The large plate attached to the bottom 
Is circular, with a segment cut out on the side toward the 
deployment mechanism. The main purposes of this plnte 
were to stabilize the deployment of the sensor head onto 
Irregular or inclined surfaces and to minimize the sink!:1g 
of the sensor head if the lunar surface were covered 
with a deep layer of fine dust. The circular segments 
shown in Fig. VIII-9 are the lugs by which the sensor 
head was held on the spacecraft during Right. 

In addition to the parts already mentioned, the sensor 
head includes a platinum-resistance thermometer, a 5-W 
heater, and an electronic pulse generator for calibration 
of the instrument. 

a. Source,. Curium20 is used as the source of alpha 
particles for the analysis. Its half-life, 163 days, is short 
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enough to aUow sources to be prepared with the neces­
sary high activity per unit area and narrow energy dis­
tributions, yet Jong enough that the sources have adequate 
lifetimes. The main energy of the alpha particles from 
Cmm is 6.115 MeV, with about one-fourth of the par­
ticles 44 kcV lower in energy. However, because of 
internal ,;.'Onverslon of this energy, the number of 44-
keV gamma photons Is only 4 X 10-• per dldntegrution. 
Other, higher energy, phr,''>ns ure emitted to the extent 
of 6 X 10-~ per disintegration. Most of these are of 102-
und 158-keV energy. In uddition, Cm20 emits 1.6 X 10-' 
neutrons per disintegration because of spontanf'Ous Rs­
sion. The dislntegrutfon rate of the daughter product, 
Pu:1811

1 builds up slowly, because of its much longer 
half-life. 

Curium is easUy handled In solution and In its oxide 
deposit. Cm~0 is readily prepared In curie qu:mtities by 
irradiation of Amm with neutrons in a nuclear reactor, 
foJJowed by chemical separation of the curium from 
americium and Rssion products (Ref. VIll-17). Excessive 
exposure of the Amm to neutrons is to be avoided to 
minimize the amount of Jong-lived Cm2u and Cm20 

produced. 

Flight sources are prepared by vacuum volatilization 
of the curium onto stainless steel plates. Each 3.2-mm-
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diam ter plate contain 20- to 70.mc of curlum in an 
area 6.6 mmi. Each plate i1 enclosed in a 1tainleu 1tffl 
ca1>1ulc, with a l-ollimator openin1 that ~strict• the 
egress of th alpha particle• from the plat to those that 
pa, through th 1am1,I port (about 2.2" of th total 
alpha p rticlcs emitted). Dc-talla of the construction of 
the capsule nrt• shown in Fig. VIII-I 1. 11le collimator 
oiwnlng is l'Overed with a Rim of aluminum o~de plus 
VYNS (polyvinylstyrcnc), with a total thickness of about 
1000 A, to prevent the l'<>ntamim&tlon of the • mple and 
the Interior of the 11en110r hc•ad with radioactive r.-,aterial. 
A 1t.'condary &Im, mounted ma a perforated plate, 111 

1>laced over the 1111 110urcc• openings to prevent conta­
mination in ca11c of failure of one of the prlmary Rimi. 
Thia platl', h rely di1<.'l1 nliblc In Fig. Vlll-9, Riis the arcn 
hetw •n the alpha dc~ttttor . These protl'Ctive Rims arc 
thin enough that the energy of alpha narticlea pa11inR 
through them 11 not sl'rioui.ly reduet"d. 

The source capsules <..'Onh1ln breather holes In the 1ide1 
to 1x•nnit equnlfzatlnn of the pr 11ure on the two 11ides 
of the collimator Rims, particularly during launch. The 
pa11ageways from thc•se breather boll's lead to the upper 
part of the sensor head to prevent contamination of thti 
sample chamber. Al10, a1 u precaution again1t po11ible 
contamination, the ~ourc • capsules are loaded into the 
11ource block from abovl', with the secondary Alm in plaCt". 

It was discovered after the Sun>eyor V missio~ that 
sufficient curium can collect on the co1Um1ator Alms by 
aggregate recoil to become a secondary source of alpha 
particles. These are not colltmated, so that some of them 
are scattered by the gold plating on the inside bottom 
of the sensor head. The result is a higher background 
for the experiment, one which gradu .. lly increases, thus 
reducing the sensitivity of the ~echnique for heavy ele­
ments. This effect was quite small In the Surveyor V 
spectrum, but was considerably larger on Surveyor VI 
(see Section VIII-E-2). For the Surveyor Vil mhslon, 
the sources were coated with carbon by sputtering from 
a carbon arc before installation into their capsules. The 
set for instrument F-3, used as a backup, was the more 
heavily coated, and showed very ltttle aggregate recoil 
in pre-Right tests at Cape Kennedy. In the ftfght sources 
actually used in the F-2 instrument on Sun,eyor VII, 
more aggregate recoil was found than in the spare 
sources, but it was considerably less than would be ex­
pected without the carbon coating. 

In the course of the development of the alpha­
scattering method, it was found that sources with activity 
densities greater than 0.1 curie/cm2 undergo rapid degra-
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sca"erln1 1en1or head. 

datfon when exposed to atmospheric moisture. The width 
at half the maximum height of the peaks in the energy 
spectra of the Right sources is on the order of 2 % of 
the total energy. This width is doubled if the sources 
are stored in an atmosphere of low humidity for about 
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1 wk. Th • 10urce1 depad thl, amount In Ina than 1 
day at hiKh relative, humidity. In the, I boratory, the 
10un.: •• afl' 111ton-d in de k.-caton and afl' 1hippod in 11 
clost.-d containlff' ftllt.-d with dry nitros•• and 1urroundt,d 
with mag1ec tum 1wn.:hlor11tl', a dt.'lin: nt. Th • quality of 
th IOUR.'t'I nlw had to ht• pre1t•rvt.-d durin1 the pre­
lnun ·h 1x-riod ut Cl\llC Kennedy (up to 2 wk) whet1 tht, 
im,trumcnt wn1 on tht.• 1paet.'l'r11ft. It was found, in I\ 

'"'ril'~. of k1tl with the b11trum •nt in 1imulakd 1>re-l,umch 
t-onditions, that tht.• 10urcc could he J>n>h'<·t<.-d by R 

conth1uou11 purge of the• t.•n10r head, ot u rntc of 0.3 
m,/hr, with nttro.it•n c.-ontuinin1 le11 than 25 lll'm water. 
To ac.'t.'OmpU1h this, tubing le,uUng from the 1mp1,ly of 
dry nitrogen was arrungt.-d to go to the top of tlll' luunch 
vehicle\ through the aerodynamic 1hroud, and into the 
in1truml'nt sensor ht.•ad vin thl' 1hort tuhc on the out­
board side. Tht• tuhin1 was diM·mmc'Ch•d from the 1hnmd 
just lll•fore launch. The t'Ollllt'Ction hctwt•t•n the 1hroud 
and tht• short tube wns hrokc•n nftt•r launch whl'n the 
shroud separatt.-d. 

Tht.• 1t·hc•duUng of 10urcc pn•puration for the Su"'cyo, 
missions had to be properly Rttcd into the flight sched­
ull's of Sr,rveyor, V, VI, and VII, which wer launchl'd 
at 2-mo intervals. The Rrst sh•p in source fabrication, the 
preparation of the Amrn oxide for neutron irradiation hy 
pressing with aluminum powder and encapsulation, could 
he carried out well in advance, since the half life of the 
Isotope Is rdativcly long ( 458 yr). The irradiation of 
the Amm (about 3 wk) ,md the chemical separation and 
puriRcatlon of the curium, however, hud to be performed 
not too long before sources were needE-d for Surveyor V 
if the curium from one irradiation were to suffice for all 
three missions. Otherwise, loss of curium due to decay 
would be great, and extensive repuriftcatlon of the mate­
rial would be required because of the growth of Pu2u 

activity and the increase of nonradioactive impuritie1 
from radiation damage of the containing vessel. Too early 
preparation of the actual flight sources would result in 
an undesirable loss in source strength, as the source 
plate1 were loaded with as much curium as compatible 
with the required narrow spectral width of the Cm242 

energy peak. On the other hand, source plates for a 
mission were required to be prepared about 2 mo before 
launch to allow adequate time for quallflcatlon of the 
sources, instrument calibration with the sources, and tests 
involving the complete instrument, spacecraft, and rocket. 
An additional complication was the requirement of two 
sets of sources for each mission, one for the actual flight 
instrument, the other for a backup instrument (F-3) 
which ,vas prepared, on eath mission, to substitute for 
the primary instrument ff necessary. 
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The, typical RqUttnee of evmta for nch source of a set 
w I a, follows. Cht.'ffllcally ilurlftc-d curium wu vola­
t1U1.Nl in ,•acuum from a 81 nwnt at whit hea.t onto a 
1t.ainlt• • tt' •I 1>1 le mounted lwhind a maak about I mm 
from tht• ftl rrwnt. St•ven aourc we"' prt'paft-d for c:ach 
1t.•t. Prelimin ry u1111y1 of int n ity and quality \ , rL 

ohtuhtt-d on th<-•• pl h••· n.c• pl tt•1, on Su'"yor VII 
only, wc•n• thc•n t'Obtt-d with c rhon from II carbon arc in 
v cuum, und u11ayc'<I upin. The 1a1 ay, of the qu Uty of 
thcNC' wurct•• )'il'idl'd u dc•tallc.-d energy diatrihuUon 
of tht• ulph11 purticlc•s c·mlttt•d hy the source. Thcv Wt'rt' 
ohtnlnc-d hy mt•usurin" tht• source•• with high-rewlutlon 
sllk'On dc•tt'<•toh and 512-chunncl pulse-height an ly1.cr . 

Tht• 10uret• 1,lutc ., ..vc•rc c•nclo .. ,d in th<'ir capsules; 
t'Olllmaton with Rimi who • thiclcnl'11 had he n mea­
surc-d wc•rc• installt•d: and then Rn I c rtiftcatlon of the 
·.ourcc1 wns 1x•rformt.•d. This Involved a flnnl a••)' of 
thl' intensity and pulsc-hl'ight analyse• of the energy 
distribution of the purticlc1 from rach source. Two of 
the1e p11l1l'-hl'ight analyse• we,,- at normal dift"Ctl n from 
the 10urce, hut coven•d dlffc•rcr. t enl'rgy l't"gion1 to pro­
vide dctullc.-d information not only of the chaructertstics 
of the main 1roups of alpha particle, from Cm20, hut 
also data on tht1 tiny amounts of othe1 radioactive specie, 
present, as well as on the relatively l(Jw-energy, contin­
uous distribution always present tn small amount, in 
11uch source1. Two other pulse-height analyses were made 
18 deg away from the normal direction to obtain this 
same informatiou in at least one off-normal direction. 
The set of sourct. s was vihratlon-testl'd and shipped to 
Cape K(•nncdy for installation into the instruments. 

This procedure took about 2% wk per set of source, 
and, since two sets were needed per mission, about 5 wk 
per mission. The sources were installed Into the sparr 
instrument 3 or 4 wk before the launch; they were 
Installed into the flight instrument 2 or 3 wk before the 
launch. Thus, the 2-mo interval between launches wa1 
barely sufficient for the source preparation schedule. 

b. Particle utecton, All the pnrtlcle detectors were 
developed, built, and tested especially for the Surwyor 
instruments (Ref. Vlll-18). Two of the detectors were 
designed to register and aneasure the energy of alpha 
particles scattered back from the sample. These alpha 
detectors are located very close to the sources (see Figs. 
Vlll-9 and Vlll-10), 7.0 cm above the ~nmple port. The i 

nveruge scattering angle for alpha 1xutides is 172 ± 4 deg. 

These alpha detectors are of the silicon surfa« .. banier 
type, with an evaporated-gold front surface. Details of 
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tlw dtit'lior u w·mbly ,art• 1hown ln Fla. Vlll-11. Rvmov• 
11bll• mu1k with 0.2-c·mJ opt.•nlnp ,are plat'l♦c.l in front 
of ttw drtttt·ton M> thnt 11lphn 1,urticlt wlll ht• re•1i1tt♦rt-d 
only in the• l"t•ntr11t. uniformly 1t•r11ltivt•, 1,urt of tht­
dt•lttt·tor. On tht'\t' n, ,,b. thin VYNS fllm1 11,utt,.,NI 
with gold ur,• nacnmh♦c.l to 1>rntl'Ct thc• dt•tt'Cton from 
rulllo,wtivt• t.,mtumhw.tioa, du1t, und t•1et•11,ive llKht. TIM' 
dtit't·ton wt•rt• rt•vn,w ~>h11t-d ( 4 to 7 V) to produce• u 
"'ll!iitivt• dt•t>th of 111>1wo1hnutt•ly 50,-. fTht•1t• dt•tt'<•ton 
huv,• 1om,• 1t•n1itivity ut acn•uh•r d1•1,tt·, .) Thi• he lurK•' 
t•nou.ch to rt•tebtt•r th,· full ,·n,•rgy of un '1.2-M,•V nl1>hn 
()Urticlt•, hut only u fructicm of thut of mo t proton• or 
c•lt't.imm. 

Tht• proton" from (ca, 11) r,•uction1 in tht• 1umplt• ar,• 
dl'tt'<'tl'd ut •mullt•r ungl,•11 (ubout 135 tleg) thun the 1eut­
tt•r,'ll ulphu 1,articlt••· Figure• Vlll-10 1hc,w1 " dingrum• 
mutic vi,•w of tht• sourt.'t'• &&mplt••dt•tt-ctor n•l11tion1hip, 
in thi1 cu1c•. There urt• four proton dt•tc'\.-tor u1 mbUc•1 
rdtuutNl 1ynunt•trk-11lly 11hout tht• ,•tmtt•rUnt• L~ the• 
in11truml'nt, us cun ht• ,w,•n through the 111mpl<' port tn 
Fig. Vlll-9. 

Tht• proton dl'tl-cton ure of the• Uthium-driftt.'fl 1ilicon 
type (Ref. Vlll-18) opt•ruted with u collection voltug<' 
of US V. 1 hl' ,wnrdtivt• depth is 111>pro1hnately 35(),_., 

1ufRcicnt to register the full cnt•rgy of a 6.4-MeV proton. 
Figure Vlll-11 1how1 some dl'tuil1 of the 1111embly of 
these dctcctor!II. The detection area of each system ii 
de&ned by a mask in front with an opening of 1.18 cmi. 
Gold foil , npproximutely l lµ thick (about 21 mg/cm') 
are mounted on these masks and completely absorb any 
1cattereJ ulpha particles, allowing preton1 of energy 
greater thun US McV, entering normally, to get through. 

Isotopic alpha source• (Pu2~·•, Cmm) were used con­
tinually to check the characteri1tic1 of the detectors. 
In the case of proton detector11 covl'rl'd with gold foils, a 
Thm source, in equilibrium with its decay products, 
which include un 8.78-MeV alpha emitter, was used for 
this purpose. 

Very small amounts (about one disirategration/min) of 
einsteinium (E12~•, t "- =-= 276 clays, T. = 6.44 MeV) are 
placed on the inside of the gold foil of each proton 
detector and on the VYNS Rim over each alpha detector. 
The high-energy alpha particles from this nuclide are 
used a, an internal standard for the energy callbraUrm 
of both alpha and proton systems of the instrumea1t. 
They appear in the spectra as peaks at approximately 
channel 110 (see, for example, Section VIII-E-2). The 
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t•v1.-nt r t of thc.v aalpha p&rticln at♦rvt'CI Also •• 11 crud,• 
livt••tht••• monitor f o, tlw in trumt•nt. 

~" it "'"" t'll>t'<·h'tl thut tlw rutt- of 1>rotcM1 t•vt•nb 
from &a 111m11l1• would ht• rc•lutivc•I)· low 11nd thut the con­
tributioo of 10l11r und cosmic ruy proton• cm the moon 
to th•· buckground would l1t• htKh, the- proton dl'tC'Ctor1 
wc•rc• huc•kt'll h)· KU&1rd dc•h'tior11 (Mtt- fill, Vlll-11 ). Tht'lt' 
Urt' ul110 Uthium-drif tc'CI ~m,,m dc•tt'Cton. sonwwhat 
lur,i,•r (3.M cm1 ) t'111n tlw proton dt-tc'Ctor und plucc♦d 
u1 do1t• "" po Nihl,• uhovc• tlll'm. Th,· s1•t11ltlvc• dt•1>th of 
th,•1t• dt•h'Ctoric ire 400µ; tht•y ur,• 01wrutt'll ut a bias of 
10 V. (Thrt•t• of thc•1t• dc•tc-ctora on the• P-4 inrctrumc-nt 
wert• hi111t'll ut 20 V.) 1' lac• t•lt'Ctricul d"-uit is such 
(Rc•fs. Vlll-13 und Vlll-14) th11t proton dc•tc'<'tor cvmtl 
thut url' coincidt•ut with JCUurd t•vt•ntll arc• not r, .. gi1tered 
nN pr,,ton ,,v,•nt1 in tht• output of th,• instrument. This 
ll(lprt'<•inbly t.-ut1 down tht• bud,ground caused by high­
t•nt•rgy proton" l'Oming from uhovt•, while not affecting 
ttw d,•tt-ction of 1>roton1 from the• sample unlc11 tht• 
gu,ard t•vc•nt rut,• i• inordinutl'ly high. The total l'Vent 
ruh• in tht• guurd dt•tl'Cton 111 ml'a11ured by n rot<'met<'I' 
who1l' rl'1pon1e in vollll, 111 " function of t•vent rate, 11 
shown in Tublc Vlll-3. 

T•ltl• Vlll-3. Ouar-' r•••n1••r r••p•n•• 

'" ... ,., MtelMI v ....... v 

10 0.010 
30 0.300 

100 0.,00 

300 1,100 
1000 2.$00 

.,. E,.clronlc,, Th" busic electronic circuitry in the 
sensor head i1 dcscrllx'CI in Ref,. Vlll-13 aud Vlll-14. 
It con1i1t1 e11entially of preamplifters for the individual 
detectors, a mixing circuit and postampliftM for combin• 
Ing, in parallel, the outputs of the appropriade detectors, 
a threshold gate (set at aprro1imately 0.6 MeV for 
events in the nlpha and proton detectors, and at 0.3 MeV 
for events in the guard detectors): and a height-to-time 
converter that produces a signal whose duration i1 pro• 
portional to the energy (le11 the threshold energy) de­
posited in a detector by a particular event. It i1 this 
time-analog signal that is transmitted along a cable 
from the sensor head to the electronics package on the 
spacecraft. There are separate systems for the alpha and 
proton modes of the instrument. The outputs of any 
alpha preampllfter or proton system (proton preampltfter 
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11nd the 11110ctatad sward 1y1t m) can be blocked by 
rth a>mnuand. 

A block d"apam of tht- «'IC'dronlc circuitry In the 
aoosor tal•11d of tht• Su~11or ln1tru11wnts I• shown In 
Fig. Vlll-12. It dlfft-r• from thut d,'ICl'll>t'd In Rrf. VIU-13 
l>«'llu of th,· lnclu•lon of " mixing clraalt with more 
1tublt' pt'riormunct• (ltt • d1•1x"11dt-nt on tht• numl>N' or 
dt'trcton lnclud,od, and with a 1mullrr ti-mpmaturt' a,. 
ttfftcl mt\ an ,ntt-rnal pulR amrrator that tun be.- turnNI 
on sand o:J b)' f rth commund, 11nd a ,cuard 111tttmeter. 
The, pulat- geiK'l'&&tor lnh'Wucn i-lcctrlcal pullC'I of two 
known magnitude, (corre1pondl'lg to aapproxlmntely 2.5 
und 3.5 ~lt•V) ut th,• d,•tt-ctor ~tugt•• of t•uch of tht• 
11lph und pr<>ton •)'•h•m1. Thl' pul1<•1, ut u ruttt of 
11pproxlmuh•lr ten pt-r 1t'COnd, ar•• produCt'd h)' un rlttt'• 
tronwchnnlcal r<•la)'. Furth,., det11U1 on tht• dNhCn, con-
1tructlon, nnd pt•rformunet• of thl1 1,ul1t~ g,•nerntor cun 
I><' found In R,•f. \'!11-14. 

d. Tlw"""I eontrol, A 11evere llmltatlon on lunar 1ur• 
face operation wa1 expected and found to be the lar1e 
ran1e of temperature• that could prevail. In early morn• 
Ing and late evening, and In thP shadow of local terr In 
or port, of the 1pocecr,,n, tcmper11ture1 could be much 
below - 50°C; on the othrr h11ncl, near local noon, with­
out some temperature control, nn object on the lunar 
,urf ace could easily rcath temperuturl'1 In exce11 of 
+ US0°C. The tK.-n■or head WRI designed to survive tem• 
peratures a, high 111 -t •· 'C and to operate between 
- 40 and + S0°C. The upper operating temperature 
limit 11 determined by the detecton w~ charactt'I'• 
i1tie1 degraded rapldl)' above this point. 

Thia thermal rontrol 11 achievc..-d by providing a rt-• 
fll'Ctlng gold-plahtd surface for the side, and bottom 
of the aensor head to r<,tduce the abaorptlon of in&ared 
radiation from the hot lunar surface. Th se port, are 
thermall)' isolated a, much a, practical from the top and 
int ,111or purts thut contain the detectors, sources, and elec­
tronics. Rigid mechanical attachment (with minimum 
thermal coupling) between the two section, l1 achieved 
by using titanium 1trut1 of 1mall cro11 section. The top 
1urface, a le<.'Ond-1urface Vycor mirror, 11 thermally 
coupled to the interior of the senaor head. It ii designed 
to reflect radiation In the visible rc,gion from the 1un, 
but to radiate infrared from the instrument to cold space. 
A commandable 5-W heater 11 used for rontrol at low 
temperatures. Isothermal condition, for the interior of 
the instrument, including the detectors, sources, and 
electronics, wel'e promoted by use of indium ga1ket1. 
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More detalb on the thermal dnip and t ti c111 be 
found in Ref. Vlll-18. 

1.EINtroalaPaapofthelmtftlfflllll 

The, 1,-ctronlcs 11110clated with the alpha-iattenn1 
in1b'Ulllfflt (othrr thaan that In the sttnlOI' head) consist 
of the digital clc -:tronics unf t and the irctronlc auxiliary. 
They art" <.'Olltnln«I In au ln1ulatt'CI box (C'Offlputment C), 
which II nttacht.'C.I to th,• upper part of the ..,aceframe 
(IIC.'e Fla. VIU-8). For 1,u1 ivt• control of tempenturn At 
hiah sun ana"-'•• the top of thl1 compartment 11 painted 
whit to promote radhatlon to 11, ce. A 10.W heater, 
conumandable from earth. provld •• 10nK! '-'Ol'ltrol ,at low 
temperature,. 

The dl11t11I electronics unit (see Fig. Vlll-12) converts 
the tlmc-anolo1 1lpal1 from the senaor h d Into 9-blt 
binary words. Separate 1ignal1 ldentlf)' the cneraies of 
11lpha and protcn event,. Seven bits of each word identify 
the channel (out of 128) that r present• the e.,ergy of the 
registered ev nt. T~o extra hit• ar added before tr n•• 
ml11lon, one to Identify the start of the word ,nd cne 
at the end of each word. a, a pority ch le on tran1ml1-
1ion error,. Buaer regl1tera provide temporary 1tora1e 
of the energy information for readout Into the 1pececraft 
tel metry 1y1tem. The tran1ml11lon rates are 2200 bits/sec 
for th alpha mode and MO hits/sec for the proton mode. 
Events of energy greater than the range of the 128-
channel analyzers ore routed to channel 128 ( overflow 
chunnel). The digital electronics unit also contain• power 
1npplie1, a temperature sensor, and the logiCld electronic 
lntcrf uce1 between the Instrument and th 1pacecraft. 

The required electrical interface, among the senaor 
head, digital electronics, and spacecraft cln·ult1 are pro­
vided by 1'n electronic auxlllary that provi,les command 
decoding, signal processing, and power mall4&gement. 
Basic spacecraft circuits that interface directly with the 
1enaor head and digital electronics are: ( 1) the central 
signal processor, which provide, signals at 2200 bitl/aec 
and &'SO bits/sec for 1nychronlzotlon of instrument 
clocks; and (2) the engineering signal processor, which 
provides temperature-sensor excitation current and com­
mutation of engineering data output,. 11le operating 
temperature range spectfted for the electronic auxiliary 
11 - m to +55°C. 

1'he electronic iluxlliary provides two data channeb for 
the alpha-scattering Instrument. The separate alpha and 
proton channels are Implemented using two subcanier 
osclllaton with center frequencies of 70,000 and 5400 Hz, 
respectively. 
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In summary, the output of the alpha-scatterinl Instru­
ment 11: (I) science data (the data stream alvlng the 
channel numbers of the alpha and proton events), and 
(2) engineering data (temperature of the sensor h ad an,1 

the dlgitul elt.actronic8 unit, voltage on the guard detector 
ratemeter, voltuges at two points on the Instrument, and 
information on thl' l'Omhlnation of detectors UK'd). 

3. Test and Callbt·atlon of the Jnstnament 

Each of the flight Instruments was extensively tested 
and calibrated to ensure Its quality and to establish Its 
characteristics. The testing was performed under more 
severe conditions In the type approval model (P-3) to 
ensure ,hat no component In the units was near tht> 
threshold of failure at the limits of the normal conditions. 

The Rrst of these Right-instrument tests was normally 
performed upon completion of cc,nstructlon. Their char­
acteristics (posftion of pulser peaks, response to standard 
sources) were established under thermal-vacuum con­
ditions from - 40 to + 50°C, with the sensor head and 
digital electronics unit at the same, as well as at different, 
t~mperatures. The approximate instrument temperature 
coefBclents, used to correct the data obtained in near­
real time during the Surveyor missions, were derived 
from these tests. Typical data on the Sun,eyor instru­
ments gave a few percent change in overall g.1in over a 
90°C temperature range. 

The units then were subjected to the thermal-vacuum 
part of the flight acceptance test at the Jet Propulsion 
Laboratory. This was similar to, but less extensive than, 
the test conducted upon completion of construction. 

The units then went into a "science-calibration" stage. 
Here, using Sight-intensity sources, the response of the 
Instruments to about 15 different samples (pure elements 
as well as dmple chemical compounds) was established. 
This science calibration provided the library of elemental 
responses (see, e.g., Fig. VIII-4). 

The sources were then removed and the instruments 
were exposed to 50- to 150-MeV protons at the University 
of Chicago synchrocyclotron (cyclotron tests). The pur­
pose of this test was to verify the proper behavior of the 
guard detectors and of the instrument in rejecting events 
iu the proton detectors that were due to energetic par­
ticles coming from above the instrument (solar and 
cosmic rays). The units were then subjected to the shock 
and vibration part of the flight acceptance test. Several 
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of the ln1tru1neut1 were also tested at the Caltech tandem 
Vnn de Graaff machine to study th detailed characteris­
tks of the detectors. The ln1trument11 were then delivered 
to tht- Hughes Aircraft Company for further testing, 
mating to the 11pacecraft, and checking of the entire 
spac.-ecraft (Including the ln11trurnent1). 

Soon after arrival at Cape Kennedy, the sensor head 
went through an additional check of its characteristics 
over a tt•mperature range of O to + 40°C. The flight 
source11 were then installed, nnd a selected set of samples 
wu11 measured before reinstalling the sensor head on the 
spac.'t•craft for Anal pre-launch tests. During the time 
that Right sources were in the instrument and It was not 
In vncuum, dry nitrogen was flushed through the ur,lt to 
pn•vent dett'rloratton of the sources. 

In all instrument tests that Involved the spacecraft, the 
calibrating pulser wa11 Invaluable In providing relatively 
guide, and almost COl'l"l1lete, checks of the state of the 
instrument. 

Becaust> the silicon detecton were Important to the 
experiment's success, they were subjected to severe quali­
Rcatlon tests even before installation in the instruments 
(see Ref. VIII-18). If a detector became unreliable (usu­
ally as evidenced by low channel noise, or a broadening 
of the pulse generator peaks), this detector, or (in the 
case of the proton and guard detecton) the detector 
system, could be replaced with tested spares. The instru­
ment was then usually subjected to a .. penalty" test to 
ensure that the change had not affected other character­
istics or reliability. 

The extensive precautions and tests of the instruments 
and detectors resulted in more than 150 hr of lunar 
surface operation under nominal conditions of three 
alpha-scattering instruments (each with ten detecton). 
Although two dettctors became temporarily noisy, at a 
temperature close to the upper limit for which they had 
been qualified, the instruments performed well in all 
other respects. 

4. Deployment Mechanism 

The deployment mechanism provided stowage of the 
sensor head during flight and after landing on the moon, 
and provided deployment to the background position 
and to the lunar surface. The sensor head is mounted to 
the deployment mechanism by means of three support 
lugs on the bottom plate (Fig. VIIl-9). Clamps that 
engage these lugs are released in the ftrst stage of the 
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Pl9, Vlll-13. Operation of th• alpha-scatterln1 cleploy­
ment mechanlam. 

deployment operation. Figure VIII-13 shows the two 
stages of this operation. The sensor head is flnt released 
from the stowed position to a suspended position 56 cm 
above the nominal lunar surface; at this time, the mount­
ing platform falls away on the activation of an explosive 
pin-puller by command from earth. From the back­
gro~nd position, the sensor head is then lowered directly 
to the lunar surface on command by activation of another 
explosive pin-puller device. The deployment velocity is 
controlled by an escapement. 

A sample of known composition is attached to the 
platform on which the sensor head is mounted in the 
stowed position. This standard-sample usembly coven 
the circular opening in the bottom of the sensor head 
during spacecraft flight and landing to minimize the 
entrance of dust and light. It also provides a means of 
assessing instrument performance after landing by an 
analysis of a relatively comp!ex substance under lunar 

1 conditions. The standard sample was a piece of glass 
whose principal constituents were oxygen, silicon, mag­
nesium, sodium, and iron. It was partly (20 to ~%) 
covered by a polypropylene grid to provide a response 
from carbon. Measurements on the actual sample carried 
on the mission were made by each instrument in the 

I science-calibration stage; during the Cape Kenned)" phase, 
the measurements were repeated on similar samples. 
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5, Detallecl Charactertstlcl of V arloUI lllltrumc,nta 

Although all the ftfght instruments wer, constructed 
to be essentially identical, there were some small dfler­
ences among them. Some of the important, detailed 
characteristics of the instruments and the extent to which 
they differed are discussed in the following paragraphs . 

Table Vlll-4 lists the dates of completion of various 
phases of construction and tests of the instruments. 
Instrument F-3 was not carried through engineering 
systems tests in conjunction with a spacecraft as were the 
other three flight instruments. It was loaded with flight 
!lources and carried through Anal calibration tests at 
Cape Kennedy for each of the last three Surveyor Sights 
as a backup instrument. 

Detailed records of the stability of the instruments' 
characteristics over the many months of testing are given 
in Ref. Vlll-14. These records indicate that, during the 
missions, the channel number corresponding to a given 
energy event in el ther thf' alpha or proton system should 
he known to better than 0.3 channel at a given temper­
ature of the sensor and electronics unit. It was expected 
that the calibrating pulser and the Es21

" would give more 
direct, confirming evidence on the characteristics during 
the mission. 

Tahle Vlll-4. Instrument development event, 

'""' , ... P.I P.I ,., 
lflfflUIHflt CIOMtrUC• 10/1/66 12/19/66 3/6/67 3/30/67 

tlofl COlll,letetf 

A"e,t■,.g teaf 10/29/66 1/23/67 '/19/67 5/13/67 
C0111"9tetf 

lcleflce c■Hltratlofl 11/22/66 2/16/67 ,,,/67 5/2/67 
eo111,letetf 

CyclotrOfl t .. ts 11/22/66 2/1/67 •/25/67 5/29/67 
Unit tfeff•er•tf to 1/11/67 3/7/67 5/17/67 7/7/67 

Huth•• Aircraft 
eo-,a11y 

lolar•therlllal••acwa 5/13/67 7/1'/67 •l•/67 NAb 

letts Oft ,,acecraft 

C•ltl11etf 1yttet11 te,t 6/21/t.7 NAb NAb NAb 

latflaoctl¥e IOUl'C .. 112,/67 10/20/67 12/20/67 1/17/67 
ll11talletf afltf fl11a I 10/10/67 
t"ts ,tartetf at 12/6/67 
Ca,• Ketmetfy 

Laundl 9/1/67 11/7/67 1/7/61 NAb 

Total houn of oper• 925 1309 791 NAb 

otlofl at lauMh 

•Ther111el-vec1111111 "" ef flltflt-cepte11ce lelt, 
11Net •Nllceltle. 
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Toltle VIII-I. Prl11cl,-I cho,.ctfll1ffc1 ef •••re•• 111-4 •11 the luNr 111l11le111 

o ........... 

CwlVlll-2'2 ...,,,. ct.ar■ctetlttlct 

Tet■I lfttetltlty ■t ...,.._.,.. (.tltiftte1r■tleM/111lflt 
Date ef t■vchftwfl 

MHfl , ....... .,IY, threu1h ,.,.. •••• MeY 
lfler11•..-H.t r■fll• for tla teurcet (PWHMt, ,. 

Ch■ racterlttlct af eo111,-lte cwlVlll-242 MMe• e,ectr• 
(Me Pit, YNl-14t 
lfler11 at , .. 111, MeY 
Pull wl.ttll ■t half 111Hllllvlll, " 

Pull wl.ttll at 0.1 MHIIIIUIII," 

Pv11 wltftll at 0.01 •••""•• " 
ThlcllneH of 1•COMlar1 flllllt, .,..,IY Iott lfl 111llllafl electrofl 

¥Oft, for 6.1-MeV al,"■ 1tartlcle1, MeY 

lfler11 of al,"■ ,artlcl•• IMl.teflt °" '°"'''• (Ntllllatetf 
1tHII of •1t•ctr•I, MeY 

Table Vlll-5 gives the characteristics of the Cm•0 

sources that were used on the three lunar missions. The 
total intensity (in terms of disintegrations/min) of the six 
sources on the date of lunar touchdown was calculated 
from the last assay of the sources shortly before shipment 
to Cape Kennedy (a half-life of lM days was used to 
correct for decay during the intervening period). The 
Intensities were almost the same on Surveyor, V and VI, 
but were about 70% higher on Surveyor VII. The mean 
peak-energy values are the weighted aven)ges of the 
peak energies of the Individual sources, as measured 
aftea' encapsulation (i.e., through the collimator prote<.• .. 
tive Sims). The uncertain ties listed are the standard 
deviation of the values from the . mean. As might be ex­
pected from the higher intensity and the presence of the 
carbon coating, the mean energy ofthe F-2 (Surveyor VII) 
sources is the lowest, but the difference from the othen 
is not great. The energy-spread range is a listing of the 
lowest and highest of the six values of the width of 
the peak at half its height, expressed in percent. Again, 
the range is shifted only slightly upward for the more 
Intense sources used on F-2. 

Figure Vlllrl4 shows the composite energy spectrum 
of the six curium sources In each of the three sets of 
sources used on the lunar missions. These spectra were 
obtained from data on the individual sources after encap-• 
sulation. Table VIII-5 lists some of the characteristics 
of these composite .specb a. 

Table VIIl-5 also lists the thickness of the secondary 
fllms protecting against source escape on the three lunar 

321 

, .. .., ... -
2.75 X 1011 2.76 X 1011 4,70 X 1011 

a.,t .. a.er I I, ...... -..,10, MIIN,Y 10, 
IH7 IH7 "" ,.o4 ± 0.01 ,.o, ± 0,02 ,.02 ± 0,01 

1.2 t■ 2.0 1.2 t■ I.I 1.a .. 2.2 

6.040 6.041 ,.010 
1.7 1.5 .. , 
,.a 2.1 a.a 
5.1 4.f 5.a 

0.010 0.027 O.OH 

,.oa 6.01 5.H 

missions. The secondary Rim on instrument P-4 was much 
thinner than on the other two instruments. It was made 
up only of VYNS, instead of a combination with alumi­
num oxide. 

Table Vlll-6 lists some of the principal characteristics 
of the detector and electronics systems on the instru .. 
ments. The alpha detecton had an 800-A layer of evapo­
rated gold on their faces. The energy loss corresponding 
to this thickness is indicated in Table VIII-6. The thick­
nt"sses of the light-protective Sims over the alpha detec­
tors, expressed in terms of energy loss for 6.1-MeV alpha 
particles, is also shown In Table VJIJ.6. These Rims were 
not wP-11 matched in the case of F-1, so that separate 
vJllues are given for the detectors, instead of the average 
value used in the cases of P-4 and F-2. 

The proton detectors had 400 A of evaporat ,,d gold on 
their front faces. This was negligible, however, compared 
with the thicknesses of the gold foils in front of the 
detectors. These foil thicknesses are stated In four differ­
ent ways: In microns, in mflligrams per squ11re centi­
meter, in energy losses by 6.1-MeV alpha particl~s, and 
by 2-MeV protons. F-1 had the thickest foils, w!1ile F-2 
had the thinnest ones. On a given instrument, the foils 
on the separate detectors were matched to within 2%. 

Table VIII-6 also contains details concerning the 
approximate electronics energy scales of the different 
instruments. These are expressed In terms of a linear 
equation: 
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Teltle vm.,. Prt11c1,-1 ch .. ctert1tlc1 ef the d ... cten end 
electre11lc 1y1te1111 u1etl en Iv,.., 111l11le111 

a. ............ P-4 .. , ··• 
.. ,... 4etecter• 

TMoNtl ef Av 4etecter wf•c• 0.0H O,0H O.OH 
(eMfty leM ,_, 6. I •MeV ..... 
,ertlclett, MeV 

TtlldaM11efel,- .... •• 0.02' o.o,o, 0.0H 
(eMfty leM ,_, 6, I ,MeV el,- 0.02' 
Jertklett, MeV 

,,..... 4etecter• 

Oel4 fell thldlM•, I' 10.I "·' 10.S .. , .. 20.1 22.0 20.3 

ht1y leM ,_, 6. I •MeV S.I •. , s.s 
•""9 ,ert1c1 .. ,MeV 

hrty leM ,_, 2,0,MeV ,,.._., 1.17 1.2' 1.U 
MeV 

llectreftla eMflY ecele (et 2S°Ct 

AJ"'9 

·• ,Jw,Melt/MeV ·,.ao ''·" , .... 
"'°· • ., •. et\.,IY rfleMet - 12.0 - 10., - 10., 

,,...,. 
·• ,Jw,Mett/MeV It.I I , .... "·" 
H", ,.,. • ..,.,,y dleMel - 11.65 - 10.7 _, ,., 

where N is the channel number rorresponding to an 
energy, E; k is the gain (in channels per million electron 
volts); and N° is the effective zero offset (in channeb) of 
the system. The ronstants are given separately for the 
alpha and proton modes and are applicable for both 
sensor head and electronics at 25°C. They were deter­
mined from the response of the system to alpha particles 
of known energy and from the positions of the two 
pulser peaks. 

D. Experiment Control and Ml11lon Operation, 

1. Alpha-Scatterin1 Analysls and Command 

The Alpha-Scattering Experiment on the Sun,eyor V, 
VI, and VII missions was controlled from the Space 
Flight Operations Facility (SFOF), Pasadena, California, 
by means of romm1.mds transmitted to the spacecraft 
from the tracking stations. These rommands were chosen 
on the basis of the analysis of data received from the 
spacecraft and relayed to the SFOF during the mission. 
The commands rontrolled: 

( 1) Spacecraft power to the instrument. 

(2) Deployment of the sensor head. 
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(3) Number of detecton used. 

(4) Electronic caUL,,atlon puller. 

(5) Hrater power for thermal control. 

Table Vlll-7 list. the command auipments for the 
alpha-scattering system. 

Two types of information relative to the Alpha­
Scattering Experiment were transmitted from the space­
crQft: engint.-ering data and science data. 

The seven engineering measurements monitored are 
listed in Table Vlll-8. The instrument temperatures were 

Taltl• Vlll-7. Cen1n1a11d a11l111n1ent1 

c ....... . ........ 
UOI AJ"'9,1eetterift1 ,-wer °" 
U02 AJ"'9°aceHerlfl1 ,c,wer eff 
U03 ..,_, hH4 heeter ,-wer °" 
uo, ..,_, hee4 hHter ,ewer eff 
HOS DeJley te ltedl1reuft41 ,otltloft (lflterlocke4 with 36 I 7t 
U06 De,ley te lune, wrfece (l,iterledle4 with 36 I 7t 
U07 Al"'9 4etecter I °" 
UI0 Cellltretloft ,.., °" 
UII ,,...,. ,.,.ctor' Oft 

Ul2 ,,...,. 4etecter, 3 •"' , off 
uu ,,otoft , ••• cte, 2 °" 
UIS Al,he 4et•ctor• I o,i4 2 off 
Ul6 ,,...,. 4etector, I •"' 2 off 
U17 ,,...,. 4etector I °" 
U20 Collltrotlofl ,ui.e, off 
3522 ,,otoft --·••ctor 3 °" 
U23 Al,ho 4otecter 2 °" 
3617 l,iterlocke4 with 4e,loyw1e,it COMIIIH41 
ous c .. ,.,..,.. C hHter ,owe, off 
0136 c..,.,_.,., C hHter ,owe, °" 

Table VIII-I. ln9lneerln1 data 

............... ............ ...... ....., 
AS,3 S...eor hHd to111peroturo 
AS,, COlllp■""'ent C (dl9ltol electronlat tMperoture 

AS•S Ouor4,roto 111onlter 

AS,6 (dl9ltoll At IHtt °"" alpha detecter °" 
AS,7 (dl9ltal) At IHet one protoft dotecter °" 
AS•I 7.y 111omtor 

AS,9 2',V 111onlter 
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mcusu~d to determine whether they were within operat­
ing limits, to pl,m mbsion operations, and to provide, an 
approximate corrt>t·tion to the enersy spectra in the real­
time data anal)•sis. Power-supply voltages were moni­
torc.·d to determine wht•thl•r they were within limits and 
to diagnon· pos,dhlt• prohll•ms. The two digital measure­
m,·nts gave nn indication of detector conftguration as a 
ch,•c·k on the propt•r receipt of commands. The guard-rate 
monitor gave a measurement of the event rate in the 
gunrd detectors. This provided ,nformation on the radi­
ation bac·kground as well as on the proper functioning of 
the detectors. 

Tht: science and engineering outputs of the instrument 
were transmitted to earth via the spacecraft telemetry 
system. (Details of this system arc described in Ref. 
VIII-HJ. ) Figure Vlll-15 is a simpliRed block diagrnm 
of the spacecraft telemetry system, con8gured for the 
transmission of alpha-scattering engineering and science 
data. In this Rgurc, the numbers abo\'c the blocks indi­
cate the commands nece11Sary to activate the various 
telemetry subsystems. It is seen that the science data and 
engineering data could be received independently. In 
particular, science data could be received only when the 
instrument and pre-summing amplifiers were activated. 
Engineering data from the spacecraft were transmitted 
via one of several engineering commutators or telemetry 
modes. Alpha-scattering engineering data required use 
of the mode 4 commutator. Instrument temperatures 
could be received at all times in mode 4; however, other 

3SOI 
0207 

ALPHA-SCATTERING ALPHA DAT4._ 
INSTRUMENT -

AND PR E·SUMMING ELECTRONIC 
AUXILIARY PROTON DATA 

(SUBCARRIER 
OSCILLATORS) 

ENGINEERING 
nAT4 _ 

-

021S/0216 

SUBCARRIER 
OSCILLATOR 

3.9 kc 
OR 

7.3~ kc 

A MPLIFIER 

J 

enginc..-ering data could be rect'iv~ only when the inatru­
ml•nt powt•r w,u tumttd on. 

The science data consisted of 9-bf t digital words that 
c·haracterized the energy of each of the analyzed alpha 
particles or protons. These data were generated as 
st•parutl• nlpha and proton bit streams and modulated 
separatt• subcarrier oscillators (Ref. VIll-19); they were 
then combined with the engineering data and trans­
mitted by the spacecraft to earth. The composite signal 
from the icpacecraft, including non-alpha-scattering engi­
neering data, was recorded on magnetic tape at the 
tracking stations. These tapes containing the raw data 
comprise the primary source of the alpha-scattering 
information that will 1:w used in po t-mission analysis. 

In addition to being recorded for later use, the data 
were monitored and subjected to computer processing 
during the mission so that proper control over the experi­
ment could be exercised. This real-time control was 
necessary for several reasons. Since the outputs of the 
two alpha and the four proton detectors were summed 
separately, early in the spacecraft signal processing, a 
degradation in performance of any of the detectors would 
have influencrd the totul output of the data stream gen­
erated by that type of detector. It was possible, however, 
hy <>arth command to hlock the output of any detector, 
or combination of dett.:octors, from contributing to the 
data stream. Thus, when detector noise was traced to a 

0210/0211 0101/0104 

SUMMING TRANSMITTER TO AMPLIFIER A ORB ANTENNAS A ORB 

F19. Vlll-15. llock dla9ram of part of the spacecraft telemetry 1y1tem, confl9ured for the tran1ml11lon -,f alpha-
1caHerlnI data. 
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~1wdfk clt•h'l·tor, it was possible to rcmo\'t' its c-ontri­
hution und thus 'lUfft•r no further data dt•gradation other 
than thut c·orn•sponding to u lower t•vcnt rate. 

Another reced for real-time procc11ing urose from the 
irreversible sequt•nc-c of cvt•ntl I •ading to the deployment 
of the sensor head from the spacecraft to the lunar sur­
face. Before releasmg tht• instrument from the stowed 
und background positions, it was necessary that sufficient 
good data be available to aHcH both lunar background 
radil1Uon and the performancl' of th<' im1trument. This 
infonnation was net.•dcd to analyze the chemical data and 
tll plan other spacecraft opt•rations. 

A simplifit•d block diugrum of th,• ,•nrth-hus,•d sysh•m 
used in the data recording and real-time analysis is 11hown 
in Fig. Vlll-16. In this sysh•m. dnta w,•n• processt•d in 
two stages: (1) at three Deep Space Stations (Goldstone, 
California; Robledo, Spain; Canberra, Australia), where 
tht• dntu wt•n• n•ct•iv,•d, und (2) ut th,• SFOF, wht•rt• 
the ex1,eriment was coutrolled. 

At each Deep Space Station, after demodulation, 
discrimination, and bit synchronization, the alpha and 
proton data streams entered an SDS-920 computer, where 
perioJic accumulations of the spectral data were made. 
Each of the three Deep Space Stations was con8gured 
to perfonn the data processing shown in Fig. VIIl-17. 

For the real-time operations, the alpha nnd proton data 
streams were discriminated and conditioned to be accept­
able to an SDS-920 computer. This on-site compute:r 
perfonned the following functions: 

( 1) The two incoming data streams were bit synchro­
nized and fonnatted into data words representing 
the energies of the detected alpha particles and 
protons. 

(2) The channel number of each word was determined, 
and its parity was checked. On the spacecraft, the 
alpha and proton energies were encoded by the 
instrument electronics into 9-bit data words (a sync 
bit, 7 information bits, and a parity btt). 

(3) Upon external keyboard command, four spectra 
representing the number of events detected in each 
energy channel were simultaneously accumulated. 
These spectra represented alpha, proton, alpha­
parity-incorrect, and protor.-parity-incorrect data. 

(4) During spectral accumulation, it was possible by 
keyboard command to interrogate the computer for 
the current status of any channel in any spectrum. 
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(5) Upon keyboard command, a given a<.-cumulation 
wu1 stO(lpt.•d, and the four 1pt.'l•tm, as well as other 
idcntiRers, were transfcrn•d to m gnetlc tape 
and/or teletype lines for transmission to JPL. 

The primary function of the on-site proc.-c11ing was 11 
suhstantial datn c.'Offlpre11ion. pcnnitting ac.-cumulated 
s1,ectral batcht•s to ht.• trunsmittcd periodically at teletype 
ri,tt~s to th• t.-ontml t.·entt•r nt JPL. Typically. during 
S11rveyor mission 01,erutions, s1ll·ctral accumulations of 
lunnr surfuct• data lastt•d :?O to 40 min, with a l..'Onstant 
trnnsmission timt• of uhout 10 min for cac:h accumulation. 

·."he b11tchcs of raw S(X'Ctrul data accumulated at the 
Dt'l'p Space Stations and transmitted to the SFOF were 
processed to pcnnit a detailed analysis of instrument 
behavior. This processing occurred at JPL using the 
coupled IHM 7044-7004 syi;tem; it is outlined functionally 
in Fig. VIII-Ht 

After enc.'O<ling by the 7044, the teletype data were 
automatically rec-orded on the disk for use by the 7094. 
It was also possible to enter data into the system via 
cards from the operational control area. 

The initial steps in the c.-omputer processing in the 
SFOF involved the correction of the data for transmission 
t•rrors occurring in the moon-earth und Deep Space 
Stution-Jet Propulsion Luborntory transmission links. 
These corrections were made by using the parity checks 
included in each transmission. Parity violations were 
automatically flagged by the computer; corrections were 
made automatically using linear interpolation or by 
manual editing via card input. 

The second stage in the real-time computer processing 
provided a crude correction to the data for temperature­
induc.-cd shifts in the energy scale of the instrument. 
Correction parameters, based upon pre-mission calibra­
tion data, were introduced by card input. The program 
automatically realigned the channel numben using mea­
sured values of temperature included in the teletype 
transmission, so that any given channel number always 
corresponded approximately to the same particle-energy 
interval. In this way. it was possible to combine succes­
sive spectral accumulations in terms of a channel-by­
channel addition. After transmissio:i ~nci energy cor­
rections wure applied, each spectral accumulation was 
stored on magnetic tape for further processing. 

Each incremental accumulation of data represented 
the spectral results from a period of nominally 30 min. 
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Fi9. Vlll-16. larth-baHd 1y1tem used for recordln1 and real-time analy1l1 of alpha-scaHerln1 data. 

The individual accumulations from the various ph11ses of 
operation were compared with predicted data a1ad with 
each other to assess the behavior of the instrument and 
the progress of the measurement. 1'o reduce statistical 
errors, several individual accumulations occasionally were 
summed by entering the desired identifying indices for 
the batches to be summed, as well as indicating an 
appropriate background ( either measured or theoretical) 
to be subtracted from the sum. 

J,L TECHNICAL 11,011 32-1265 

To determine the real-time performance of the instru­
ment in a manner resembling that of post-mission data 
analysis, the spectra of the individual, as well as summed, 
accumulations were analyzed into their elemental com­
ponents. A weighted least-squares program was used to 
ftnd the combination of the elemental spectra of the 
library that yielded the "best flt" to the observed spectra. 
The weighting factor used in this comparison was the 
reciprocal of the estimated variance in eRch channel. 
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P19. Vlll-11. Alpha-scatterln1 real-time data proce11ln1 In the SPOP computer 1y1tem. 
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In thh, l,•u,t-w1m1n• 11ropam, th difft•n•nt 11«1ra 
"'"''' trt• ,t,.J : ( l ) u ,dt'<•tc.J ranaz,· of chunnt•I in th<- alphu 
~1M-c.1rum onlr. (:? ) , ,...t,•c:tc.J runtit• of <·hunnt•I• In tht· 
proton i.pt-ctrum onl)·. und (3) u .. •pt'C.'trum .. obtuint-d b)' 
t·on,ldc•rlng t'Ontrll ,utim11 from both tht• ulphu und proton 
•1>t•t·tru. as thougt, tht•y t1t1n1ni1t-d a single apt-ctrum. 
Br thl1 nwthod. It wu, 1>0, ihlt• to d,•tc•rndnt• th<' t'lt•n1t•n• 
hal t'Om1,011ition thut ht• t t'Orrt• pond d to tht• nwu1un.1<1 
ula,ho and proton 1111t'Ctra. Any 1igniftcant change• in tht• 
n•1ult1 of thi11 anul)·•i· r mm ont• uccumulation to tht• next 
,,·n1 un lndkutlon of lh,anglng expc•rinwntal c:ondiUon1, 
t',IC·· unomalou11 •n•trumt•nt beh,l\'ior. Th rt•"ulta of thi1 
anal)·1l1 of 11t&mdurd-1nm1>le 1pt-c.•tru could IX' c'<>mpart.♦d 
with prt•-ml111lon rt.•1ult1 to K't.' whether the in1tnuncnt 
wn1 llt•h,wing nonnull)· In thl' lunar <;~l\'ironment. 

Culihrution 11wctru ohtuint♦d with the• ant mal elec­
tronic 1>ul1er \\'t•re ul80 hundlt•d uutomaticully by the 
tcround dutu l)'ltt•m. Aftt•r transmislion corrN.11ons wen• 
a1>11licd to tht• duh,. tht• pt•ak positions und half-widths 
wt•re dett•nnlnt•d. und relevant calibration parameters 
were cuk·ulatc-d. At eac·h stage of th,• . awctral p~11ing, 
the dota were plotted. 

The entire ground duta hundlin1 •>·stem was exercised 
in a series of tests betore the Surveyor V mission. Initial 
tests Included the simulation of fli1ht data using the P-2 
instrmnt•nt. Mngn<'tlc-tnpt.• rt-cordlngs of datn from this 
ln.~•rumt•nt were also made, shipped to each tracking 
studon, transmitted through the on-site equipment, and 
r,in>·ed to JPL for full-scale tl'!lts of the system. 

Th,• real-time availability of the lunar data and the 
ftexlbllity of tht• programs used to process and display th~ 
data pro\1ed to l><' very useful during mission operations 
for the control of the experiment. The real-time data have 
ulso srrvt•d Rs a source of 1,relimlnnry re!lults, and have 
been used In the preparation of this and pr~--edinJ( 
rl'ports (Refs. \'111-1 through VIII-!3). 

In addition to providing the data for the real-time 
accumulations of spectra used for performance analyshl, 
the c.-omposlte signals received from the spacecraft were 
recordl'd in analog fonn on magnetic tape. These record­
ings contain infonnation on eac.-h lndl\'idual, analyzed 
event and constitute the prime experimental data to be 
used in post-miHion analysis. These tapes have been 
processed at JPL using a UNIVAC 1219 computer, trans­
ferring the alpha-scattering data to digital magnetic tapes 
for later analysis. 
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I. Alpha-Seauntn1 s.q......,. of Operatlaal 

nw oquc•mt• of 011t•ratlon of tht- Alpha-Sntt rtna 
Ex1x•rlmt•nt wu1 pl nnt-d to ohtaln Information on tlw 
1wrfonn M't' of tht• In trumt•nt, thtt ha<"kpound radiation 
In tlw lun r t•n\·lnmmt•nt, and tht' c'OfflposlUon of lunar 
mutt•rual. Tiw1t• dat wt•r•.• ohtiahlt'd hy oprrat1n1 thr 
lw~trumt•nt with tht• w•nwr h d In c.-ath of thlff pen! 
tiom: (l) i.tO\wd, (:?) l-.1t·k1CromKl. und (3) lunur surfutt. 

In tlw 1towt♦d position, tlw st•n10r ht' d was supported 
on u 1umplt• of kno" n t·om1>0,1tlon (the sbandard sample-). 
Duta received from this uma>l,• and from pulser c U­
hrutions wt•rl' romran•d with pre-launch measurements 
to gl\·e " mt•M1ure of In trument c:haract ristic1 in the 
lunar t'll\'lronmt•nt. 

At tht• <1>mpletion of thi1 phase of operation, the 
h11,trumt•nt wus deploy,-d to th backpound position by 
l'arth c.-ommand. The 1upportln1 pl tfonn and standard 
sumplc drop1>t-d to on 1idt•, leavinl the sen10r head 
1u11x•nded about 0.5 m o,·,· the lunar surface. In this 
position, the ensc;r h,•,ui rt•sponded primarily to cosmic 
ray1, 11olar protons. and po 1ibll' surface radioactivity. 

When it was detennlned that sufficient background 
d11ta had been obtalnNI, the sensor head wu lowered 
direc, . • to the lunar surf ace upon command from earth. 
The maLu accumulation of data \'111 then begun, inter­
rupted only by calibration sequences and other space­
craft operations. The calibration sequence with the pulse 
generator 11gain was used to chcclc the perfonnance of 
the Individual d ttttors and their ampliften by the 
proper sttle<'tion of detector on/off commands. 

If opt•ratlons permitted, thl' tdevllion camera was used 
to view the surf ace to which the sensor head was 
deployed and to monitor the deployment of the instru­
ment. Because not all of th~ deployment area was always 
visible with the sensor head in the stowed and back­
gr~uncl positions, an auxiliary mirror was located on the 
sp,wet·rnft to give n mort• unobstructoo view. 

A typical alpha-scattering operation planned for the 
Sr,rveyor missions wns: 

(1) Television sun'l')': stowed phase ( including aux­
iliary mirror). 

(2) Alpha-scattering operations: stowed phase. 
(a) Accumulation of data: 2 to 6 hr. 
(b) Calibration. 
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( ,1) Dl'1>lo)·mcnt of sensor head to background po it ion. 

(4) Tele\'ision surve)' : background phase. 

t5) Alpha-scatterina operations: background phase. 
(a) Calibration. 
(b) A,-cumulation of data: 2 to 6 hr. 
(c) Calibration. 

(6) Lunar surface television survey. 

(7) Deployment of sensor head to lunar surface. 

(8) Television survey of sensor head in deployed po­
sition. 

(9) Alpha-scattering operations: lunar surface phase. 
(a) Accumulation of data: 1 hr. 
(b) Calibration. 
(c) Accumulation of data: at least 24 hr. 
(d) Calibration as required. 
(e) Redeployment of sensor head to subsequent 

samples (Surveyor Vil). 

The actual operations conducted on Surveyor, V, VI, 
and V 11 are dtscribed in tht following paragraphs. 

3. Description of Missions 

a. Pr,-launcla a,,.ratlon, al ca,,. Knu~dfl. ~\pproxi­
mately 2 wk before each launch, the sernmr ~1ead was 
removed from the spacecraft at Cape Kennedy and taken 
to a special factlity for ftnal calibration and preparation 
for flight. The operations performed fn this facility were 
a shortened version of the science calibration conducted 
on each instrument approximately 9 mo earlier (see 
Section VIII-C). 

A special test chamber equipped for thermal-vacuum 
operation and sample introduction was used for the 

1 

measurements. The sensor head was calibrated at several 
temperatures using the electronic pulser and standard 
test sources of alpha radioactivity; background mea,ure­
ments were taken. and a test of the adequacy of the 
alpha-dtttector Rims fn shielding the detecton from 
excessive light was performed. The Cm1u flight sources 
were installed, and spectra were obtained from a small 
sele~tion of standard materials __ including polyethylene, 
magnesium. aluminum. quartz. iron, and nickel. For each 
of the three missions. the spare sensor head (F -3) was 
calibrated by the same procedure before this operation 
and was stored fn another vacuum chamber for potential 
use. 
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Based on exawrience gaint•d during prea,arations for 
S11rr;eiJOr V, impro,·emt•nts were made in the special test 
fadlit)' and In the o,·erall efficient•)' of 01x•ration prior to 
the Sun:eyor VI mission. For example. clean-room tech­
niques were used to maintain deanliness of the sensor 
head during sourc't••instullution 1nocc.'durl's (Ref. \'111-2. 
ftrst listing), 

The thin Sims CO\'erlng the ulpha detectors and sources 
were inspected during tht• Rnal preparations for flight 
and. ff necessary. were chnngt•d, The aluminum-oxide 
Rims on the source colUmators wen• c·hanged for the 
Sr,n;eyor V mission because of the presence of foreign 
particles. The Alms were not chanaed for tht• Suroeyor VI 
mission; they were. however. changed for Sun:er,or \'II 
in order to minimize the amount of alr,ha actf\'ity depos­
ited on them by aggregate recoil before the lunar 
measurements. 

During nomf nal operations at the special test facilit)', 
the sensor heads were calibrated using a nonflight, digital 
electronics unit, since the flight package was already in 
an inaccessible compartment on the spacecraft. On 
Surr;eyor VI, howevc·r, the F-1 digital electronics unit 
had been removed from th~ .;pacecraft for modi8catfon 
of the power supply. and thus was available for temper­
ature calibration together with the F-1 sensor head. 

The schedule of instrument caHbration and source 
installation on each of the missions was arranged so tt,at 
the sensor head could be reinstalled on the spacecraft 
at the appropriate time, about 1 wk before launch. The 
sensor head was continuously purged with dry nitrogen 
gas during this period. The instrument was tested three 
times fn the Anal week before launch to ensure that it 

/ 
had been properly reinstalled and was still functioning. 
These tests consisted of short pulser calibration runs and 

1

1 accumulations of alpha and proton spectra. The spectra 
in the alpha mode showed features characteristic of 
scattering from nitrogen gas at atmospheric pressure. 
Figure VIII-19 shows alpha spectra from nitrogen taken 
with the Surveyor V 1 instrument in the calibration facility 
1 wk before launch, and then on the spacecraft under the 
shroud of the launch vehicle. a few hours before launch. 

b. Trantll operclion. Operation of the alpha-scattering 
instruments while the spacecraft were fn flight was desired 
in order to evaluate the performance of the instn1ments 
after the launch, to gf ve a measurement of instrument 
backgrounds in space. and possibly to shorten the stowed­
phase operation after lunar landing. However. spacecraft 
operations permitted such a measurement during the flight 
of Surveyor V only. 
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P19. Vlll-19. Alpha-scatterln1 spectra of nltro1en 1as 
taken durln1 pre-launch tHts of the Surveyor VI lnstru• 
ment. 

This initial operation of the instrument occurred several 
hours after the midcourse velocity correction during the 
Surveyor V mission. The command to tum alpha-scattering 
power on was transmitted with the spacecraft 221,000 km 
from the earth and 178,000 km from the moon. The space­
craft, then being controlled from the tracking station at 
Canberra, Australia, was ~witched to high power and 
transmitted alpha-scattering data via an omnidirectional 
antenna. Two 10-min accumulations of standard-sample 
data and seven 2-min pulser calibration runs were re­
ceived during less than 1 hr of operation. The data agreed 
well with pre-launch measurements, and showed that the 
instrument had survived the launching and midcourse 
rocket firing. The spectra also showed that the radiation 
background rates ha cislunar space at that time were low 
enough for useful sample measurements. 
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c. Lunar landln1, All Surveyor, that carried an alpha­
sr.attering instrument (Surveyor, V, VI, and VII) landed 
su,-cessfully on the moon. Certain aspects of the landings 
are particularly relevant to this experiment. On Surveyor 
V, for example, lhe terminal st>quence had t•, '. ~rformed 
much closer to the moon than had hffn origba.,ily planned. 
The mair1 retro motor was operated to within 1.6 km of 
the lunar surface. (The standard end-of-burning distance 
was ahout 12 km.) Since aluminum-oxide particles com­
prise part of the exhaust products of this solid-propellant 
r()(•ket, the possibi1ity of an t•ffect on the Alpha-Scattering 
Experiment was investigated, and reported in Ref. VIII-I. 
The percentage of surface area covc•red by the emittt>d 
particles was estimated to be only about 0.04 % . ~ore­
over, hecause of the high velocity of impingement, it was 
considered unlikely that the aluminum-oxide particles 
,·ame to rest on the very surface of the moon at the point 
of impa,·t. The amount of contamination from the more 
standard descents of Surveyor, VI and VII is estimated 
to he an ordt•r of magnitude less than that from Surveyor V. 

Because of possible differences in shielding by the moon 
between the background and lunar surface positions, the 
topogrnphy of the local lunar terrain may have to be 
considered in the detailed evaluation of background data. 
This may be especially important for Surveyor V, which 
landed on the interior slope of a crater. The sensor head 
on that spacecraft was deployed to the lunar surface at a 
level lower than the surrounding terrain. 

d. Pott-landing operation,, The alpha-scattering oper­
ations for Surveyors V, VI, and VII are summarized in Fig. 
VIII-20. This chart show.,, for the Arst lunar day on each of 
these missions, the maior activiti~s and data-accumulation 
periods of the experiment. The data-accumulation periods 
for the various phases of the experiment on each of the 
missions are given in Table Vlll-9. The following para­
graphs describe the operatbns in more detail. 

Stotced position. After spacecraft landing, the instru­
ment was operated with the sensor head in the stowed 
position, obtaining spectra from a sample of known 
composition and from calibration tests with the elec­
tronic pulser. On each of the three missions, the instru­
ment was found to be operating normally as soon as it 
was activated. This operation was initiated 2.0 hr, 4.6 hr, 
and 8.4 hr after spacecraft touchdown on Surveyor, V, 
VI, and VII, respectively. 

On Surveyor V, only engineering data (instrument volt­
ages, temperatures, and guard monitor) were received 
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Table Vlll-9. Al1tha-kaffertn1 l•1t•rlment ml11len •1t•ratlen 1t•rled1 

........ ,. ... ~ ........... Lw_,,.,.,_ • ....._ ... ,.,..__,, 

c ............. .., .. ,., ..,..,.,1 Cw..,-, lwwe,e, V .., .. ,., vr ..,..,., Vlf ..,..,., ..,..,., ..,..,., ..,..,., 
V V Vf VI V vr VI (1 ....... ,. . .,.. .. ...... ..,.. . .,.. ........ '"'"' 

Totol ,owor•Ofl tl1110, hr 0.1 6.6 IS.6 6., 3., "·' 31.9 31.6 I 52.3 39.1 , 1., 21.2 27.5 

Totol tl1110 of 111o4o , 0.1 2.0 7.9 , .• 2.9 5.9 II.I 16.2 13.3 31./ 31.1 11., •. , 
tloto, hr 

Totol tllllo 11f acleftce tloto 0.3 1.3 5.3 5.2 2.9 7.9 12.6 11.3 71.9 29.6r 21.0" I 1.2 7.5 
occUfllulotlOl'I, b hr 

Hu1111ter of ,ui,er I I 3 2 7'' 2 + 1" 3 5 21 + 111 I + 1'1 7 2 2 
collltrotlOl'lt 

•Tl••·· •••••• ,. ecu111111lelH wlllle , ... IHCecreft •• , Ill 111,11, , ..... IIIHII . 

hfll••• 1111111••11 , .. , ... ,., e1tl111ete1 ef 11111 .. tllet Ille 1ele11ce •••• were ••1111 recer•H en 111e111etlc l•H .,, tlle 1,eckl111 1telle111. 

• D11r l111 "'' el Ill••• HtlHI ef •Hr•II•" • 1•11 then f•11r 11r•t•11 •••ecten were 111 111e . 

,1,e,llel cellltrelle11 . 

at tht• sturt bt•c,mst• of otht•r spnct•craft opt•rntions; how­
evt•r, on Surveyors VI nnd VII , stnndard-sample spectrn 
wc•rt• received nt initial turnon. 

AftC'r initial receipt of normul t•ngineering data on 
Surveyor V , the instrument was tumt•d off, and tracking 
operntions were tmnsforred from California to Australia. 
At this point in opemtions, television survt•ys hnd bet•n 
planned of the deployment area on the lunar surface. 
Pictures of the auxiliary viewing mirror wt•re obtaint•d 
with both wide nnd nnrrow-angle lenst•s. Only the lowcr­
resolution, wide-nngle frnnws included the reflection of 
the dt•ployment area in the mirror. A picture shown in 
Ref. Vlll-1 indicnted thnt the largest rock in the sample 
area was smaller than approximately 3 cm. On Surveyor.~ 
VI nnd VII, it was possible to view the initial sample 
nren directly during deployment of the sensor head to 
th, background position. 

Decause operations in the stowed phase during each 
of the missions occurred early in the lunar day, instru­
ment temperatures remaint>d within normal opernting 
ranges. The performance of the instruments and auxil­
iary equipment during this phase was excellent except 
that, when the Surveyor V instrument was turned on 
for the second time (6.7 hr after touchdown), the cali­
bration pulser started without being commanded on. 
The pulser was turned off by command 0.4 hr after 
second turnon, and further operations were normal. 

The planned data-accumulation period for the stowed 
i,hase was 2 to 6 hr. Because of the schedule of other 
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spacecruft activities, this period was shortem•d to 1.25 hr 
on Surveyor V. The dumtion of tht• stowed-phase• oper­
ation wns more• thnn 5 hr on the• othe•r missions (see 
Table Vlll-9). 

Background /JO,tltlon. In order to dt•termine whether 
the• sensor hcnd had deployed successfully to the back­
ground position, it hnd been planned to tnke tl'lcvision 
picturt>s of the instrument just be•fore nnd after the• 
deployment. Bemuse of the short time available on 
Surveyor V, the planned telt•vision cht•ck wns not con­
ductt-d. Instead, the alpha-data bit strenm was moni­
torc•d nt the tracking station using an oscilloscope display 
of the discriminator output. If the deployment proceeded 
correctly, it was expected that the alphn event mte 
would drop by more than a foc·tor of ten as the standard 
sample moved awny. The• cormrnmd was sent 11.5 hr 
nfter touchdown; after a few seconds, word of the ex­
pected decrease in rate, indicative of a successful deploy­
ment, wns received from the tracking station. Figure 
VIII-21 shows the total alpha event rnte during this 
period, as derived Inter from n magnetic-tape recording. 

On Surveyors VI and VII, this command was trans­
mitted 20.3 hr and 14.7 hr after touchdown, respectively. 
On these missions, n series of television pictures of the 
deployment operation was planned, primarily to provide 
a direct view of the lunar surface otherwise obscured 
by the sensor head. When the sensor head was released 
from the stowed position, it continued moving for some 
time like a pendulum, and, although the television pic­
tures could not be synchronized with the mvdon, there 
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Pl9. Vlll-21. "ot of event rate of analysed alpha partlcle, 01 a function of time 1howlnI marked decNa■• when 
the Surveyor V Hn■or head wa, deployed from the ■towed to the baclc9round po1ltlon and the lncrea■• when 
lowered from the baclcIround po1ltlon to the lunar 1urface. 

wns n good chunt·e thnt nt k•nst om• of n serh.•s of pictures 
would show n substnntiul portion of the snmplt• nren. 
This sequence wns succt•ssful on hoth missions, Figun• 
Vtll-22 shows pnrt of tht• Surveyor Vil sc.'qucnce. Such n 
pkture st>ri<.•s, in nddition to providing views of tlw 
snmple ureas, nlso 1x.•rmits mt•nsun•mt•nt of the period 
of the st•nsor llC'ud pendulum undt•r lunnr conditions. 

The data nccumulation period for tht• background 
phnse was plnnned to be nbout 6 hr. Tht• actual times 
for the thn•t• missions (Tnblt• Vlll-9) wt•re 2.9 hr, 7.9 hr, 
and 12.6 hr. The qunlity of tht• data seems to be exC'd­
lent on ench of the missions. 

Lunar .mrface O/Jeratlons. On Surveyors V nnd VI, the 
(.•ommund to lower the sensor hcnd to the lunar surface 
was transmitted 14.8 hr nnd 35.1 hr, respectively, after 
spacecraft lnnding. This operation occurred relatively 
soon during the Surveyor V mission becnuse of an im­
pending vernier rocket test; it occurred late on Surveyor 
VI because of other spncecraft operations that restricted 
alphn-scattering background data accumulntions. The 
deployment operation on each of the missions was moni­
tored by observations of the alpha datn strenm on nn 
oscilloscope at the tracking station. On Surveyors V and 
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VI, the event rnte in(·rt•nst•d shnrply, seconds nftcr send­
ing the deploymt•nt commnnd. Figure VIII-21 shows the 
totnl alpha t•vt•nt ratl' during this pt•riod for Surueyor V. 
Tht• rate rost• from nbout mw t•vent/ 10 st•c in the back­
ground position to two events/sec on the lunar surface. 
The event rnte from tht• lunnr surface can be seen to be 
compnrnble to thnt from the• stnndard snmplt•, 

On Surveyor VII, tht• command to lowc•r the sensor 
lu•nd to the surfoct• wns transmitted 20.9 hr after landing. 
This tinw. no nppnrt•nt changt• in counting ratt• was 
observed. The deployment command was retransmitted; 
ngnin, no incrcnse in counting rate wns observed. A 
IO-min nccumulntion of data was consistent with that 
obtained bt•fore the commnnd to lowt•r hnd been sent, 
and indicnted that the sensor head possibly had not 
moved. 

\Vhen tracking opernlions were transferred to the 
Goldstone, California, tracking station, television pic­
tures were taken to help diagnose the problem. The 
pictures showed thnt the sensor head wns still suspended 
in the background position, but thnt the smali retaining 
door (used to prevent premature deployment of the flat 
electronics cnble) hnd opened correctly. This showed that 
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Fig. Vlll-22. Sequer.ce of picture, taken lust after 
Surveyor VII Hn1or head was deployed from the stowed 
to the background po1ltlo" . Movement of Hn1or head 
11 vl1lble In 1ucce11lve picture, (January 10, 1961, 
15:49:03, 15:49:12, 15:49:15 GMTt. 
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thl· <ll•plo) ml•nt l'Otmmmd hud lk.'l·n 1>ro1wrl)1 n•<"t•ivt•d 
hy tlw "puct•<·ruft und thut tlll' "QUib-u<.·tivutl•d pin-pullt•r 
hud opnuh'<l. This informution isolutt•d thl• prohlt•m 
to th,· nylon s11s1x•nsio11 l'Ord or its ussodnted storugt• 
"'J>ool und t•st·upt•nwnt mt•dmnism, uffording ho1x• thnt 
01>t•rution of om• of tht• movublt• purts of thl' spucccruft 
would provi<l,• t•nough forC't' to frt't' tlll' st•nsor lll'nd. 

Afkr scvl'rul uth'mpts to frt•t• th,· nwchunism, tht• dt~­
ploymt•nt wns nt·complislw<l with tlw uid of th,• surfaC't' 
Mllnplcr, which. In u most h1J,,tt•nh,11s s,•rh•s of Of>l'rntlons, 
improvist•d nnd c'Ontroll,•<l from till' SFOF, 11mnngt'<I to 
fore·,• the..• st•nsm lwn<l to tlw lunar surfot•t• (sc•t• Rd. 
Vlll-20.) 

On ull missions, tlw i11itl.1I OJ>l'rntions by the• ulphn­
st·nttt•ring instruml'nt Oil tlw lunnr surface Wl'rc con­
duckd In n 1wriod of rising tem1>l'rutures. This was 
l'S()(>ciully s,~rious on Surveyor V 11, l>t•c,msc of the reln­
tlvdy Ink hmding (with res1x•ct to sunrise), and bccnus,• 
of the dl'lnycd dcploynwnt (57.4 hr nfter landing). Also, 
on Surveyor Vil, lx•cuusc..• of the nttitudc of the..• spnct•• 
crnft nnd the high lntitudt• of thl' lnndiny, site, shading 
of the instrument during lunur noon by tlae lnrge panels 
on the spncecrnft wns not fc.•nsihle. Pnrtlnl shading wns 
provided scverul times by mc..•,ms of the surface sampler. 
The high-tcmpernture periods on the three missions ure 
indicntcd in Fig. VIll-20. 

Six lunur samples were nnnlyzed during the three mis­
sions. The dntn-nccumulntlon periods for these samples 
vnried from 7.5 to 71.9 hr for the flrst-lunar-doy opera­
tions (see Table VIll-9). The samples nrc described in 
th,• m•xt part "f this section (VIII-D-4). 

Surveyor V unulyzed two lunnr sumples. The data­
uccumulution period wns 18.3 hr ut the initial position 
of the sl.•nsor head on the lunur surface. At 53 hr after 
spucecrnft touchdown the vernier rocket engines were 
fired, moving the sensor bend nbout 10 cm further from 
the spacecraft. When the instrument was again tnmed 
on, it was fouud to be functioning perfectly, and oper­
ations were begun at the new Juror surface position. 
By the end of the first lunar day, additional data for 
71.9 hr had been obtained. YJuring the second lunar day, 
the spacecraft was partially r activated, and the alpha­
scattering instrument was operated for several hours. 
Most of the instrument was found to be in working 
condition, but digital anomalies, apparently resulting 
from daruage to components during the cold lunar night, 
prevented obtaining useful science data. 
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Sr,rveyor \' I 11n11ly1,.J only on,• lunur unplt•. Aftrr u 
dnt11-11c:c.·u11mlution 1wri1KI of ~.6 hr. the.• vt•mler t•nglnt'I 
wnt• flrt.--d, moving tl1t · "llill't'<TUh uhout ~.4 m. Sub1t-•• 
q,wnt tt'lt•vh1lo11 pk•tur1•11 11how,-d thut tht• 11enM>r ht•1u: 
wu11 upsidt' down. Figvrt• \'111-2.1 11laow• th,• ln1tn11nflnt 
in thl11 position, "" vl,•w(•<l in un uuxlliur)' mirror, with 
tht• h,u,•plutt- fo<.·ing upwurd. Tlw instrument wu" fo11nJ 
to he.• fun<.·tioning uftt-r th,· •1>ut·t'<'rnft hot>, hut 1ub1t•• 
qm•nt dutu ucc·umul1ttio11 wus rt•stric-tt-d to tht• mt•111un·• 
nwnt of rudiutlon from SJlll<.'l', 

S1,re:C!yur \'II w,, tht• most aw duc.·ti\'t' mi• ion fro1n 
th,· c.•ht•micul 11.-ualy1l1 vll-wpolnt. Rt-c-uu • of the prt'll-nct.' 
of tht• ,urfa<.'t' Mtmplt•r on thl 1puc: ~uft, pl11n1 hud bt.'t•n 
mudt• to nod,•1,loy th,• st•n11or twud to uddltlonul auma>lt'I 
ufh•r tht• lnitiul 11nuly11I . In 11pltt• of th,· dl'luyt-d dli>loy­
nwnt und lllgh-tt-mpt•ruturt• rt•11trlctlon1, the surface 
1111111a,l,•r pro\1idt-d thrt•t• 1111mplt•11 for 1mul)•11i1. The.• 8r t• 
hmur-dn)' dutu lll'<'Umulution pt•rlod1 wc•rc.• :.?8.0 hr for 
-. u111>lt• 1 ( undi11h1rht'tl lunnr 11urfoC't• ), 11.2 hr for aumplc 
:? (lunnr roc:k), unJ 7 .. '\ hr for III unplt• :1 (trt•1wh,.J urt•u). 

Pl9. Vlll-23. Alpha-scatterln1 Hnsor head In upside-down position after the hop made by Surveyor VI spacecraft 
(November 17, 196)', 13137:06 GMT). 
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Durh1g tlw ulpha-.cuttcrin1 01x•rutions on Sura,euora 
\ ', \ 'I, und \ 'II, upproxhnutcl)' 75 pul1t•r calilm1tion1 of 
th • in~truml·nt wt•n• 1x•rfomwd ut u rat<· of nbout onl' 
t·,,lihrution 1x•r 3 hr of 01x•rution. 

•· Description of Lun r Samples 

Surceuor, \' und \' I lundt•d in lunur muriu, r,•gions of 
thl· moon churac.·tcrizcd b)' their 8utnt•1 , rl'lntivc 1mooth­
n,•111,. md low ullK-do. Surveyor \'II l.andc.-d in tht• lunur 
highlands ncur the crutcr T)·cho. Tht• r<'gion ll<'llr thl· 
lunding site of Surccr,or \ 'II is topogruphicall)' complex. 
but is gcncrall)' roughc.-r and hns n higher albedo than 
the mur landing ite1. 

The lunur surface ut t>uch of these landing sites con• 
~ists of weukly cohesive, Rne particles; aggregates; und 
solid fragments. Most of the resolvable fragments arc 
brightt-r in appearance thnn the Rnc-grain d matrix 
mnteriul. Of nll the Rve Sure,er,or landing 1ite1, those of 
Surccyor, V and VI ha,·c the least number of resoh•ablc 
fragm<•nts. whereas the Surveyor V 11 site has the highest 
number of larger fragments and strewn ·1elds of blocks. 
Tht• size distribution of small c-ruten (less than a few 
meters) is about the sam at eal·h landing site, but there 
arc fewer larger craters near Surceyor Vil than at the 
mare sites (see Section Ill of this Report). 

Surceyor V landed in the southwest portion of Marc 
Trnnquillitntis nt 23.2°E longitudt•, 1.4cN lntitude. The 
spacecraft touched down on the southwest wall of a 
9- X 12-m rimless crater, more than 1 m deep. On the 
basis of its shape and alignment of small associated 
craters with other dominant linear features in surround­
ing areu the crater has been interpreted as being formed 
by the drainage of surf ace debris into a subsurface fis­
sure. The walls of this crater appear to exy,ost? parts of 
the upper meter of this debris la>·er. Material from the 
wall of the crater was dislodged during the spacecraft 
landing, and slid into the area analyzed with the alpha­
scattering instrument. Figure Vlll-24 shows this dis­
turbed area, as interpreted by Shoemaker, et al. (see 
Section Ill). The frequency-size distribution of the 
lumpy, frngmental material ('jected by the footpads dur• 
ing landing is much coarser than that observed on the 
undisturbed surface. 

Only low-resolution television pictures were obtained 
of the samples analyzed by Surveyor V (Ref. VIll-1, first 
listing). These pictures indicated that no particles larger 
than about 3 cm were located in the sample area. Figure 
VIII-25 shows high-resolution-picture mosaics of the 
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P11, Vlll-24. T•11•1ro11hlc 111011 ef ,art ef Surveyor V 
londln1 site. The 1tl1111led area lndlcotH material efected 
by foet11ad1 durln1 londln11 the 1en1er hHd was de• 
pleyed within this area. Contour Interval 11 10 cm 
Cto11•1ro11hy lty I. M. lat1on, I. Jordan, and k. I. Lorton 
of the U. I. Geolo9lcol lurveyl. 

sensor head as it conformed to the lunar surface before 
and after the vernier engine &ring. Upon initial deploy­
ment, the outboard edge of the circular baseplate can 
be seen to have become embedded slightly in the surface 
material. After the vernier flrtns, that edge of the plate 
became more deeply embedded, tilting the sensor head 
further so thut the left inboard edge of the plate was 
raised about 2 cm above the surface. The surrounding 
surface appears to be relatively smooth, with few frag­
ments large enough to interfere with the operation of 
the instrument. Operation with individual proton detec­
tors also indicated that the geometry of the sample was 
relatively Sat. 

Sinus MedU, the landing site of Surveyor VI, is a rela­
tively small mare plain, about 170 km across, located in 
the center of the moon as seen from earth. The area is 
bounded b)' terrae to the north and south. The relatively 
high density of craters larger than a few hundred mt"ters 
and the relatively thick debris layer (as suggested by 
the lack of smaller craters with blocky rims) has been 
interpreted to mean that the surface material in Sim11 
Medii is older than that of most of the material exposed 
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F19. Vlll-25. Ca) Hl1h-resolutlon mosaic of the Surveror V Hntor head on the lunar surface before vernier flrtn1 
(September 12, 1967; Catalo1 5-MP-24). Cb) Mosaic after vernier flrtn1 (September 14, 1967: Catalo1 5-MP-25). 
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Pl9. Vlll-25 (contd) 
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at the other mare sites (Ref. Vlll-21 }, The size­
frequency distribution of smull craters is clost'ly similar 
to that found nt other mnr<' sitt•s; however, there ore fewer 
fragments larger than a few centimett>rs at the Surveyor V 
and VI sites. Despite these differences, all of the mare 
sites are similar in topographic detail11, i.e., in the 11truc­
ture of the surface layer, and in other 11ropertie11 as 
measured by Surver,or (Ref. Vlll-22). 

The area surrounding the Surveyor VI sample (Fig. 
Vlll-26) can be seer, to be free of large fragments. The 
largest particle within the sample area itself is only about 
1.5 cm a~ross. Particles as small as 0.3 cm are distinguish­
able in the picture. 

The Surveyor Vll landing site, about 30 km north of 
the crater Tyrho, was much different from all of the 
previous landing sites. Tycho is a large ray crater located 
in the southern highlands of the moon. The ray system 
and other features of the crater have been interpreted as 
"esulting from hw-rvelocity impact, although interpre­
tations of its origin involving volcanism have also been 
given (Ref. Vlll-23). Most fnvestigaton agree that Tycho 
is a relatively young lunar feature and that Surveyor Vll 
landed on material which flowed outward down the rim 
slope cf the crater. According to the impact theory, these 
flows occurred during or shortly after the formation of 
the crater Rnd consisted of fluidized masses of particles 
brought up from several kilometers below the surface. 
Other interpretations are that the flows are either a result 
of later "landslides" of rim material, or that they are lava 
flows that originated some time after crater formation. 

The terrae in general (and the Tycho region in par­
ticular) show a greater diversity in topography and 
optical properties than do the lunar maria. The Surveyor 
Vll landing site does, however, share with other highland 
areas their most prominent characteristics of a rougher 
topography and higher albedo than those of the maria. 
Per unit area, as seen by the Surveyor camera, more frag­
ments larger than 4 cm were observed at the Surveyor Vll 
site than at any of the mare landing sites (Ref. VIII-24). 
The albedo of the surface material observed with the 
Surveyor Vll television camera was about twice that 
observed at the Surveyor V and VI sites. This is consistent 
with earth-based telescopic observations indicating that 
the "halo .. region around Tycho, in which Surveyor Vll 
landed, although darker than the crater or the surrounding 
terrae, is still brighter than most of the maria. 

Figure VIII-27a and b shows mosaics of narrow-angle 
pictures of part of the surface-sampler area of operation, 
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ht'for<' and aftl'r the start of alpha-scattering analyses. 
Figure Vlll-27c shows tht• undisturbed area of the lunar 
!'lurfal·t• including the Rrst sample analyzed at the Surveyor 
Vil !'litt•, Although 11cverul fairly large fragments can be 
seen on the surrounding surface in Fig. VIll-27c, the 
central outUned area, comprising the actual sample, can 
be seen to ht> relatively smooth. The largest particle In 
this sample 1 area i! 11bout 1.5 cm across. A rock about 
4 cm across was located undernl"ath the Inboard side of 
the circular plate of the sensor head during the analysis, 
causing the sample to he farh~r than standard from thl" 
!'lources and dt"tector~. 

Sample 2 was a lunar rock about 5 X 7 cm on Its upper 
face. Thi! rock was somewhat brighter in appearance 
thnn the surrounding surface (sec Fig. VIII-27a), and 
wns visible as an exposed object on thr. lunar surface 
before the surface-sampler operations. Figure VIII-27b 
shows the sensor head in position on the rock. The 
mensured event rate in the alpha mode was about twice 
that for a sample at the standard distance. This infor­
mation together with the television pictures indicate that 
during nnnlysis the rock was centered in the sample 
opening, and protruded slightly inside the bottom of 
the sensor head. During deployment to this sample, the 
sensor head mo,·ed the rock back and forth slightly, but 
the upper ,urface of the rock apparently remained on 
top during this motion. Figure VIII-27d shows the rock 
after the sensor head was removed. 

The third sample location was a trenched area of the 
lunar surface previously prepared by the surf ace sampler 
(Fig. VIll-27b). Figure VIII-27e shows an outline of the 
sensor head as it rested on the third sample, showing that 
the sample area beneath the sensor head was located 
primarily within the end of the central trench of three 
trenches. This indicates that the sample analyzed con­
sisted, at least in part, of subsurface material. Whereas 
most c; ·.ne other samples analyzed on the three missions 
may have consisted of only the top few micl'ons of un­
disturbed material, this Anal sample probably consisted 
of some material originally centimeters below the surface. 
The actual depth of the trench at the point of analysis 
cannot be determined from the pictures, however, because 
the bottom of the trench was in shadow. 

S. Summary of Operations and Performance 

Table VIll-9 is a summary of operating periods and 
data accumulation times for the Alpha-Scattering Experi­
ment on Surceyors V, VI, ar. ~ Vll. 
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Fig. Vlll-26. Wide-angle mosaic of televlslon pictures taken lust after the Surveyor VI Hnsor head was releaHd 
from the stowed position. The circle shows the area of the lunar surface later analyzed by means of the Alpha­
Scattering Experiment (November 10, 1967, 21 :17:51 to 21 :23:11 GMT). 
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Fig. Vlll-27. la) Nanow-angle mosaic of Suneror VII pictures showiag mea of deple,-ent of the HMer llead befwe lhe statof wwfacw­
sampler activities (Catalog 7-SE-4). lb) Nanow-angle mosaic of Suneror VII pictures showing ••sor llead ill place OIi a...., Md 11■■1111• 

2). The surface sampler is i• the process of cfagging the secOINI of three trellches at the site of alpha-scalleli;tg sa111,a. 3. TIie •••pie 1 
location at the lower left of the figure is sunoullClecl by a circular impressioR of the bottom of the HMer .._. ICatal■1 7-51-161. 
Id Suneror VII lunar sample 1, undisturbed lun• surface, after G11Glysis. The circle sltows ... actval sa111ple .,.. U..uary 22, 1961, 
18:09:09 GMTI. Id) Suneror VII sample 2, a lunar rock, after G11Glysis. The area outli...d by the ellipse liMWing the __., s•••• ... sin of 

the sample. le) Suneror VII sample 3, an •ea of the lunar surface trenchecl by the surface sa111pler, W... ._, •. n.. -•• ••••• ._ 
subsequent sensor head and sample positions Ua•uary 22, 1961, 10:36:42 GMTI. 
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1119. Vlll-27 (contd) 
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Fl9. Vlll-27 (contdt 
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F19. Vlll-27 (contd) 
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Tht• 1x·rformunc·t• of tht• ulphu-sc.·utt<'ring t•cauipmt•nt 
um) opt•rutionul srstc.-m during tht• thrt>t' miHions was 
t•xc.·dlt•nt. Tht> st•mkonduc·tor radiation dt•tt'Cton had 
ht•t•n t•x1wctt-d to IK• tht• lt•nst rt•linhlt• c.·ompont•nts in the 
instrumt•nts. Of tht• thirty detcc·tors op<'ratt•<l on tht• moon, 
onlr mw dc-tt•ctor on S11rt:e!Jor \' I hc•camc nois)' within 
tht• spt.•ciRt.•d tem1wrature limits of - 40 to 50ec. A few 
noise hursts thut <.•<mid not ht• spcdftcnll)' trac·ed to dett-c­
tors wt•rt• ohst•f\'t•d on Surt:eyor V in the proton S)'stt·m, 
during a pniod of rnpidly c·hunging h•mpt•rnhm•s. ,mcl 
on Suruyor VI I in tht• gunrd systt•m, for periods of n 
few st•c·oncls. On Surveyor, V nnd VII, dett•ctors sun·i\'ccl 
tlw lunn, ni~ht nnd opcrated normally after initial periods 
of noisy behavior. 

L .1ta n•ccived during eac·h mission showed that tht• 
thin Rims co\'ering the sourct•s and nlpha detectors had 
survived the> launc.•h, midcoursc m1mt•uver, and lunar 
hmding operations. The qualit)' of the Cmrn sources had 
been prl'sc•n·t•d during thl' pre-launc·h and launch phases 
of operation, us e,·idenct•d hy tht• sharp features obsen'<.'d 
in the sample spectra. 

The clt•ctronics, calibration pulscrs, and Es~~• sources 
performed as expected, as evidenced hy agreement of 
missior .-Jntn with pre-launch data. Cnlfbrntfon peaks from 
the pulser were generally sharp, although some low­
energy noise was occasionally seen in the pulser data 
from Surveyors VI and VII (as in pre-launch tt-sts). The 
guard detector and anticoincidence system worked as 
designed; guard monitor voltages and proton background 
spectra agreed well with predkted values. 

On the lunilr surface, the temperatures of the sensor 
head were higher than predicted on each of the three 
missions. The reasons for this discrepancy are not known, 
but one possibility is that the sides of the box were ther­
mally coupled more strongly with the interior parts than 
had been expected. 

The digital electronics, instrument power supplies, and 
electronic auxiliaries performed as designed. Circuits used 
to monitor engineering parameters provided good data. 
Of the more than 1000 commands transmitted to the 
instruments, all but two appeared to give the proper 
response. The Rrst anomaly occurred on Surveyor V; when 
the instrument was commanded on for the second time, the 
calibration pulser started operating and had to be turned 
off by separate command. 

The second anomaly associated with commands oc­
curred on Surveyor VII when an explosive squib was 
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hlown to allow the fR•nsor ht•ad to deK't'nd to the lunar 
1urfuc.·t•. Tht• ,.-ommand wa1 n•c't•h·t•d h)' tht• 1p&&c'<-craft 
,md tht• t•xplosi\'l' dt•\·iet.• workt•d, hut tht• n> Ion <'<>rd or 
its as1cx:intt-d spool nnd t•scn1wm,•nt mt-chanism fuil,·d to 
f unl'tion. This fuilurt• ,-ould ha,·t• lk't..'n calamitous t•x,·t•pt 
for tht• 1nt•st•nc't' of tlw 111rfo(•t• samplt•r. All oth,·r 0(l<'ra­
tion~ of tlw clc•11loyment mec·hnnisms proc·t•t•ded ftawlc11ly. 

In gt•nt•rul. <.·ommunications link, from tht• spacecraft 
wt•rt• t'X(·t•lll'nt; t)'llil'lll hit-t•rror-rnks c-n,'01mtert•d were 
1,•ss thun 10 ··, ulthough mud1 hight'f levels occurred 
wht•n tht• s11u(•t•c·rnft wt•rt• hl'ing trudwd nt•ur tht• t•arth's 
horizon. Tht' clntn handling and <.·ompuh•r proc·t•Hing 
srst,•ms pron•d to IK• indispcnsahlt• for th,· monitorin" 
of tlw t•Xpt•rimt•nb during. the nctual missions. 

Tclt•vision support of tlw nlphn-s(•nttcrlng 011erations 
wns \'ery useful, hut viewing of the deploym,•nt an•ns 
\'ia the auxilinry mirrors did not gin• good results. The 
chemical nnnl)'st•s on the Surceyor VII mission would not 
ha\'e heen possible without the combined usc of the 
tde,·ision camera nnd surface sampler. 

I. le1ult1 

The Surveyor V, VI, and VII missions provided the 
Rrst chemical analyses of lunar surface material. The 
Surveyor V and VI analyses were from mare sites on 
the moon; the Surr.;eyor VII samples were at a terra site, 
outside the crater Tycho. Two lunar samples were exam­
ined on the Surccyor V mission, one on the Surveyor VI 
mission, and three on the Surveyor VII mission (see 
St'ction Vlll-O). On each mission, the Rrst sample ex­
amined was the original deployment area of the alpha­
scattering instrument. In the last two missions, the first 
sample was apparently the undisturbed lunar surface. 
Surveyor V landed just inside a rim of a small crater. 
During the landing, the spacecraft slid and threw out 
some subsurface material; thus, the first sample analyzed 
on this mission may have consisted primarily of this 
ejected material. The second sample was probably sim­
ilar material, since the instrument was moved only about 
10 cm by the static Rring of the vernier f ngines. 

Only one sample was examined on the Surveyor VI 
mission. The second sample examined on the Surveyor VII 
mission was an exposed lunar rock (see Section Vlll-O); 
the third was a region of the lunar surface previously 
trenched by the surface material, and was thus at least 
partly subsurface material. 
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All of the chnnk-al analysis ~ult■ pttlt"lltrd In this 
Rt'()Ort art• based on spectra ttLayNI hy tewt~ from tht­
Dttt•p Space Statlon1. Tht-lt' ll)t"Ctra wett nt in euen­
tiully .. rt•ul Unit'" for purpost"I of in1trunwnt-p..-rforrrua1K'l• 
analy1d1 and miHion planninl (IN• S«iion VIII-D). In 
addition to lack of dt-taaU,-d ,•videntt regarding their 
rdiuhility, tht• data havr, a1 yttt, httn COl'ff'CtNI only 
npproximutt'ly for nonstandard in1trumt•nt behavior. The 
quality of tht•s,• real-timt• dat was 1ufRciently high that 
1>ttliminury 1cit•fK't' rr1ult1 could he dedU<.'l"d from tht•m. 
Tht•ae preliminary n•1ult1 are prescmtrd in this Report. 

Thl' prinw dutu from tht• t'X(>t•rinll'nt wer,• rt'COrded 
at tht• Dt.-ep Spal't' StnUon1 ( oftt•n in duplicatt• ). B«•ault' 
of th,• difficulty of 1epar11ting th,•m from thtt mu11 of other 
data not relevunt to the Alpha-Scattl'ring Ex1wriment, 
thtt1e prime data havt• hl.'t'Omt• uvuilaablc only l't'l-ently; 
thu , it has hl'l'n p<>Hihl,• only to qualify tht•ir gem•rally 
satiductory format 1md <.•ht•ck on their t'<>mplett•neH. 
The data from the expcrimt•nt are re<'Orded in two forms: 

( 1) Science data, a t,m,•-tugged record of th,• channel 
numbt•r (ent•rgy) of each event regil tered hy the 
alpha dl'tectors and by proton dt•tectors. In addi­
tion, mo!lt <.-ommand!li Nent to the 1pac.-ecraft and 
cht-cks on tht• quality of tht> transmiHion of the 
data are n•t'<>rded. 

(2) Engineering data, transmitted periodicaUy from 
the spacecraft. In addition to strictly engineering 
information, these include the voltage correspond­
ing to the cvt-nt rnte in th(' guard detectors of the 
instrument. This rate is detttrmined primarily hr 
the cosmic-ray and solar proton ftux in the energy 
range 50 to 200 Mt•V. Thus, the guard detectors 
in the alpha-scattering instrument on the Surveyor 
missions represent radiation monitoring devices on 
the lunar surface. 

The actual analytical results reported here are based 
exclusively on the spectra received in near-rl'ul time by 
teletype. These spectra covered data accumulated over 
periods of, typically, 20 to 40 min. Some of these dutu 
have btten subjected to preliminary certification to re­
move any that had suspicious characteristics (high parity 
errors, anomalous event rates, etc.). They were then cor­
rected approximately for the temperature coefficients of 
the instrument using the measured sensor head and 
electronic temperatures that were available at the time. 
The spectra were then combined to cover periods of, 
typkully, 100 tc, 300 min, and were again examined for 
consistency. They were then combined to gi\'e the data 
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which ~rtt 1uhj«tNI to a t'Olllputttr trttatnwnt leadln1 
to tlw prttUminary analytical m11lh prtt1tmtNI Mre. 

Tabk• Vlll-10 pre •nta, for each phase of opera­
tion on t• ch mi11ion. and for each .. mpl . the total 
amount of timt• during whkh tht• ~rti81-d data we~ 
al't·umulatNI. 1"ht•1t• pc.-riodi art" lftln to rans from 
20 min for tht• infli,cht opt•ration on tht• Sun,er,or V 
mission, to fW.~ hr on 111mpl_. ~ of thf' Surveyor V mi11ion. 

T•ltl• vm-10. T•tel ti•• ,.,,., ... ,et1 ltr ce,fffletl •te 
Cu1etl 1 .. c•lculette .. , •f ,, ........ rr re1ult1t 

, ............ ..... 
._.,.,_, V ..,.,.,., vr 1w.,.,_, VI 

lftflltM o.n - -
........ , ..... , .. 1.00 •. , 5.0 
hc111'9'1fttl 2.U ,.10 10.5 
h•,le I 15.0 1 :1.2• I 1.2 
a.., .. 2 U.5 - ,.1 
a..,,.:, - - 5.f 

.,.,. ef ••• ... fr•• tlll1 "''M ••• recerMII wltll 111," ef '"• few, ,, .... 
....... , ,,,,_ • ...,.11119. 

Th,• nt•,u-rt•ul-time computer treatm •nt of the data 
wus dcvin-d prf marily to provide analytical results that 
would serve as a check on instrument behavior during a 
mission. For this reason, only approximately correct 
temperature coefficients were put into the SFOF com­
puter for these calculations. No attempt was made to use 
the results of the int<"rnal electronic pulser calibrations. 

The resulting spectra were analyzed using a limited 
library of response!! of the instruments to pure elements. 
Eight elements were chosen for this library, partially on 
the basis that they represented contributions in different 
regions of the alpha and proton spectra, and partially on 
the basis of estimates of the probability of their being 
present in major amounts fn the lunar sample. The ele­
ments composing the library were: carbon, oxygen, 
sodium, magnesium, aluminum, silicon, calcium, and iron. 
The last two elements were meant, at this stage of 
analysis, to represent elements with mass numbers of 
about /31 to 47 and about 47 to 65, respectively. 

The library used for the missions was taken from the 
science c-alibration of the instruments, which had been 
performed many months before the missions. (Figure 
VIII-4 is an example of such a library.) Little attempt 
was made, at this stage of analysis, to correct this 

,,L TICHNICAL .,,oar 32- J 26J 



lihr1tl')' tor s.U"ht d1 mtet•~ in tlw ,·h ral'tert Uc1 of tht• 
hi.trumt•nt during tlw intt•n ·t•nlna IX'rlods. Thi meant 
th.at ~light dl~·n•pundt•~. of tht• ord,•r of ont• ,·hannl'I, 
wt•rt• oftt•n prt•st•nt l>t•h,·t•t•n tht• t•1wrg)1 s,·,,lt•• of tht• 
hHtrunwnt ut tlw timt• of tht• rnis~ion. nnd thut of tht• 
Uhrar~· 11,t-d in tlw nm,ly~I-.. 

I. Standard-Sample Data 

Tht• fir~t ~tUKt' of lunur opt•ruUons of tht• lllphu­
Sl'llttt-ring ln~trumt•nt wu~ tht• mt•,uureml'nt on thl' stund­
urd snmplt•. Thi~ was usually 1x•rfonned within R hr 
nftt•r toud,down. nnd soon nftt•r (X>Wt•r had ht•t•n n1>1>lil'd 
to tht• lnstnimC'nt. On Surc,•yor \', howt•,·t•r, ,, short 
1wrlod of opt'rittion of this tnw wu1 1>nformt•d whilt• 
the spact•<'rnft wus in flight to the moon. 

Thl' ohjt•cth·,• of this ~tagc was to t•1tablb1h that thC' 
instnimcnt hnd sur\'h·ed the flight to the• moon and 
l·ould pt•rform 11 ,·h,•mlcal annl)·sls of a sample• of known 
l'om110sltion. I nstruml'nt survi\'RI w,u ,·e•rifled by l'Xam­
inution of the• actual data stream and the positions of 
l'lectronlc pulse•r pt>aks. V t•rifll·aUon of the lack of radio• 
acth'l' contamination ga,·e· assurance that thl' protecth·t• 
Rims o,·cr the• sourc·es wt•re intaC't. In addition, th<' data 
received from the moon in the 1tandard-sample-measuring 
phase on the moon could be compared wtth those ob­
tained on t•arth before launch. 

S(AIPWYO'PF 
STANDMO SAMPLE (TMNSIT PHASE) 

ALPHA MODE: 

Tht• portion of thtt Sun:eyor V in8tpt data that ha1 
ht•t•n c:ondittomall)· c't'rtiflrd and corrected approximatrly 
to stundqrd instrum nt temper ture 11 prr nted in Fig. 
\ '111-28. 11w C'<'rtift,•d dntn (Tahir \'111-10) for th. thrtt 
miHions, ohtaint•d on the stand.ard amplf's aft<'r landing, 
art• ~hown in Fi1. \ '111-29. In then• ftgun-1, the numb •r 
of t'\'t•nts 1x•r chamwl in the• alpha and proton modr of 
the· lnstrum,•nt un• plottt•d on a logarithmic 11ealr a1 a 
function of tht• channel numht•r (t•n<"rtc)'). Th<' 1tatl tlcal 
(I,, ) nron art• indicatl'd hy ,·t•rUcal ban. 

In Fig. \'111-28 (the infUsht ll,,tn froHl ~111'1:l!fJOr V), 
the smooth c·un·t•s art• dt•ri\'l'd from llutu ohtained on a 
similar aamplf' during the ftnal c·alihrutions of thr sensor 
head at Cape Kenn d)· nhout 2 wk ht>fort• luull<'h, The 
(lrf.'•launch data ha,•c• bt'l'n c'<>rrected for source drcay 
durin1e the lnten·t-nina period and for tht- background 
rates obsen•t-d later on the lunar surface. It is seen that 
th<' data obtained during the short infUght oprration1 
art" close to those t•xpt•c·ted from th<' . tandard !llamplt'. 

In Fig. Vlll-29 (tht• standard-sample measurement, 
on the moon for the three mi11ion1), the smooth curves 
indicate the hack1round lt',·els obsen·l'd in the following 
stage of lunar operations. The data presented in thf'1e 
figures arf.' similar to tho1t• obtained on standard samples 
before launch. diffrrln1 principally as a result of different 
bnrkground le,·t•l1 for the moon and the rarth. 

SUM',otT 
STANDAl'D SAMPU: (TRANSIT PHASE) 

....oTON M0Dt 

1 I 

1000 

100 

1 ~0 ~10~-::IO:!:--:I0~·-::401:--rr---::=IO~"""e--,:IO~~IO~~I00~-:-:,10~t20~ r~r-----,r--w--,m--u- -.r-----,!r---ztrrw..rtr"'fl&W 

04ANNEL NJMIEft 04ANNEL MJMB 

P19. Vlll-21. Surveyor V lnfll9ht data on standard ,ample. Data taken durln1 a 20-mln mea,urement whlle the 
spacecraft was In trantlt to the moon. The experlmental points, with 1tatl1tlcal errors, are the avera1•• of two 
channel, In order to Improve their statl1tlcal 1l9nlflcance. The 1mooth curve• are derived from data obtained In 
pre-launch mea1urement1 of a 1lmllar sample. The peaks at around channel 110 are due to the 11214 located near 
the detectors a, callbratlon 1ource1. 
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The lack of ell.'ftl events in the alpha mode at ap­
proximately chann 11 l~UM pve auuranc.-e, in each 
mission, th t the thin protective 8lm1 over the alpha 
sources had survived the launch, Sight, and touchdown 
condiUon1, and that radioactive contamination of the 
Instrument had not occurred. 

A computer analy1i1 of these spectra from the standard 
1 samples (after backpound subtraction) in terms of the 

library of eipt elements reproduces the data quite well 
(see Fig. Vlll-00). The resulting chemical •malysea of 
the standard-sample glau on the thl'ft! missions are 
shown In Table Vlll-11. Indicated also, for comparison, 
are the chemical compositions of the glasses used, a1 
determined before launch, by conventional analytical 
techniques. These analyses were made on similar, but 
not identical, piece of glass. The agreement, at the 
present stage of data processlncr., between the two types 
of analytical results Is certainly not as good as desirable. 
However, it must he remembered that the lunar stan~;,.1-J. 
sample analyses hnd short measurement times, th~ ltle 
posslblllty of the inclusion of tainted data cannot be 
ruled out by the present certlRcatlon techniques, and 
that only approximate corrections have been made so far 
for nonstandard instrument conditions ( e.g., for the tem­
perature coefficients and other effects on the energy 
sca1es). For example, it is clear from Fig. Vlll-00 that 
the energy scales of the lunar spectra and computer­
calculated spectra are not always identical. It is for these 
reasons that there appears to be little basis for assigning 

Table Vlll-11. Analy1e1 of 1tandarcl 1la11 
,amplH on the moon 

. 
AHlytl1,llfHll11' 

........ lwn~V lwn,wvf lwn,wVI 

lww•,-r1 ..... .a.J lwn,w' ... ......, lwH,-rb ... -
Oaytet1 56 59 51 51 55 59 

'"""" 7 I 11 I 10 I 
Mognetlulll I 9 11 9 10 9 
Alullllnut11 2 2 'J 0 0 0 
llllcon 20 17 11 17 16 17 
"Colcluln" -2 0 1 0 0 0 
"lroft" I 7 I 6 9 1 

•TIie hrff,w VI ,.., .. w.,. eMel~ lty llllftl11t tile 8"Ch te allll•I .. cllt, 
.... 111 .... , ........... flt ., ...... """"'· ~ .,, ............ .,_ 
tlle '""'" (,_.... 111 lef, Vtll,21 elttel!IM 4'11rll't tlle •l•lett 1111111 tlle 
S,O, ,..,.,, .. n•1M1ter ,,..,.., 

'TIie ,..., .. .,. MnNIINII te 100% ett • cerMll•ffM Milt, TN tleN ._ 
,...,_., 11,J • ,.,,,,__,..,_ tr14 tllet --• ...._. 25% ef tlle .,.., 

•TlleN .,. .... ,.., .. ., ............. c11 .. ,., Nelyeea ., .,. .. , ......... 
............. 
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erron to the Suroel/0, analyses of the lunar standard 
sample at this stage of data proceuing. '!"he comparisons 
made in Table Vlll-11 are considered adequate, how­
ever, to establish the capabtUty of the instrument to 
perform chemical analyses under lunar conditions. 

Another method of examining the standard-sample 
data is to compare th m directly (after background sub­
traction) with the corresponding data obtained In the 
&nal calibration at Cape Kennedy a few weeks before 
launch. In order to do this properly, small energy-scale 
correctlor·. were made to the data because of tempera­
ture differences and, in the case of Surveyor, V and VII, 
because a different di1ital electronics unit had been used 
for pre-launch calibrations than for the actual mission. 
In addition, the lunar spectra (alpha and proton) were 
normalized to the p:-v .. Jaunch calibration spectra in the 
oxygen region (alphr, channels 16-23) to correct for 
source decay and difbrent sample distances. 

These comparisons, for each of the thrt1e missions, are 
shown in Fig. Vlll-31. Comparison of the data at this 
early stMge does not introduce the systematic errors 
associated with the u~e of the library. In addition, It 
lends assurance that the background measured In the 
next stage of lunar operations (w!ih the instrument sus­
pended over the lunar surface) iH ~h,. appropriate one 
to use with a sample under the i .1: ·. , , , 'T' ent. The com­
parisons made in Fig. Vlll-31 shu\J, , . 1· ..til ,:ases, adequate 
agreement throughout the energy rt~fr ,ns in both alphia 
and proton modes. 

Thus, the standard-sample measurements on the 
Surveyor missions, to the extent that they have been 
analyzed to date, give no reason to suspect the data 
obtained under lunar conditions or the techniques used 
to interpret them. 

I. Background Mer· -~~mentl 

The second stage of the lunar operations of the alpha• 
scattering lnstn1ment was desisned to measure the back­
ground levels for the instrument under lunar conditions. 
Because of the lack of a protective atmosphere on the 
moon, these were expected to be much different ( espe­
cially in the proton mode) from those on earth. The 
data were accumulated with the instrument suspended 
about 0.5 m above the lunar surface (see Section VIII-D) . 

Figure VIH -32 pre,ents the background measurements 
from the certified spectra (Table VIII-10) for both alpha 
and proton modes of the Instrument on the three mis­
sions. The ordinates are events per channel registered 
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(sometimes averaged over two channels to improve sta­
tistics) as a function of channel number (energy). The 
ordinates are on a logarithmic scale, and the data have 
been nonnalized to a 1000-min measurement time to 
facilitate comparisou with the other figures in this Report. 
The statistical ( 1,,) errors in the data are indicated by 
,•ertical lines. The original data have already been cor­
rected approximately for the temperature coefficient of 
the instrument. As is seen from Table Vlll-10, the back­
ground measurement of Surveyor V was very short, lead­
ing to rather large• statistical errors in the data in this 
mission. 

In all of the graphs (alpha and proton), the peak in 
intensity in the region of channels 110-113 is due to the 
srnall amounts of Es2·H(T., = 6.44 MeV) placed very close 
to each detector. This Es2~• served as an energy marker 
as well as a check on detector behavior. Although the 
intensity and quality of the Es21

" varied considerably 
from mission to mission, this alpha source provided 
assurance, independent of other data, of the correct per­
formance of the instrument. 

It was anticipated, before the missions, that the main 
contribution to the background on the moon, aside from 
the Es2~•, would be from the instrument itself tn the 
alpha mode, and from cosmic and solar radiation in 
the proton mode. This difference in response is due to the 
fact that the two alpha detectors are so small and have 
such a small sensitive depth that only 0.6-MeV to about 
4-MeV protons, inctJent nonnally, would deposit enough 
energy to be registered above the 600-keV threshold of 
the elec.-tronic system. All such primary particles of the 
solar and cosmic radiation are absorbed by the nearby 
components of the instrument. The fraction of originally 
higher-energy particles, which are slowed to the .... Jow 
4-MeV energy range and the secondaries produ .. ~a in 
this energy range at the detectors, was calculated to be 
small compared to the intrinsic background of the in­
strument. 

On the other hand, the proton detectors were much 
larger in total area and also had larger sensitive thick­
nesses, allowing them to register protons of up to 6.4 Me V 
entering nonnally. Moreover, because of the gold foil 
in front of them, these proton detectors were insensitive 
to radioactive contamination of the instrument. The main 
contributor to the very low background in the proton 
mode on earth ( aside from the Es211• previously men­
tioned) was electronic noise, and the sensitivity to the 
small amounts of gamma radiation and neutrons from 
the Cm20 sources. 
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Because the event rates from the lunar sample in the 
proton mode were expected to be relatively low, serious 
attempts were made during instrument design and be­
fore the mis ions to predict the background rates caused 
by solar and cosmic radiation on the moon. Early esti­
mates led to the decision to include anticoinctdence 
detectors in hack of each proton detector ( see Section 
Vlll-C). Calculations indicated that these detecton 
would reduce the predicted background by at least a 
foctor of Ave; the remainder of tht• background would 
he due to radiation entering the sides of the instrument. 

The observed backgrounds in the proton mode (Fig. 
VIll-32) turned out to be lower than those in the alpha 
mode over most of the energy range. The smooth curve 
in Fig. VIll-32 (top right) is the pre-mission predictic."1 
of this background spectrum for the proton mode. This 
is the sum of the pre-launch Cape Kennedy measurements 
of the instrument background and of the calculated 
contribution from cosmic and solar rays. It has almost 
the same shape as that observed, and over most of the 
energy range is only about 50% lower. In view of 
the complicated nature of the calculation (involving the 
use of low-energy solar and cosmic-ray spectra which 
are known only approximately, and the effect of the 
complicated geometry and direction-varying amounts of 
absorbing material between the detectors and space), the 
agreement between the calculated and observed spectra 
is considered satisfactory. 

The backgrounds observed in the proton mode in the 
three missions had the same spectral shape ( except for 
the small difference in the Esm region) and were ap­
proximately of the same magnitude. For example, the 
background in the proton mode in the energy region 
above 6.5 MeV was the same in the Surveyor VI and VII 
missions (well within the la statistical error of 5% ). This 
means that the flux of 50- to 200-M~V protons (these are 
the particles which, incident on the instrument from the 
sides, would contribute to this background) was the same 
on the moon at the Tycho site (40°S) in January 1968 
as at the equator in November 1967. This isotropy is 
consistent with the lack of appreciable magnetic Reid 
near the moon. (A 100-MeV proton in a field of even OOy 
moves in a circular orbit of radius -10• km). During the 
Surveyor V operations, this background was slightly 
lower, possibly because of shielding by the local terrain, 
since Surveyor V landed just inside a small crater. The 
pr,.dictability and constau~y of the data provide con.8-
den<' ~ that the nature of the background on the lunar 
surf.tee in the proton mode of the instrument is ade­
quately understood. 
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The hackground observed in the alpha mode of 
Surveyor V (Fig. Vlll-32, top l<'ft), how,•v,•r, provided 
some surprises. In the intermediate energy ran~<' (ap­
proximately t•hannels 10 to 90), ft was deRnftely hf"ht•r 
( in places more than a factor of 2) than predicted from 
the last pre-missfon measurt'ments at Cape Kennedy. 
Fortunately, this was stfll n negligible part (ovt'r mo t 
of the spectrum) of the response whtm a sample was in 
a nominal position under the instrument (see, e.g., Fig. 
Vlll-29), An explanation of this anomalous behavior was 
discovered just before the Surveyor VI mission. It proved 
impractical to cUmfnute this i ncreasc fn background on 
that mission even though this background wns much 
higher on Surveyor VI (see Fig. Vlll-32, middle left). 
However, measures taken before the Surveyor Vil mis­
sion were partially successful, so thnt the background 
in the alpha mode on that mission (Fig. Vlll -32, bottom 
left) wa1 lower than that on the Surveyor VI mission. 

The clue to the explanation for this higher-than­
expected background , n the alpha mode lay in the 
decrease in intensity at approximately channel 93 (see, 
for example, Fig. Vlll-32, middle left). Such a behavior 
is characteristic of the response of the f nstrument. to a 
gold sample. It is interpreted as due to a larger-than­
previously-encountered recoil behavior of the Cmm flight 
sources prepared for these missions. Recoiling atoms 
from the alpha decay of Cmm were transferring radio­
active material from the source plate to the protective 
ftlms which cover the colHmating openings of the source 
capsules. In this position, the radioactivity is not col­
limated and can strike the gold-plated, upper surface of 
the bottom plate of the instrument. Because of the high 
cross section for scattering ' gold, even a relatively 
sma11 amount of radioactivity m this position produces a 
detectable increase in the hackground fn the alpha mode 
of the instrument. 

As can be seen by comparison of Figs. VIII-32 (top 
left) and VIII-32 (middle left), the feature was present, 
but less pronounced in the Surveyor V spectra. This 
apparently was due in purt to the source-protective ftlms 
on Surveyor V, which had been exposed for a shorter 
time to th;s recoil behavior than those on Surveyor VI, 
and in part to the very large variability later observed 
in the efficiency of this recoil-transfer process in indi­
vidual sources. 

For the Surveyor VII mission, a technique of evapor­
ating carbon on the ftlms (enough to reduce the recoil 
rransfer, but not enough to reduce the .r.nergy of the 
"lpha particles significantly) had been developed (see 
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!wction VIII-C). Thi1 proved Vt'l'Y ('fft.'Ctive for the 
sources preparro for th" spare instrum,•nt for the 
Surteyor Vll mission; ft wus purtfully effcctivr for the 
uctuul sourC<'s flown on thhc mission. The result wa1 a 
background , n th" alpha mod<' , ntt'rmooiate in level 
hetWl'('n th<• two carUcr mf s,dons, l'V<'n though the 
souret• strength wa!I nlx,ut 70% higher. 

The enhanced background in tht' nlpha mode, more­
over, grudually fncrl'ased with timl' (as more radio­
uctivfty wns trunsft•rred to the• Rims). Thi1 could be 
observed us n slow fncreasc with time of the re1ponse 
of tht' instrument fn an en<'rgy rt'gion (channels 73-00) 
above• the Fe, Co, Nf end points. Although not affecttn11 
the results on th<' principal constituents of the lura&r 
samples examined, this aspect of the experir'lent will 
, ncrease the very low Umits that could otherwise be 
placed on the abundance of elements heavier than nickel. 

The backg-ourad measured in the alpha mode in chan­
nels nbovc• the E~··· • peuk (not shown in the Rgures) 
corrl•sponds to events depositing at least 6.5 MeV in 
the alpha detectors. The rate of such events is very low 
(54 ± 12 per 1000 min on the Surveyor VI mission). It 
is essentially the same on all the mfssions and is con­
sistent with the contribution calculated for solor and 
cosmic ray particles. 

The alpha-mode background of the ~urveyor Vll 
mission (Fig. VIll-32, bottom left) shows more structure 
than is visible on the two preceding missions. This is 
because, due to the higher-fntensity sources and longer 
counting time, the effects of the low-probability scatter­
ing from the lunnr surface, about 0.5 m away, can be 
seen. As seen in Section VIII-E-3, this structure in the 
spectrum follows closely the features in the lunar-sample 
spectrum, although with u very low intensity. 

Because only one background measurement was made 
on each mission, precautions had to be taken in the data 
analysis to be certain that this background was not 
changing with time, or was changing in a known way. 
In the alpha mode, the contribution caused by scattering 
of noncollimated alpha particles was monitored by 
obst.·ving the event rate in ch.mnels 73-90. The increase 
in this region was assumed to apply at lower energies as 
well. It was a significant part of the total event rate only 
in the region of the alpha spectrum above channel 52. 

Changes in solar and cosmic ray contributions to the 
background were monitored in three different ways. 
The least sensitive method involved the rate of events 
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in thl· ulphu chunnds with <'n<•rgil•s gn•utt r than 6.5 
\le•\'. Although tht• rutl's ht•rl' were very low (nbout M 
t•wnh/1000 min ), tlwir constunc·y, within stutistics, pro­
vidt•d nssurnnct• thnt thl• nlphn modt• bac·kground cause•d 
by t•xkmnl sohar nnd c-osmic l'll)'S wns not c11nnging 
during II mission. 

Thl• sl'C'Ond method involvt•d the ratl's of events in 
tht• sunw high-t>nergy region ( > 6.5 \feV) in thl' proton 
mode. Here the rntl•s Wl'ft' hight•r (about one cvt>nt/min). 
Aguin, within statistics of nbout 15%. thl"rc is no indi­
cntion of chnngcs during th<' measurl'ments. 

The most n•nsitive monitor of the solar und cosmic 
ruy intl'nsity was the gunrd ratemetcr. Preliminary 
l'Xnminntion of the dntu indicutt•s no signi8cunt changes 
in intensity over the period of the lunnr-sumplc.• mt'itsure­
ments. 

In nddition to thl'se internal meusureml'nts by the 
instrument itself of the constancy of thl' solar and cosmic 
ruy background, data Wl're provided on the charged­
particle radiation levels in space from the Imp IV 
satellite. This satellite was in orbit about the earth, and 
readings provided2 each 4-hr period gave assurance thnt 
significant changes in the general level of radiation in 
space would be detected independently of the alpha­
scattering instrument. There were no such changes re­
ported on any of the missions during lunar operations of 
the alpha-scattering instrument. 

In analyzing the data for this Report from the standard 
samples and from the lunar samples on the Surveyor VI 
and VII missions, the observed backgrounds (increased 
slightly as appropriate in the alpha mode) were subtracted 
from the observed ~pectra before computer processing. 
The statistical errors associated .vith the background 
mcasu.·ements were considered. In the case of Surveyor V, 
because of the poorer statistics, a smooth curve was 
drawn through the background data, and this smoothed 
version was used in the data analysis. 

3. Results of Lunar Sample Data 

As indicated in the previous sections, six lunar samples 
were examined by the alpha-scattering instrument dur­
ing the Surveyor V, VI, and VII missions. Three of these 
were samples of mare material (Surveyors V and VI}; 
three were from the Surveyor VTl terra site. The first 

2These data were made available on a near-real-time basis by Dr. 
John Simpson of the Univt>rsity of Chicago and the Small Sai.~IUte 
Tracking Center at Goddard Space Flight Center. 
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snm1>ll' l'Xamined on c.•nch mission was the original de­
ployml'nt urea of the.• instrument. On Surccyor, VI and 
\ ' /1 , this first sumplt• ,,·us thl' rl'lutivd)· undisturbed locnl 
surfucl'; on S11ru•yor \ ', ho,,·e•vt•r, the original deplo)'· 
ml'nt nn•a rnny hnn• hc.•en primuril)' material ejectl-d h)· 

the• spa,·c.•,·rnft footpads upon landing. Bec·uusc the sec­
ond sample.• exarninl'd during the S11rvcyor V mission was 
only uhout 10 t·rn nwuy from the.• first sample•, the second 
sample.• wus prohnhl)· slmilnr. Only one sample was ex­
amhwd on S11ra;eyor VI. The• st•t·ond sample analyzed on 
the S11rt:eyor \'II mission was n lunar rock that pro­
trudc.•d n few t.·t•ntimeters above.• tht• originaJJy undis­
turhed, loc·ul lunar surfot·c.•. \Vith the help of the surface 
snmpler, till' alphn-scattl'ring instrument was placed on 
top of this rock (Hc.•f. \'111-20 and Fig. VIll -2i ). The third 
snmplt• c.•xumhwd on the S11ra;eyo1· VII mission was suh­
surfot·t• matc.•rial; the ulphn-scnttt>ring Instrument was 
plnced on top of a shallow trc.•nch previously prepared by 
thl' surfo,·t• snmplc.•r. 

The.• relati \'l'I)' raw data from the certified teletype 
s1w.ctrn from ead1 of the sumpJes (see Table VIII-10), 
are presented in Figs. VII(.:3,'3 and VIII-34. In each case, 
the alpha nncl proton data (in units of events per channd 
per 1000 min) ar<' shown plotted on a logarithmic scale 
as u function of channc.•I number (energy). Tht• statistical 
errors ( lir) nrc.• indicated bv vertkal lines. The smooth 
curves, in t'ach case. arc.• the background rates observed 
on the moon in the previous phase of the experiment. In 
comparing the absolute rates from different samples, it 
should be remembered that the source strengths were 
different on different missions, and thr,t the average 
snmplt>-to-detector distance was different. Thus, for ex­
ample, the average distances of the three samples to the 
alpha detecton on Sura;eyor VI I were in the ratio of 
1 to 0.7 to 0.9. 

Examination of these figures indicates that, in the 
alpha mode, the response from the samples was ade­
quately higher than the background values over all parts 
of the spectrum below channel 70. In the proton mode, 
however, below about channel 10, the background repre­
sents a large fraction of the total number of events and 
is rapidly C'hanging with energy. In most of the higher­
energy regions, however, the signal-to-background ratio 
is adequate. As might be expected from the higher source 
strength on Surver,or VII, the situation is best on the 
samples examined during that mission. 

The qualitative features visible in the raw data of 
Figs. VIIl-33 and VIII-34 are the same for all samples 
in the same mode of the instrument (alpha or proton). 
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Tht• • feature• allO n•aemhlr those found In ffllln)' trr­
re1trial rock• t•umbwd by SurWJr,or-typc, lnstnament1. In 
tht• alpha& mode, tht• moat prominent feature• an- the 
shurp dro1,1 in intt•n1lty at approxlm'1tely channel ~ 
(t.·huractt•ri1tlc of tht• pn•St•11et• of oxygen), the drop often 
1>rc<.'t-'dt•J by a Mlight "hump" at ap1>roxlmately chann •152 
(churucteri1tlc of tht• pn•St•n<'t' of 1dlicon), and the- ftnal 
drop ut 01,proximutely chunnt-1 73 (fndi<·aUng tht• pre1en<'t• 
of dt•mt•nb ha the n•" 1on of iron in tht• mmplt.ts). In th,• 
proton modt•, all 1mmplc1 show the drop in lntt•n1tUy nt 
approximately t.•hunnd 62 und n broad peak between 
npproximutttly chunnl'ls 73 und 100 (t.·hurncterh,Uc of tht• 
presenct• of aluminum: St'l' Fig. Vlll-4c, hottom right). 
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Even though most of the qualitative features are 1lm­
Uar in a 1lven mod{' in the data from all the 11mple1, 
tht>re are ell1Uy vilihlt•, slight dlffterencN. For example, In 
tht• ulphu mod,• ahovt• chunnttl 52 (un ,-nergy region to 
which only t•lt•menh ht-a vier than 1Uk'OII can contribute), 
tht• data from the two 111mple1 eumbwd during the 
Surveyor V ml 1lon 11how no 1lgnlftcant breaks before 
thut at npproxlmatt•ly channel 73. meaTly a general de­
c•r,•n1t•. Tht• dutn from tlw Surt)fJfJOr VI ml11ion show u 
d,·ftnUt• drop nt uhout chunnl'I 6.1. Th<> drop is much 
morl' distinct nnd g()(•s to lowt•r lt•vttl1 ut about the 1am" 
point in ull thrc•t• sumpl,•s t•xurnint•d during tht• 
Surveyor VII mbsion. 
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P19. Vlll-35. Computer analyH1 of the Surveyor V lunar ,ample spectra. Comparison between the calculated 
spectra (smooth curves), u1ln1 an el9ht-element library, and the data obtained on the lunar surface (after back-
1round subtraction). 
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In vit•w of tht• um1v11ill1bility of tht• 1,rtmury datu in 
odt-<1ua1t• Umt• to he trcat,-d properly for this R lJOrt, the 
datu pn•st•ntt-d in Ftp. Vlll-3.1 and Vlll-34 ha,·t• ht-t•n 
prot.'t•1uK-d only in an ,approximate manrwr u1in1 an eight­
element Ubrul')' (K't' St-ctk>n Vlll-8). AfU•r 1uhtroctior, of 
tht• ua>i,ro1>riutt• had,gn>undN, the da,a of Ftp. Vlll./3.'3 
and Vlll-34 havt• bel'n fitted hy a lca1t-1q,1arN,ttthniqut•, 
u•ing the Hhru11· uppropriutt• to thr, h ,1truml'nt uR-d, 

The• rc•sults of th IN computer fitting of the data f n,m 
the two sam11lc•s from Surveyor V, the sample from 
Surveyor VI, and the flnt ,ample from Surveyor VI I art• 
"'hc,wn in Fig,. Vlll-35 and Vlll-!)6, The groH fcatur«-1 
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of both alpha and proton spcdra for tMse four sample. 
an• wt•ll repreiwntoo by the eight-elrmt'nt library used. 
The only 1igntR,·11nt deviatk>n1 are those explicable h)' 
mall cm•rgy ml mutche1 bt.-tw<-en t~ library and lunar 

data, the tc•ndl'ncy for the "hump " near the 01y1ttn and 
~Uk'On end1,oinh of th" al1>h11 lpt.'lira to he smoothed 
out In tlw lumar data, und the inadt-qu cy of a two­
c'Om1,onent library to flt th..- alpha data ahovt• channel 52 
In the two 1amplt•1 1tudit•d on Surveyor V. It remains to 
ht• K'l'n whether these 1mull tli11Crcpancit•1 will prnilt 
when the more <:omplt•tc• dutu nrc proct.'s1ed more ril· 
orom,ly. In spite of these ,mull dlscr<'1lUndr1, it i1 clear 
thut the eitcht-ell'mcnt library choSt•n n•1>n•Nt•ntl the data 
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well. The elements of the lfbnry must represent the 
principal constituents of the lunar soil at the places 
, 11ve1tipted. 

Figure Vlll-37 is un example of the dt"tailed contri­
bution of the different elements of the library to the nt't 
lunar sp<--ctra of sample 1 from the Surveyor V mis­
sion in both alpha and proton modes. It Is seen that the 
carbon, sodium, and magnesium contributions required 
are so small that they are untrustworthy at the present 
stage of analysis. 

Computer results are not shown for the second and 
third samples from Surveyor Vll. The far-from-nominaJ 
geometries represented by the lunar rock protruding into 
the instrument opening and by the disturbed-surface 
(trench) sample produced changes, particularly in the 
proton spectra (in Intensity and slightly In shape), which 
make the use of a standard library less applicable. These 
elects are qualitatively understood, but will require ·:cri­
Rcation by mockup experiments in the laboratory before 
the lunar data can be analyzed relfably. 

The computer-derived contributions of the separate 
elements of the library for each sample, after conection 
for the stopping power of the element (see Ref. VIII-10 
and Section VIII-8 of this Report) give the relative 
number of atoms of the element In the sample. (This 
treatment assumes that the snmple is homogeneous, or 
if not, that the average atomic stopping power for alpha 
particles of the components is not too different.) From 
this relative composition, the atomic fractions Ctf the ele­
ments of the Hbrary ill the samples can be deduced. 
These are prt. .. ented in Table VIII-12. Because of the 
limitations of the technique, the values In Table VIII-12 
are to be interpreted as chemical compositions normalized 
to 100% P.xcluding elements lighter than berylllum, 

The errors quoted in Table VIII--12 are the present 
estimates of the reliabi!lty tJf the results. They represent 
primarily systemBtic erron arising principally from the 
(>resent lack of information about the reliability of the 
primary data stream, the approximate nature of the cor­
rections for the small temperature coefficients and other 
temperature-dependent characteristics of the instrument, 
slight changes in energy scales of the Instrument between 
the time when the library was determined and the time 
of the mission, and the use of a limited library. Because 
usually only a fraction of the eventually usable dab 
has been used, there should also be a significant reduc­
tion in the statistical con~ibution to the error. However, 
at the present stage of analysis, the contribution of 

Taltle VIII- I 2. Cheffllcal ceffl,e1ltlen ef the lunar 1utface 
at the Surveyor V, VI, and VII landln1 1lte1, 

,,ellffllnary re1ult1 

c ........... ,..,....., ...... " 

......... ......... , ........ 
,.,,"~ v, ,.,,"~ v, lw~V, ,.,,"~VI, 
... ,..1 ...... , ... ,..1 

C < 3 < 3 < 2 < 2 
0 51 ± 5 56 ± 5 57 ± 5 51 ± 5 
Na < 2 < 2 < 2 < 3 
Mt 3 ± 3 3 ± 3 3 .t 3 ' ± 3 
Al 6.5 ± 2 6,S ± 2 6.S ± 2 ' ± 3· 
SI 11.5 ± 3 " ± 3 22 ± ' II ±• 
"Ca"bl H'i 6 :!. 2 6 ± 2 

13 13 ± 3d 
.. , • • .e 5 ± 2 2 ± 1 

•TIie ••Ive fer .. 1v•l1111111 fer •111,le I ell l11r•erer VII 1191 ,,..,1e111ly 11H11 
re,ertM .. I :tJ,C. llef, Vlll,J) , A4411tleHI Mte •Hly1h 111411c•t• tlle ,, ... 111 
' '"''-' ••Ive •• Nlfll .. .,. ,...,,., ce,rect. 

• • 'C.' • here •••• ele111e11t1 wltll "'•" IIIIMNn NfwNII -.,,eal111•tely JO •1141 
47 •IMI l11clv4•, fe, eH•,le, '• I, IC, •IMI C.. 

• "Pe" llere llelletet eleMellfl wltll 111111 IIIIMNrl ltetwNII -.re■l111•tely 47 Pli 
61 •1141 l11cl11M1, fe, ea•••'•• Cr, Pe •IMI NI, 

•At tlll1 , .... ef •11t1ly1l1, the " C." •1141 "Pe" 1re11" ef ete111e11t1 II••• 11et ltNII 

, ... l•M fe, ttle l11r••rer V 111l11le11. ltewe.,.,, • lewer ll•lt ef J,C. ef "Pe" 
CH N Nf fer Nell ef tlle .... ,1 ... 

statistics to the quoted enor is small for the mo5t 
abundant elements. 

Although the present results are prelfmlnary, an attempt 
has been made tu ensure their reliability by the following 
tests: 

( 1) Computer analyses of subsets ~f the data used to 
obtain the results in Table VIll-12 have yielded 
results statistically consistent with the mean values 
given in that table. 

(2) In the case of the first sample on Surveyor V, it has 
been found that the answers are relatively insensi­
tive to the use of background assumptions, other 
than the smoothed version shown in Fig. Vlll-33. 
Among the backgrounds tried were lhe actual 
background data,rather than the smoothed version, 
and no background. 

(3) In several of the cases listed in Table VJII-12, the 
inclusion of other elements such r..s nitrogen, 
ftuorine, and potassium in the library used in the 
computer has been investigated. It has been found 
that the results listed in the table are not affected 
appreciably. 
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(4) Although the data in the present state hardly justify 
such refinements, in several of the cases listed in 
Table V(IJ.J2, a computer was 1uogrammed to 
search for the changes !11 instrument parameten 
(gain or zero offset), in both alpha and proton 
modes, that would improve the Ht to the data, as 
judged by a c·hf-squart>d test. The results were 
always n significant incn•ase in goodness-of-Ht as 
measured hy chi-sqmued, and a hett<'r match to 
sud, features in the spectra as the oxygen hr,•ak­
point. The analytical results were essentially un­
changed. 

(5) The excellent reproduction of the pre-launch 
standard-sample spectra by the mission data (Fig. 
Vlll-31) after subtrrtr-tion of the corresponding 
backgrounds, indicates that the lunar background, 
measured while the sensor head was suspended 
over the lunar surface, ls the appropriate one to 
use in the analysis of lunar-sample spectra. 

These tests, while not exhaustive, provide confidence 
that the results vresented in Table VIII-12 will not he 
changed beyond the quoted errors by more refined treat­
ments of the data. 

Because of the possibility of geometry-sensitive con­
tributions to the proton spectra of samples 2 and 3 on 
the Surveyor VII mission, no numerical results are quoted 
at present for the composition of these samples. The 
alpha mode of the instrument, however, is rather insensi­
tive to these geometrical effects. Figure VIII-38 com­
pares the data obtained in the alpha mode from samples 
2 and 3 with those from sample 1. The background has 
been subtracted in each case and the data have been 
normalized ~ .. . • that they match in the "oxygen" region 
(channels 8-25). Except for the possibly lower values 
in the region of channels 63-70 in the spectrum of 
sample 2, the data from the three samples agree very 
well. The conclusion is that there cannot be large dif -
ferences in the relative amounts of oxygen, silicon, "cal­
cium," and "iron" (the principal contributers to the 
scattered alpha spec~ra) in the three samples examined 
on Surveyor VII. All three sample spectra show a de­
crease by about a factor of two in the "iron" content 
relative to the values found in the mare samples. 

Although no quantitative information is deduced at 
present from the proton spectra from samples 2 and 3 
on the Surveyor VII mission, the data of Fig. VIIl-34 
(middle and bottom right) show clearly the presence of 
alum!num in these samples iu comparable amounts to 
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that found in the other lunar samples analyzed (Figs. 
Vlll-3.'3 nnd Vlll-34, top). Rc1iublc qunntitative results on 
these two samples will require laboratory simulation 
studfos reproducing the geometrical relationships of the 
snmples and h1strumt•nt. 

The Surveyor VI mission included a hopping maneuver 
of tht• spacecruft. This resulted in the alpha-scattering 
instrument resting upside down on the lunar surface 
(sec Fig. Vlll-23), thus eudin~ the possibility of obtain­
ing any more lunar data on that mission. The electronics 
and detector systems, however, had survived. The data 
obtained after the maneuver showed a large increase in 
event rute, particularly around channel 10.'3 in the alpha 
spectrum. This indicated that at least one of the pro­
tective films over the radioactive sources had broken and 
that recoil contamination of the instrument was taking 
place. 

The rates in the proton mode of the instrument were 
also appreciably higher than before the hop. Quali­
tntively, this was understandable in that the proton 
detectors in the new position of the sensor head were 
exposed to radiation from space (through the 10.8-cm 
sample opening of the instrument), with essentially no 
shielding other than the gold foil over the detecton. 

These event rates in the p1nton mode did not remain 
constant, however. During the lunar afternoon, they fell 
significantly, with a larger decrease in '.he low-energy 
portion of the spectrum. There are several possible 
explanations for this behavior. Because of the nonstand­
ard mr··~e of operation, it may be an instrumental effect 
such as a noisy detector. It may, on the other hand, 
represent a signiflcl\nt decrease in the number of low­
energy protons reaching the surface of the moon in the 
late lunar afternoon. This could arise, for example, either 
as a result of a decrease in the number of low-energy 
particles following a solar flare, or as a result of the 
shadowing by the moon of the source of such pa.rticles. 
Detailed study of the primary data, including those from 
the anticoincidence counters, as well as comparison with 
the results obtained on satellites in space at the same 
time may help to explain this effect. 

F. Discussion 

The analytical results deduced from the Alpha-• 
Scattering Experiment on the Surveyor mission'i repre­
sent the Arst on-site chemical analyses r,f Mt n:trater­
restrial body. There have, of cour.:€-, bC' ... :: previous 
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1119. Vlll-31. Comparl1on1 of Surveyor VII lunar ,ample 1pectra. The back1round, ob1erved In the prevlou1 pha1e 
of operation, have b••~ 1ubtracted and the oata have been normall1ed 10 that they match In channel, 1-25. 

specu 1ations about the chemical composition of the 
moon. These generally have been based upon indirect 
considerations such as the overall derasity, thermal and 
optical measurements, or proposed theoretical relation­
ships of the moon to either the sun. the earth, or mete­
orites. Until now, the observation most directly related 
to the "'hemical constitution of the lunar surf ace was the 
gamma ray experiment on the Russian orbiter Lti'l,(J, 10 
(Ref. VIIl-25). The intensities and spectral distribui •~O~ 

of gamma rays observed on this satellite were used 'o ~~ .. J 
limits on the content of radioactive eleruenb it, !u:·;ur 
surface material. The conclusion was drawn lt\ ,fi· Hu• 
upper limit of radioactive material was im.1011sislt.'1,! w1th 
granitic type rocks as they exist on earth. The data 
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appeared more consistent with the amounts of radioactive 
elements in terrestrial basalts, with the terrae having 
less, and so possibly being chonJritic in composition. 

The results obtained as a result of the Surveyor mis-
1ions and presented in Table VIII-12 are more direct 
anci comprehensive. It is true that they have been ob­
tained at only three lunar sites. Also, at the present stage 
of data availability and analysis, the limits of error on 
l'he :1na1ytical results are rather large. However, they 
w·ould 'lppear to account for at least 90% of the atoms 
1>resent (t;xcluding hydrogen) and so are the most com­
plete analyses of lunar material that are available. They 
indicate that the most abundant element of the moon, as 
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on the earth's surface, is oxygen. More than half of the 
atoms (not including the undetectable hydro~cn) are of 
this element. Second in abundance, again l\'i in the 
l'O<'ks making up the crust of the earth, is silicon. Alumi­
num is very promineut (6 to 9 atomic % ): it is the third 
most abundant element in the c.·ust of the earth. At 
present, only upper limits can be placed on the amounts 
(2 to 3 atomic % ) of carbon and sodium in the samples 
analyzed by the Surveyor,. Th,is, inspection of the values 
given in Table VIII-12 indkates a gross similarity in 
chemical composition to that of many rocks found on 
earth. 

Before proceeding to a more detailed consideration 
of the results, it is worth recalling some rharacteristics 
of the alpha-scattering technique of chemical ·malysis 
and aspects of the Surveyor missions that might affect 
the interpretation of the analyses. 

First, the technique provides information on the com­
position of only the topmost microns of the sample being 
examined. The possibility that this topmost layer is not 
representative of the composition of the bulk of the 
sample, especially under the conditions existing on the 
lunar surface, must always be kept in mind. 

Second, there is the question whether the "undisturbed 
lunar surface," as exemplified by the first samples exam­
ined on the Surveyor VI and VII missions (Surveyor V 
clearly had been mechanically disturbed) were really 
"undisturbed." One possibility is that, during the landing 
operation, the spacecraft chemically contaminated the 
surface, either by acaction with, or deposition of, the 
retro rocket or vernier rocket exhausts. Surface contam­
ination by the Al20:1 from the main rocket exhaust is 
considered to be negligible boi:h from theoretical calcu­
lations as to the amount and nature of its deposition (see 
Section VIII-D-3) and from th~ observation~ of no dif­
ference (within presently quoted errors) in the aluminum 
content of samples which had different exposure to the 
exh&ust. 

The possibility of reaction of the topmost layer with 
the products of the vernier engines (which operated 
much closer to the surface than the main retro rocket) 
is made unlikely by the lack of any visible changes in 
appearance of the surface c1osest to where their products 
impinged. Also, preliminary investigation of the presence 
of nitrogen in the first sample examined by Surveyor V 
gave amounts below the present detection limits. (The 
vernier engines operate on dimethyl hydrazine and nitro­
gen tetroxide.) Moreover, the presence of carbon in auy 
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of the Surveyor samples has not been established. These 
n.•sults are com1hdent with pre-mission tests on powdered 
t<'rrC'strinl materials (basalt, granite and iron), which 
were exposed for long periods separately to the room­
temperature vapor pressure of dimethyl hydrazine and 
nitrogen tetroxide and showed no detectable effects as 
measured by a Surveyor-type instrument. 

The possibility of some physical removal of the top­
most layer of the lunar surface by the vemier engine 
blast upon landing, is harder to exclude. Again, there 
appears to be no obvious change in physical appearance 
of the surface near where the vernier engines operated. 
Moreover, the topmost ( < 1 mm), fragile, higher albedo, 
1:urface layer seems to be still present at the Surveyor VI 
and VII sites where the analyses were made, and at the 
Surveyor V site where the throwout material from 
the footpads did not disturb it. Finally, theoretical esti­
mates of the force exerted on the surface by the vernier 
blast ut the time of cutoff indicate values smaller than 
those observed to produce visible changes in albedo. 
These are all arguments against physical removal of 
the topmost layer by the vernier engine blast upon 
landing. 

Thus, certainly within the presently quoted errors of 
analysis, s~veral of the samples examined by the Surveyors 
may reasonably be considered to be characteristic of 
undisturbed lunar surface material. These considerations 
will bear further examination as the more complete data 
are used to provide more detailed ,tnd accurate analysis. 

1. Intercomparfson of Results on Dflerent Samples 
and Surveyor Missions 

The limits of error quoted in Table Vlll-12 are large 
and could accommodate significantly different chemical 
r]ompositions for the different samples. It has been noted, 
however, that these estimates of errors can include im­
portant contributions from possible systematic errors. 
Since the different instruments used on the Surveyor mis­
sions were identical geometrically and alm"st identical 
in detector and electronics characteristics, one can ex­
amine, for the different samples and different missions, to 
what extent the relatively raw data agree. 

Figure VIIl-39 shows, for both alpha and proton 
modes, a comparison between the two samples measured 
during the Surveyor V mission and comparisons among 
the first samples measured on the Surveyor V, VI, and 
VII missions. The original data have been corrected 
approximately for the temperature coefficients of the 
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Fl9. Vlll-39. Comparison between the spectra of the two Surveyor V lunar 1amplH and amn1•1 thtt spectra of 
the first 1amplH of the Surveyor V, VI, and VII ml11lon1. The lntensltlH have been normalized 10 that they match 

, In channels 1-25 of the alpha spectra. 

respective instruments, and the appropriate backgrounds 
heve been subtracted in each case. The data (both alpha 
and proton) on all samples have been normalized to the 
"oxygen" region (alpha channels 8-25) to correct differ­
ences in source strength, measurement times, and sample 
distances (approximately). In both parts of this figure, the 
Surveyor V sample 1 data are represented by solid 
curves. The experimental points with associated error 
bars in Fig. VIII-39 (top) are from the sPcond sample 
measured on the Surveyor V mission. In Fig. VIII-39 
(bottom), the dashed curves represent the data from 
Surveyor VI; the experimental points are the data from 
the first sample measured on the Surveyor VII mission. 
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The agreement of these basic data from the two 
samples measured on the Surveyor V missiun is excellent 
in both alpha and proton modes (Fig. VIIl-39, top). Sim­
ilarly, the Surveyor VI data agree well with those from 
sample 1 of Surveyor V (Fig. VIII-39, bottom). In the 
latter case, the principal difference is the increased 
detail previously noted in the scattered-alpha spectrum 
in the region of channels 53-73 in the Surveyor VI data. 

The differences among the spectra from these three 
samples are small, however, compared to those that 
might be expected from significantly different rock types. 
For example, Fig. VIII-40 shows spectra taken with a 
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Surveyor prototype instrument (1'-2) from samples of 
busalt, dunite, and granite '. (The construction of this 
instrument was similar to thut of the flight instruments 
except that the sensitive depth of the proton detectors 
of P-2 wus shallower thun in the Surveyor flight instru­
ments. This a-esulte,I in a t·hangc of shape of the spectru 
of the highest-energy protons from aluminum.) Tht• duta 
for these three rocks have been normalized in the same 
manner as for Fig. \'111-39, so that the alpha s1>e<:trn are 
matched in the region characteristic of scattering by 
oxygen. In the proton mode, it is seen that, although 
there arc only small differt•nces between the spectra of 
basalt and granite, the spectrum ls distinctive from 
dunite (and therefore from t·hondritic meteorites, which 
have a composition of proton-producing elements com­
parable to dunite). In the alpha mode, pa,ticularly in 
the energy regions above channel 40, there nre marked 
differences among the three types of rocks. No such 
differences in either alpha or proton modes arC' indicated 
among the three mare samples. (See Fig. VIII-:39, top, 
for samples 1 and 2 of Surveyor V; and Fig. Vlll-39, 
hottom, for samples 1 of Surceyor., V and VI.) It must be 
concluded that, relative to oxygen, the amounts of the 
elements contributing in a major way to the alpha and 
proton spectra in all three mare samples are the same. 
probably to within 20%. Smaller differences in these 
major constituents as well as larger differences in minor 
constituents may become established upon more detailed 
analysis of the data. However, they are not likely to 
change the conclusion that the three samples from the 
maria examined on the Surveuor V and VI missions ha,·e 
the same amounts (within 20%) of Si. Al, "Ca," and 

, "Fe" relative to oxygen. 

Two further remarks can be made pertine~.t to the 
generality of these ant1lytfcal results on mare samples 
(Surveyors V and VI). (1) Surveyor V landed inside a 
small crater in Mare Tranquillitatis, and the samples 
examined were, at least in part, material ejected by the 
footpads during f he landing. Surveyor VI landed in Sinus 
Medii on relati\·p)y flat terrain, and the sample examined 
was, as far as can b !' determined, undisturbed surf ace 
material. (2) The two missions differed in the height at 
which the main rocket burned out. In the Surveyor V 
mission, the end of burning was at 1.6 km; in the 
Surveyor VI mis!>ion, it was at 13.5 km. The retr.:> rocket 
produced AtOa, which conceivably could affect the 
analytical result. Estimates made for the Surveyor V 
mission indicated that even there, the effect of the rt:tro-

'U.S. Geological Survey Standards W-1, DTS-1, and G-2, 
respectively 
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rOC'ket exhaust should have been negligible (. cc Ap­
(>endix A of Ref. VIII-I, first publk·ation). The amount 
of AIJO , contamination estimatttd for the Sr,rver,or VI r.ite 
is an ordt•r of magnitud(• less. The finding that the atomic 
perct•nt of nluminum in the two samples examined on 
tlw Surveyor V mission is the same and indistinguishable 
from thnt found ut the Surveyor VI site lends strong 
confirmation to the validit)' of these estimates. 

The close similarity of tht• nnnlrUcal results at two 
mare sites 700 km apart makes it unlikt•lr thnt this chem­
ical composition is applicable only to the spt•ciftc landing 
sites of Surveyors V and VI. It appears much more 
probable that this composition is represttntutivtt of Jorge 
portions of the surface material of lunar maria. 

The analyses are distinctly different for the terra 
samples examined by Surveyor Vil. The computer­
deduced result (Table Vlll-12) for the chemical compo­
sition of the first sample indicate a similar compC'sition 
to that of the mare samples with primary differences in 
the higher alumi,mm and the lower "iron,. content of the 
terra sample. The assigned errors, at this stage of analysis, 
would not exclude the same contents of these two com­
ponents in the different samples. Examination of Fig. 
Vlll-39 (bottom), however, indicates a distinct difference 
in the alpha spectrum from the Surveyor VII sample, 
compared with those from the Surveyor V and VI 
samples. The difference is largest for the highast energies 
(channels 6..'l-73) that record the alpha particles scattered 
from the "iron" group of elements. The difh•rences 0t 
lower energies are primarily a reflection of i.lac lower 
"iron" contribution. Thus, the basic data indicate a lesser 
amount of iron-group elements, on the order of a factor 
of two, at the terra site than at the mare sites. As men­
tioned in Section VIII-E-3, the data from the other two 
samples examined on Surveyor VII (the lunar rock and 
material in a trench) conftrm this lower "iron" content 
found at the Surveyor VII landing site. 

The differences in the proton spectra of the terra site 
compared with those from the mare sites (Fig. VIIl-39, 
bottom right) are primarily in magnitude throughout th~ 
entire energy region, rather than in spectral shape. These 
differences could be due partially to geometrical effects. 
They will be studied in more detail using laboratory­
reproduced geometrical relationships of the sample to 
the instrument. At present, differences in other than iron 
content in composition reported in Table "/111-12 for the 
terra site, as compared to those of the mare samples, 
cannot be taken as established. 
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I. The Chemical State of Lunar Surfaee Material 

The Alpha-Scattering Experiment provides no direct 
Information about the chemical state of the elements 
measured. However, chemical experience make, possible 
an extrapolation from the data of Table Vlll-12 to the 
probable chemical state of the hulk of Sun,er,or-typt• 
lunar 1urfa,·e material. Spt.."CIRcally. the large atomic 
fraction of oxygen, largt•r than 0.5, suggt•1tN that the 
metals prt•sent are In oxide states. The mean value1, If 
taken literally, indicate u ,dlght oxygen deRdency. How­
ever, well within the present limits of errors, tht•re Is 
enough oxygen to c:omhlne with all elements considered. 
For t•xumple, Tuble Vlll-13 lists tht• wt•lght pt•rct•ntagt•s 
of oxldt•s thut would ht• conslstl'nt with the> anulytlcul 
rt•sults from tht• Surveyor missions. Different compositions 
urt• prt•st•ntt•d for tht• tt•rrn sumpl<>s thun for the mare 
sumplt•s, refft•ctlng the nwun ,·omposltlon of the latter us 
presented In Table Vlll-12. 

It must be t•mphuslzt•d thut tht• usslgm•d pt•rcentuges 
In Table VIII-1/3 are far from unique In representing 
(within the given error) the analytical results of Table 
Vlll-12. The limits of variation are hard to ~stlmate at 
present. However, the table Is an example, ('Onslstent 
with the results of the Alpha-Scattering Experiment, of 
the chemical state of the major elements and their rela­
tive proportions In the lunar mare and terrn surface 
material examined thus far. 

It should be noted that Table VIII-V3 Is meant to 
illustrate the oxide composition of the hulk of the lunar 
material examined. Minor constituents, adding up to 

Table Vlll-13. Oxide compo1ltlon1 of lunar surface 
material con1l1tent with the Surveyor 

analytical re1ult1 

Wel1ht ,_,..,.. 
o.,. 

lwM~• V •IHI VI (111ere) lw~Vl(teffa) 

Na2O - • • -
MtO 5 7 
Al:,Oa Ub 21 
5102 50 50 
CaO 15 15 
,.o 16 7 

•The pr-11ce ef 1edl11111 hot 111♦ 1Ne11 .. ♦ellllthed with certel11ty, 1Ml11111 Hide 
ceuld lie pr .. e11t 111 1111eu11t1 up le 3% lly weltht 111 the 1111,e 11111pl.. of 
5.,,.,..,.,, V 111d VI, 111d A% 11,y wel1ht 111 the terr• 11111pl .. ef SurYei,o, VII . 

bThe wel1ht perce11t ef Al10 1 It tllthlly hither th111 th■t 1lve11 111 lef. VII I •2 
(13%), The dlffere11ce 1,1, .. fre111 re1111ded 0 eff v11u .. 111 1h11 leper♦ , 
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maybe a1 much 111 10% b)' weight, may be present. In 
addition, the analytical em>" do not exdude some un­
oxidized mt•tal, or radiation-decomposed oxides. A limit 
to the amount of metallic Iron at the Sun,~r,o,· VI site 
has bet-n set by the magnet teat at about ¼ % hy volume 
(1t.-c ~-tlon VII-C of thb; Rea>c>rt). 

It i1 po 1ible to speculate even further about the 
chemical state of the lunar material. It Is improbable 
that it exists as a simple mixture of oxide1. Rather, thelt' 
are likely to l,,. c.-omhlned into more complttx minerals. 
This is the state of material of similar chemical compo­
sition In most otht•r nntural samples such as terrestrial 
rocks and meteorites. (In making this additional extrapo­
lation from the husk analytical results, It must he remem­
bered that, on the lunar surface, the material may be in 
n noncrystalline fonn, eitl1er as u gluss, or too radiation 
damaged to be identlRed crystallographically.) Evc,n with 
the present huge analytical errors, the types of possible 
minerals are strongly restricted, although not deRned 
uniquely. For example, the chemical cornposition of mare 
material given In Tables Vlll-12 and Vlll-13 is con­
sistent with most of the material being a mixture of 
minerals of the feldspar and pyroxene classes. As the 
analytical errors are redm:e<l nuu as the amounts of 
the minor constituents are established, U will he possible 
to deRne further the mineral composition of the mare and 
terra material studied by the Surveyor missions. 

Althougl: these interpretations of the analytical results 
represent an e:-:trapolatlon from the actual results of th 
Alpha-Scattering Experiment, they should provide a 
more secure base from which to predict various other 
properties d the lunar mare surface material than has 
been available until now. For example, lunar materials 
in the states postulated should be chemically inert. They 
should not react with the usual materials of instruments 
or of structures brought in contact with them. This is 
consistent with thP, lack of obvious chemical action of 
lunar surface materials with the aluminum-clad footpads 
of the ::: ,.:rveyor spacecraft. Similarly, since ~he present 
analytical results provide information not only on the 
principal chemical elements, but also on their probable 
chemical state, it now should be feasible to evaluate 
more con• i-➔ently the practicality of utilizing the raw 
materials on the moon. 

Finall, , even these preliminary results should make it 
possible to improve predictions of detailed physical and 
chemical properties (such as melting point, density, hard­
ness, compressibility, etc.) of the particles making up 
lunar surface material, by ~mparison with terrestrially 
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,l\'ailable sub11tanct•s of similar chemical composition. 
Since the 8rst retumed lunar samples on the A1,ollo 
P1ogram are likel)1 to be from mare regions. the present 
analytical results should muke possible more definite 
and economical plans for their fnve1tigation. The agrec­
mer,t of the results from Surveyor, V and VI also fm1,lie11 
that the results of the- investigations of even the 8nt 
returned lunar samples will have more general applicu­
bUfty than could have been expected before the Surveyor 
n•sults were avallahle. 

3. Comparison With the Chemical Composition of 
Various Matenab 

Although, at present, the assigned errors to the ana­
lytical results of Table VIII-12 are large, they still allow 
some ~fgntftcant comparisons to be made with the chem­
fca: compositionic of various samples of the solar system. 

The first such com1>arison is of the present results on 
samples of the lunar surface with the chemical compo­
sition expected ff the moou were an accumulation of 
condensed sohu-atruosphere material (Ref. Vlll-26). In 
this case, it may be expected that the vol:\tile element11 
(hydrogen, noble gases. etc.) would have escaped as 
would have those forming volatile hydrides (such as 
oxygen, sulfur, etc.) For this reason, the comparison is 
made only with the metals determined in this work, and 
silicon ts taken as the reference point. This comparison 
is shown in Fig. VIIJ-41, using the values found in this 
work for Na, Mg, Al, (St), "Ca" and "'Fe" in the maria 
and terrae. 

It is clear from Fig. VIll-41 that the surface of the 
moon, at the places sampled by Surveyor, does not have 
the chemical composition of condensed solar material. 
For both mare and terra results, the magnesium values 
are too low and the aluminum and "calcium" values are 
too high. In addition, in the terra region near T)·cho, 
the lunar surface does not have quite enough "iron." 

The elemental analyses of Table VIII-12, as well as 
the representative oxide compositions of Table VIII-13, 
suggest silicate rocks such as are common both on the 
surface of the earth and in many meteorites. Although an 
tlemental analysis (even one more precise than the 
present one) can be only a rough indicator of rock type, 
It is of Interest to comp&1re the present results with the 
chemical composition of some materials that have been 

, considered as constituents of the lunar surface. Tiir,., is 
done in Fig. VIIl-42, whei·e a comparison of the pn;.1ent 
results (mare and terra) ls made with the analyses of 
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F19. Vlll-41. Co111,arl1on of the ollHrved che111lcal ce111-
posltlon1 In the 1 ,nar 111arla Cavera1• of Su,veyo,1 V 
ancl VU ancl at the Surveyor VII terra slto with that ef 
tho nonvelatllo ole111onts In the 1olar at11101,hero. Tho 
three co111posltlon1 havo boon nor111all1ecl to unity of 
,mcon. The solar value, aro fro111 lof. Vlll-26. 

average (Refs. VIll-27 throuah VIII-30) dunites. basalts, 
granites, tektites, chondritic meteorites, and basaltic 
achondrf tes. 

It is seen from Fig. VIll-42 that the lunar surface, at 
the landing sites of Surveyor, V, VI, and VII, cannot 
consist entirely of material similar to terrestrial ultrabasic 
rocks such as dunitu or to chondritic meteorites. Just as 
in the comparison with the condensed solar atmosphere, 
the lunar samples have too much aluminum, calcfnm, 
and silicon, and not enough magnesium. 

At another extreme of the rock spectrum, Fig. VIII-42 
also compares the present results wf th the chemical 
composition of t~rrestrial granites and with that of some 
tektites. Here the lunar results match more closely, espe­
cially those from the samples of the tP-rra region. How­
ever, the lunar samples appear to have insufficient ~i011 

and too large an amount of elements of the calcium 
group. 

Of the comparisons made in Fig. VIII-42, the compo­
sition of the mare samples agrees most cJosely with the 
chei:1ical composition of terrestrial basalts, and with that 
of a somewhat rare type of meteorite - the basaltic 
achondrite. The analysis of the tetra sample does not 
match, within the present e1Tors, the composition of the 
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nv rag tem.-1tr,al ha It, lthouah the discrepancy 11 In 
the low amount of .. ,run .. only. An int rmNliate type of 
rock such a a dloritc mntch I bett r ovttr II, although 
till not within tht• t•rror11 quoted. It may be that, with 

the.• pl't' •nt re1ult1 on only a Umltc.-d group of t•lrrMnt1 
and with large error•. t'Ompurlaon with more drtafled 
terrestrial rock typt•11 Is not warrant d. 

In spltt- of this inablllty, at pr nt, to choose a ter• 
restrial rock t) ,e to match the n•1ults of the analyM!1 of 
the samples from the terra 1ite, all of the lunar analyK"s 
(mare and trrra) are In strong disagreem nt with that 
rlpl'Ctcd for primordial solar 1y1tf'm material ( whether 
this he <.'Onsiderc.-d condensed solar atmosphere, or ter• 
re1trial ultrabu1ic rock,, or chondriUc meteorites). The 
lunar surface material, where it ha, be,•n sampled by 
Survf'r,or, V, VI, and Vil, if it originally had such a pri• 
mordial composition must have undergone cosmochcm• 
lcal or geochemical proce11ing to change, for example, th 
relative amounts of M1, Al, and Si to those now found 
on the lunar surfaCl'. It is not so clear from 1uch argu. 
ment, alone whether these proce1ae1 occurred before or 
after formation of the moon, or wh th r they are atilt 
occurring. 

The comparisons of Fil, Vlll-42 alro make it unlikely 
that the majority of the meteorites that fall on the earth 

<nwtullic und chondrltlc) origJnutt-d on the surf er oft~ 
moon. The lunar maria 11 sources of t ktat I u lao 11ppe r 
to he c.•xclud,-d. To the t•xtc.•nt that the other terr e h ve 
the umt• composition 111 th&at dC'~•'ffllinNI by Surcet,0, VII, 
th y <.'Ould not originate there cit~er. The carbora ceou1 
chondritcs also an• rulc.-d out by Iii .. 11n11lytical n'lulta. 
Thus, on tht•sc.• a 1umpUon , only a am II fraction of the 
mctt-oritc1 falling on the rarth can now he <'Onaidered a, 
hav,ng an origin at the lunar 1urfaCf'. 

.C. Dllerenen Between lhe Tena and Man Samples 

Although the dUferem't' c.•1tabli1hcd h<'twcl'n the ch m• 
lcal composition of the 1ampl I eumlned hy Surver,or VII 
and tht• mare 111mple1 examined by earUt•r Surwr,or, II 
confined to the lower ,'Ontent of th .. iron" group of ele• 
mcmt1 at the terra 1ite, this diff«'rence could be 1ignl8cant 
if It applies gcmerall)' to the terrae. It should be remem• 
hered that the "iron" aroup. at th present sta1e of data 
analy1l1 from the Alpha-Scatterin, • Experim nt includ 1 
the element, van dium, chromium, manpnese, Iron, co­
balt, and nickel. These are elements which, In gene,~l. 
impart color to rocks. Terrestrial rocb that have more of 
these elements are usually darker. and therefore, have • 
lower albedo than rocb with smaller amount• of these 
elements (see Fil, Vlll-43). Thu,, although there arr 
several po11lble reasons for the higher albedo of the 
terrae of the moon relative to that of the maria, the lower 
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I 

I • I I I t 
4 0 I 2 3 

ATOMIC PERCENT OF "IRON" 

Pl9. Vlll-43. A ••rlH of powdered tenestrfal rocks, arran9ed accordln1 to the concentration of element, of the 
Iron 1roup Cma11 number 47 < A < 651. The rock powders are all In the 37-J0p. p11Jrtlcle-1l1e ran9e. In order of 
lncrea1ln1 concentration of lron-1roup elements, the rocks ares Mono Crater obsidian, 0.3 % ; Ar1u1 1ranlte, 0.7 % , 
Half Dome quarts monzonlte, 1.0 % ; llaclc Peale quart1 dlorlte, 1.1 % ; Loomis-II dlorlte, 2.2 % ; Llffle Lake basalt, 
3.1 % ; San Marcos 9abbro, 3.3 % 1 and Pl19ah basalt, 3.6 % . The 1erlH of rocks was 1upplled by Dr. John I. Adams 
and Dr. Alden Loomis of the Jet Propul1lon Laboratory. 
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c,mtt•nt of the "iron" group of t•le•menh, u1 found In the• 
Sura:cyor \'II s.amplt•s, mu)' he• ,, c-ontrd,uting factor. 

1ub1urf ac: rocks of the t rra 11 ~.. than that of com-
1,unahle mutt•rl I in tht• maria. It thl1 calC'. the very pos1 
topoituphk-ul rel11Uon1hlp of the lunar 1utf1ce would be 
•lmilar to th01t• on the• pl net earth, where, In lt'tw-ral, 
tht· contbK•nh ore t'Offlpc>IC'd of m1&tt•rial I II d n1t• than 
the• hu IUt· Cll't•on bottom . 

Similurly. tht• lown .. iron" group conttont of tht• 
S11rc;cyor VI I ,mmplt•s, if it h1 churuc.-tt•ri1tic of t••rmc In 
,cc•rwrul, prohnhly rn,•umi thut tht• hulk den lty of the• 
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IX. Lunar Theory and Processes 

A. Dlscu11lon of Chemical Analy1l1 
0. E. Gault (ChoirmonJ, J. I. Adom,, 
It J. Collin,, G. P. Kuiper, H. Mo1ur,lcy, 
J. A. O'KHfe, It. A. Phinney, and 
E. M. Sltoemolcer 

Preliminary results from the Alpha-Scattering Experi­
ment on Surveyor, V, VI, and VII are given in Table 
IX-1. For each of the elemental abundances, an error 
bar has been given; this error bar involves both the 
counting atatiltics and estimates of the uncertainties in­
herent in thil preliminary stage of data reduction. In 
discussing the analyses, one must consider various com­
positions that lie within the given error ban. We point 
out here the problem involved in taking model composi­
tions for which many of the elements lie at the extremes 
of their pennitted ranges. If the likelihood of a single 
element at an extreme value ts, say 0.1, then the joint 
likelihood that two elements so behave is 0.01, and so 
on. One may, therefore, ignore model compositions for 
which several elements are taken near the flrror limits. 

Some rock and meteorite types are given in Table IX-I 
for comparison with the Surveyor data. All of these, for 
one reason or another, are candidates for analogs to the 
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lunar material. The LL chondrite and trre 1 carbona­
ceous chondrite are presented as typical r-f stony me­
teorites. The Mg in all chondrites (in the minerals olivine 
and pyroxene, principally) is too high for any agree­
ment to be possible. Thus, chondrite and carbonaceous 
chondritic meteorites apparently cannot come from the 
surface of the moon, if the analyses are representative. 
The eucrites (Ca-Fe rich, monomict achondrites) agree 
better with the Surveyor VI analysis than any other of 
our an.alogs. The howardites (Mg rich, polymict achon­
drites) fail to agree, again by virtue of the high Mg. The 
tektites, represented by ~he Indo-Malayan type, do not ftt 
at all, having too little Ca and excessive Si and 0. The 
granite is not a good anak•g, although it ii possible to 
ftnd granite compositions that Ile within the extreme error 
ban. The andesite is not as good a flt as some othen, 
having too little Ca and Fe and comparably more Si 
and 0. One of the best &ts is an anorthositic gahbro, 
although Ca and O 1ive marginal comparisons. Because 
the two mare areas investigated by Surveyor, V and VI 
may be characterized best as ba~altic with a high iron 
content, the simplest characterization of the Surveyor VII 
composition may be to describe it as basaltic with a low 
iron content; the precision of the analysis does not seem 
to warrant a much more detailed statement. 
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Teltle IX• 1. Cet11,erlte11 ef ,rellffll11ery cheffllcel e11elytff hr.1 lurvere,1 V, 
VI, afNI VII with re,re1et1tetlve reek, 

.................. ..... 
"Ce"b .... ... C 0 ... ... Al ti 

aw..,., V (hf, IX,31 < 3 SI 5 < 2 1 1 6.5 ± 2 11,5 + 3 13 ,. 
..,,,,_,., VI (let 11,4) < 2 57 5 < 2 3 3 6.5 ± 2 22,0 .. • 2 5 2 
,.,,._,., VII , ... , .. I 1 1H < 2 SI 5 < 1 .. ± 3 ' ± 3 11.0 .. 6 2 2 :t I 

lectleflV•ettMt-.,.,.1 
o. ...... 

LL l'OUJ lief, IX,51 - Sl,0 0,7 15.2 1,0 16,0 1.0 ,.: 
C•rltoMcNUt (ty,a I I hf, IX,51 ••• ss., o., ••• o, • •• 12,3 7.1 

lvulte (hf, 11,6) - ,0.1 0.5 3.6 5, II.I ,.2 .. , 
Hewordlte (tel , IX,61 - ,o.3 o., 7.1 , .. 11,5 3.1 5.1 
Duftlte (lef, IX,71 - 5'.0 o., 23.t 0.1 "·' 0,2 2., 

Per14otlte (lef, IX,71 - st., o., "·' ,., 15.5 ,., 2.S 
After ...... tlc .... ..,. , •••• , ••• , - "·' 2., I.I ,., ,,.o ,., ,, 
l•tolt (thelelltlcl 

A•er•t• NHftlc , .... , •• ,, - "·' 1.5 ,., .. , II.I 4.5 4.3 
Aver•t• ce,itiMftt•I (lef, IX,tl - .,.s 1.7 1,2 1.0 11,1 ,., 3, ...... , .... ,) 
A•-•o• NHftlC (lef, IX,f) ·- ,0.1 2,1 3.1 ., 17.2 , .. ,., 
Aver•1• contlft.,.._I (hf, IX,tl - '°·' 2., 3.t ••• 17,2 , .. ,., 

j ,Jetlte (hf, IX,101 - 61.2 2., 0.1 .. , 21, I 3. I 3.0 
o, ...... , .... , •.• , - "·' 2.3 o., 5.t u., 2,7 1.0 

T •Ii .... , ...... ,Molar•"• •••. , •• I II - 6'.0 1.0 I.I 5., 25.2 3., 1.5 

•l1ellltll11t •l-e11tt lltllte, llle11 t.e,ylll11111, 

'"C." •114 "Pe" .,._,. •'-"" •1111 111e11 11111111teo lilelwN11 ..-,eal111et1tr ,o te •7 e.-1., te ti, ,-..ctlwelr, 
•"C." elHII .. , .................. 

The cc.'ntral scknti8c que•tions about the moon, which 
might be answered by the compositional data, are: 

(1) What is the bulk composition of the moon? How 
does this compare with the composition of the 
earth nnd the meteorites? 

(2) What are the composition and mode of origin of 
the lunar crust? (This term is left ill deRned, but 
it includes the surface itself and goes to a depth 
of at least 2 km, which is the scale of the top­
ography.) Is it derived in ways similar to the 
terrestrial crust? 

(3) What is responsible for the known dUlerences 
between highlands and maria, i.e., the difference in 
albedo, elevation, crater numbers, etc.? 

In the discussion that follows, use is made of terrestrial 
and meteoritic analogs, both with respect to models of 
origin and compositional classes. This does not mean 
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that the lunar rocks will he exactly like these analogs; in 
fact, these rocks are undoubtedly unique in many re­
spects. But in following this approach, it is well to 
remember that we are in a position not unlike the biologist 
who ftrsl tried to describe the fauna of Australia to his 
colleagues, or of the biologist who takes the ftrst 600-Une 
picture of a Martian hired, Furthermore, it must be 
emphasi1.ed that the region fn which Surveyor Vll landed 
is found to consist of seven) flow units that onginated 
from the direction of Tycho. The signi8cance of the 
chemical analysis by means of the Alpha-Scatterin1 Ex­
periment is clearly dependent on a correct description 
of the mechanism by which these units were deposited, 
whether by some volcanic process, or by a hot or cold, 
turbidity-like flow at the time of presumed impact. 
Nevertheless, this is the only available analysis for the 
highlands, which constitute more than 80% of the lunar 
surface. We will interpret the analysis, therefore, as l ;, • lng 
typical in some sense of the composition of these high­
lands, and discuss the contrasts between the maria. and 
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tht• Mahland• on th ha i• of the> 1inglr S11n:, r,nr \'II 
,IHtum uncl tht• analy • fnl1n the· m rt' sit of St,rt r,or, 
V 1md VI. The den1ity and ulhc'<lo contrasts inf m-d in 
thi~ com1,uri on un• c.1uttr r,•,uonahlt.' in h'rm of tht• 
tt•lt•K'<>plc:all)· dett•nninc-d morpholoaic11I nd alhc-do c-on­
trast!I. Th • po11ih!tit)' i• ucu•ptecl, howt•\'t'r, th ,t lutt•r 
n1mh· t•1 in thi• or other hhchland ,1rt•11 might 1how th•· 
Sun: ~o, VII site t:> be quite atypical. 

I, Contra1t1 In Albedo 

The• low iron contc•nt of th,• mah•rial ut the• Surct•yor VII 
landin" sit•• provide•• a po . ihlt' e•xplnm,Uon of thc high 
ullwdo of the lunar highlands. Iron is tht• mo!lt uhundant 
of tht• ..Jemt•nt11 (transition mt•tnls) th.at nhsorh trongl), 
In tht• visible part of tul' spectrum. The• chan1r In iron 
contl'nt from tht• mare sites to thl' highland 1itl' is 1ufR­
ciently largt• to ucrount for a distinct chnnge in the 
opaclt)', and pl'rhaps in the amount, of the ma&c ,ilicate 
mineral(~). Such a ch ng<-' would, in tum, afect th 
albedo of the whole-rock powder. 

From the present data, it appears unlikely that most 
of the iron mea:,ured hy Sun:cyo, VII occun on the 1ur­
face1 of the roc·k particles us free metal. \Ve are not 
Inclined, therefore, to ascribe the albedo contra1t11 be­
tween tl,e highland11 and maria to differences in amount 
of free metal on the lunar surface. Furthermore, low 
carbon abundances in analysc•s from the maria and hi"h­
lands imply that carbon is not a major factor in control­
ling albedo on the moon . 

If it is correct that the iron content of the sfllcate 
minerals determines the albedo of large lunar regions, 
it also ts probable that this is not the only factor. For 
example, the numerous bright craters and rocks in 
the maria cannot all be intrinsically different in composi­
tion from the surrounding darker material. Shoemaker 
has propos d a "lunar varnish" alteration process (Ref. 
IX-1) to explain these dilerences in albedo. Adams 
(Ref. IX-2) has emphasized the importance of mean 
particle size where albedo contrasts are not the result of 
compositional differences. These ideas heve not been 
tested conclusively by the Sun;eyor missions. However, 
the compari.•ons of analyses (when available) of the un­
disturbed soil, disturbed soil, and of the rock at the 
Sun;er,or VII landing site ultimately may provide evi­
dence on the lunar varnish hypothesis. 

I. Estimated Density of Lunar Surf ace Rocks 

From the rtmilarfty of the atomic abundances in the 
Surveyor analyses to those of basaltic rocks, it seems 
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n- son hltt to infer a mint•ralosY that lnclucln some, or 
all, of tht• followin1: 

---· 
Mhwrul D'"n. it>· 

--
Alhltt• (Ah ) S1tAISI 0 . 2.62 

Anorthltt• (An) CaALSi,C 2.76 

P)·roxc•nl'!I ( .t, ~IK, Fl')SiOJ 
En~tutlh• (Eu) ~,~sio !l.20 
Diopslclc• ( Di) Ca\htSi O" !l.~"4 

llt·clc•nlM•rJ,tltc· (llcl l CnF,•Si 0. .'l.~'5 

llypt•rstJ~,·m• (II~ ) (~11&. Ft• )SiO !l.45 

Ollvh1,•s (~I". Fc•)SIO, 
For~tttrltt• (Fo) ~lgJSIO, !l.21 
Fu)·nlltc.• (Fa) Fc~SiO, 4.39 

Metullk· Iron Fe 7.R7 

Magm•tlt" Fc .,O, 5.;,.() 

Quartz (Qtz) s,o~ 2.~ 

The dens1Ue11 of these minerals and tht•ir solid solu­
tions are determined 11lmost en•irely h)' the proportion of 
iron. Within th pyrn1ene1, the incidence of high Ca, 
dC'spite Its atomic Wl'ight, causes a densi!y decrease. 
Estimates for th density of the pyroxen~ present may 
be made, how~ver, with considerable confidence by 
ideal weighting in terms of the densitfe~ of the end mem­
bers present. The distinction between the orthopyroxcne 
ond clinopyroxene is not signfRcant because hypersthene 
is used here only to deftne a particular composition and 
density. Plagioclase and olivine densit)' may be estimated 
similarly in tenns of two end memben. 

A series of putative atomic compositions that He 
within the error bounds of the Surveyor alpha-scattering 
analyse, is presented in Table IX-2. ~omputed nonns 
for these compositions are given in Table IX-3, along 
with their estimated densities. 

In computing the mineralogical norms, the Surveyor 
analyses do not provide a basis for any con&dem.-e in 
deciding whether or not oli\'ines are present in any 
amount. Atoms are allocated, therefore, to pyroxene 
molecules insofar as it is possible. It is apparent 'rom the 
derived density values that this assumption does not 
appreciably afect the mean density. 
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Teltle IX•I. A•••• ......... ,....._, 
...... .... 

0 II Al ... .. "Ce" ...... 
I .. II • I • • I 
I .. II • 1 • ' I 
I .. ,. , I .i • I 

• 1, II , I I • I 

• '° II • I • • I 

' '° II • '.I • • I , '° II .. I • I I 
I ,. II I I • I I 

• ,. , . , I I I I 
10 ,. II • ' I ' I 

" 
,. II • ' • I I 

..,,._,., VII --~ H :t i II ::t • • :t i <I • :t i ' :t i I ::t I 

II " to ,.1 I I ' • u .. to ,.1 ' I , 
' " '° " 1.1 ' ,.1 I ' " '° " 1,1 0.1 ••• • ' ,.,..,.,.,,.....,. ., :ti H .i:• ,.1 :t i <I I :t i ' :t i • :ti ..... ,., ., .... .,. .. :t i I 1,1 i: I ,.1 :t i < I I :t i ' ' t i• 

•"Ce"_ .................. 

Teltle IX-I. l1tl111etetl tle111ltle1 fer •11u111etl Mfflletlve 111111.,.1 cet11,.1ltle111 

....... ........... , ....... .... ....,, . , ... All .. DI .. .., ... .. ... o. --,. 

' I.ti I I I - - - I - -
I '·" ' 1,1 I.I - ,.1 - - - -
I 1.01 ' I I I ' - ' - -• l,OI ' ' I ' I - - - -
I I.ff ' I.I ,.1 ' I - - - -
' l,tl ,.1 1,2 , .. - I - - - -, 1.01 I I I I - - - ,.1 -
I '·" I I I I - - I - -• I.ti 2 1., - - 2., - - - -

10 l,t1 ' • I - ' - ' - -
" I.ti ' • I I - - I - -
II ,.,, I 1.1 ,, - o., - ... - -u l,IO ' 1, I - - ,., - 1.0 I.I 110. 

" 1.10 ' 1.1 - ,.1 ,., 1.1 I - -u l,H o., I.I - - ... , .. - - -
•Ualtl .. _,_.er.y wltll _.,., ...... .,..,.. ..... •tile..._ ...,_ltlN, 
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Tht• d n ltlc n- ck-t rmfnNI prtnctpelly t,y t~ pro-
portion of f)I• tod M' to total rode nd by thtt fro,. mm• 
po1dtion of tht' 1,yroxmt• . The- pla1toda1t• proporUon t . 
In tuan, d.-t,•rmbwd hy th<- amount of Al ln tlw analy,lt. 
Sm II amount, of frt ,. fron, or Iron •• mapwtltr, affc-ct 
tilt' dt•n lty •1,proxlm tt•h· 111 thouah tht' Iron w.- In a 
1>)'mxc:•nt-. Tht• con·11utc:'fl dc•ndti IN', how VM', In II l• 
Uve to thc:e 11mo11nt of rJCC'C' • Iron. so that th<- qiw,tkm of 
whc:•tht•r II the:- int talhc toms IN' oxkll1NI don not r 
alect the d nifty 1naly1l1. 

Com11 riM>n of tt1ult1 (Tahl IX-3) for an1lyR1 from t~ 
hi hland ltc:• (mod 11 1 throuah 11) with thoat• from 
th m11rc •It • (model, 12 through 15) lndlcat th11t l't'I• 
son hie values for the rock pair dl'n1lt)' for tht• two 
r 1lon are approximated t,y /J.0 -+- 0,05 1/cm• and 
3.2 ~ 0.00 g/cm \ l't'tpt'Cth·ely. Th dll r nee ii 1lan1ft. 
cant nd rt•fl ~t th dlfl ~ fn the Iron cont nt 
betw •n the two rt•glon1. It should he remembel't'd, 
moreov r, that Turkt•vlch, t't ._1, ( Section VIII of thf1 
Rt:r,6lrt) state that th rock (1ampl 2) an ly1.ed at the 
Surocyor \'II site contalnt'd about 00% I I lror, than 
that for th undl turbed lun r surface (aampl • 1 ), upon 
which Table, IX-2 and IX-3 are baaed. Thu,, dlffere~• 
In rock d naltle• of the hl1hland .. ~. i mare r glora1 may 
be vm grrater th n lndlc ted In Table IX-3; not that 
Scott and Robc.•raon ( Section V c-' thl1 R port) 1tl• 
mate the dm11ty of the rock -wea¥;!,:d" by th surface 
aampl r to be 2.4 to 3.1 g/cm•. 

Reprdln1 the analyse, at the mare 1lte1, the eucrlt 1 

1 
have IMm Id ntlfled a, havln1 an atomic compoaltlon 
th t fall, within all the error bounds for Surveyor, V and 
VI (Ref,. IX-3 and IX-4). For compo ltlon taken arbi­
trarily from within th allowed Surveyor V and VI 
bound,, we &nd d n1ltl I betw n 3.17 and 3.22 I/cm•. 
The higher d naltl •• e1peclally model 15, are found for 
composition, that are selected to ap-ee with the moat 
common eucrlt composition,. Thus, the estimated densi­
ties are in ea ntfal agreem nt with the eucrite d n1ltle1, 
althouah th latter may ran1 up to 3.28 glcm•. 

In short, If th intrinsic d nslty of the mare material 
ii taken u 3.20, th n th" hypothe1l1 of a et\~·rlte mare 
composition ii not counter-Indicated. If some of the .. Fe" 
(say about 1 % ) fa really Cr or Mn, these element, would 
be found a, impuritf I In the (already rather non1tolchlo­
m trtc) pyroxen and plagioclase IPttlce1 and will alect 
the density in a way that cannot be distinguished from the 
elect of iron. 

This analy1il has been baaed on a fairly conventional 
interpretation of the chemiltry. The pouiblllty remains, 
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howt•,•rr, th t IOl'l'Wthinl ratht-r 1tran may be fflffl• 

qUt-radln,c a~ ha R't or a r1K'l'ftr. For l'Umplc-. tht­
llC• lhllat )' h11 not hN•n lndudt-d that thttff' II 0.51".:l or 
mort• IC ln thtt "C11," whk+ would aaefK't tttt- mlnt'nloa)'. 
Thi m N' 10t1ablt• fn ,·lc:-w of tht' tndk-atrd low Na 
, ·11h1t• 11nd ttw u u I Naa/K r11U01 of 5 to 10 found In 
IICJlt'ou ruckii. Thc:•rt• ha• hctt•n nn dl1Ct11 km of Cl or C 
In thl• mfnt•r loaicnl mod,•I, nor ha1 con kk-ntlon ht n 
,clvt•n to t•n un• that tht• mlnt•r I form tahl tlt'ffl• 

blap. 

Many othrr qut•1tlon1 th t t'Ould he• rallC'd about the 
l11n11r surface• Involve l'lt't•t• that art• too 1m II for 
the• t.·hc:lmlcal analy II to pro,,ldc:• ny :m w"r In their 
11n•Umin ry foam. It would be dc:•1lrablt• to know whrth r 
2% or mon., hr wrl1&ht, H,O 11 pr IC'nt In the 1urfa~ 
m tttrlal water of hydration. If tht1 wc:•l't' tru , thr 
amount of available oxr1«'n for combination with 
the metal, would be redu d by a few pt'rcent, thu1 
11re1umably ucerbaUn1 th oxy1~n d ftclt. The pre~nt 
'-•rror bound on th ch mlcal analyse,, a, wt-II "' the 
bounds th t mu1t be plaet d on 1peculatlon, 11ermlt only 
th tatf.•m<•nt that 10% wat r of hydration appean fairly 
unlikely. Th quc:•1tlon may also be raised a, to how 
much fflt'tt'Orltlc Iron 11 pre nt In th 1urf ace 1011. From 
the Alpha.-Sc tterln1 Experiment, 0 to 4.5%, by wel~ht. 
of the soil could be m talllc Iron, a tt1ult that e1tabll h 1 
only an upver limit for the content. On the other hand, 
th m an t t 1t1 m to Indicate I II than ¼ % mag­
n tic material; this could be all main tit , If th analogy 
with t rre1trlal b nits 11 at all relevant. Th 1lngl 
ma(Cfletlc object tha~ apparently adh red to the magnet 
on the 1urface am1,ler Is spectacular, and may be a 
fragment of am eorite; howev r, It ma inappropriate 
at thlt time to ha1e any 1peculatlon1 upon a single datum 
of this kind. 

3. Bulle Compo1ltlon of the Moon 

The S11n,eyor chemical analyse, do not provide any 
d Rnltlv Information on the bulk composition of the 
lunar body. Indeed, the composition of the lunar Interior 
mu1t alway, remain a matter of Inference; evidence will 
alway, be circumstantial and rematn open to alternate 
lnterpretatfon1, At the present time, two que1tlon1 are 
crucial to interpretations: 

(1) Ja the Surveyor Vil analy1il typfcal of highland 
material? 

(2) To what d pth ii the estimated density representa• 
tlve of the lunar -cru1t"P 



Tht'se qut>stions ob,·iousl)' c nnot be Rn1wcrc•d until ad­
ditionnl highland sites ,Ill' nnnly1.NI. The following dr­
cm nstuncl'S 1,revutl: 

(1 ) The m<'un dt•nsity of th(' moon (:3.34) is V<'ry closl• 
to tlw mNn dt'nsity of the t•urth's unrompn•sst•d 
mantll• mntl•rial, nhout :),:).5 or sli"htly high,·r. 
Under tht• 1n .,sure nnd kmperature conditiornc 
l'X(ll'(•ted in the lunar interior, thl' mean lunur 
dC'nsity ma)' ht• tnlwn ns thl• true, constant density 
of tht• lunnr inkrior with nn t•rror less thnn 0.05 
g/cm". tf thl' estimntt•d demdty from the Sur­
cer,or VII analyses is vulid for only a few ldlom­
t•ter11 of the lunar .. crust" (i.e., no dense core or 
other structural inhomog<'nt'ity). In addition, th<' 
composition of the Surccyor VII lunar highland 
sample agr('('s closely with that of nn anorthositic 
gnhhro nnd reasonably well wftla that of ocean'c 
and continental tholc•iitic hnsalh (Tahle11 IX-1 and 
IX-2). Analyses from tlw Surccyor V and VI sites 
nrc similar, hut show twict• as much iron: thus, the 
material from the maria also resembles terrestrial 
basalts, but bears a resemblance to the eucrites, 
which differ in major element chemistry from the 
terrestrial basr.lts in their high iron (as well as 
having low<'r alkalies, a matter which cannot ht> 
discussed on the basis of the preliminary results 
from the Alpha-Scattering Experiment). The ob­
vious inference from the similarity betv . . --en the 
mantle and moon densities is that the lunar body 
and the earth's mantle ure composed of essentially 
the sam~ substance. 
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The mantle may be thought of as a mixture of 
~n olivine (80% Fo, 20% Fa) with a basalt tn a 
ratio of about 5: 1. Until iome strong counter­
evidenct" comes from the lunar surface, some heed 
must be :,aid to this inference because oft\, . lnck 
of any other obvious candidates for the 3.34 
density. For this reason, it is especially intere!l·~if'g 
that the lunar surface, which we tend to regard as 
the prime derivative of the lunar body, should 
have a romposition so similar to the basalts, which 
Mmpose the prime derivative of the terr~strial 
mn.,.~1~. The results from the Alpha-Sca~tering 
Experiment, therefore, may be viewed as addi­
tional circumstantial evidence in favua of the n 1oon/ 
mantle similarity. 

The terrestrial analogy is imperfect, however, ,md 
the divergences provide very interesting scieutiGc 
questions. In the Paciftc Ocean, the basin extrusives 
are tholeUtic basalts, and the marginal "'highland" 

cxtrusi\'c>s art' nndl'~;uc. These two ,·arietles on the 
avt>r, .gl• show a dt•nsit)' difft'rt'll('<' on th order of 
0.1 or 0.2. whk·h is of thl' same magnitudl• and sf gn 
as the density dUll•ren,·e that has ht-t•n estimated 
heh, een lunar mart• nnd highland materials. But 
the St><flll :it'l' of lunar matt>rials is dUlen•nt: The 
hasf n dr1,osih on the t'arth most rl•semhle the high­
land dl•posits on tht• mo,m: the .. ferrohasnlt" of thl• 
lunar lmsins find~ no <.-ommon terrl'.strial analog, 
nnd tlw h'rrt•strful undt•sftc has not heen found in 
any of tlw thrt•t• Surcc•r,or ch<'miral analyses. 

(2) S11rvc•yor VII nnnl)·sis hears a clo. e resemblance 
to a tern•strial nnorthositic gahhro (Table IX-1), 
such ns mny bt' found in layered basic intrusives, 
such ns the Stillwater, Bushveld, or Ska<-rgaard 
fntrusivt•s. CC'rtainly the possibility should be con­
sidered thnt th<- lnyerl'd gnbbros and genetically 
rl'lated member!I are a ubiquitous feature on the 
lunar surface. In this respect, .1 geological mappin~ 
of the area north of the crater Tycho leads to re­
markably consistent agreement that scvt>ral distinct 
blanlwts of material cnn be identiRed and strati­
graphic,,lly placed: only the origin of the various 
uni ts hns been subjected to multiple interpretations. 
If the uni ts are ejf'Cta deposited as a result of the 
impnct thut formed Tycho, then the materinl around 
the Surveyor \'II site was probably derived from 
depths of 10 to 15 km. It would not be surprising, 
ther~fore, ff plutonic igneous rocks were the maf'l 
constituent of the deposits around the spacecraft. 
The observation of coarse, light/dark textures in 
rocks near the spacecraft ts suggestive of, and 
consistent with, such an in~erpretation. The obser­
vations are, however, hardly conclusive. It is equally 
possible that the material analyzed at the Surveyor 
Vil site is a post-cratering volcanic rock. The depth 
of origin of such mat<-rial is a matter of speculation, 
but it seems likely that the source would be very 
much deeper than for impact ejecta. 

Notwithstanding the origin of the Surveyor Vil 
highland samples, if one posits that the density 
estimated for the material analyzed at the Surveyor 
Vil site is representative of the highland provinces 
( corresponding to more than 80% of the lunar 
surface) and extends to depths approaching 100 l m 
or more, the mean density of the moon would 
require interior densities signUlcantly greater than 
the mean value. Recent results reported by Lorell 
and Sjogren (Ref. IX-12) from analysis of the Lunar 
Orbiter tracking data suggests that the moon has 
an interior Jensity .. modPrately higher" than crust 
density. Because density increases produced by 
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the modest Interior prr11ure1 of the moon could 
be compcosnted, or even offset, by the effects of 
lncreuslng tempernturt"1 of depth, lncrensed interior 
density may Ix• interpreted u1 lndlcutlng mnterlnl 
thnt 11 compo1ltlonnlh different from the St1r~yor 
basaltic chemistry. Ultraba1ic compo ltlon, high­
pressure nssf'mblages, and perhaps l'Vcn the pres­
ence of an l'rnbryonlc "core" as a result of chemical 
frnctlonntlon of the primordial lunar mass may 
provide, el•h~r individually or collectively, nn 
explanation for higher Interior den1ltle~. Dlffcren­
tlntlon withtn the body of the moon, however, may 
not have proceeded as far ~• terrcstrh1l procl'sse1: 
It is Interesting to speculnte that the moon in its 
presen.-: state may represent an evolutionary stage 
1lmllnr to that of a youthful earth. 

4. On the Thermal Repme In the Moon 

Thu Sun:,.1yor chemical analyses are strong circumstan­
tial evidence that melting has 'lCCurred in the moon, and 
the Lunar Orbit.~, photographs suggest that this may 
have been true over a major fraction of the moon's history. 
The consequences of such melting in the lunar body art 
relevant to subsequent discussions and are of intrinsic 
interest. 

\ It ls possible to discuss heating to be expected in an 
initially cold moon by decay of the long-lived radio­
activities U231, U2311 , Th21~, and K•0

• Temperatures esti­
mated in this way are likely to represent the minimum 
possible temperature, since other effects, such as initial 
heating, tidal friction, etc., act to raise the temperature. 
Both time-dependent and steady-state calculations have 
been made, and all have certain features in common: 
( 1) a nearly constant maximum temperature throughout 
the interior, decreasing to a nearly constant gradient 
regiota near the surface; and (2) a steady increase in the 
central temperature with time, given by the total heat 
added to the interior by radioactive decay. By relating 
the history of heat production to the concentration of 
heat-producing isotopes, it is possible to investigate 
whether or not melting in the interior Is likely for a given 
type of material (Ref. IX-13). Melting is predicted if the 
concentration of KaO exceeds about 0.02%. 

For oceanic tholeiites (Ref. IX-14), K2O ranges between 
0.06 and 0.26 % ; it ranges between 0.04 and 0.22 % for 
eucrites (Ref. IX-6). Both of these are notable for having 
the lowest K2O (and other alkalies) within terrestrial 
extrusive and stony meteorite groups, respectively. n1e 
amount of K2O in the parent material is less by some 
factor, which depends on the original proportion of the 
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magma in the parent. Factors of three to six have been 
suggc,-ted; it Is then apport•nt that the range of unetttalnty 
brL1ckct1 tht• critical K~O vnlue of 0.02%. It 11 probably 
sufer to hct'd the photographic and chrmlcal evidence in 
favor of mc•ltlng, and put a lowtt limit on the K10 In the 
moon. Thr volue1 arc not very dlfferrnt from the concen­
trations sugg<'sted for tht' earth's mantle in discu111lons of 
t<'rrcstrial heat flow; for thut reason, it ls convenient to 
st-t them equal und compnre the steady-state bent flow 
to be expected. The moon's volume, and hence its totnl 
umount of bent-producing mut<'rial, is smaller than that 
of the earth by (R,../R,.)~. Th" urea Is smaller by (R'"/R,.)1• 

The heat Row should then be smnJIC'r in proportion to 
the radius, namely by a factor of four. fn all numerical 
discussions of lunar temperature, the heat flow follows 
this approximation fairly wttll, P.:1d is insensitive to the 
transient aspect11 of the problem. On dimensionol grounds 
then, the near-surface thermal gradient ls found to be 
four ti mes l«ass than the terrestrial gradient. The pressur<" 
gradient, away from the center, ls about six times less. 
Thus, upproximately, the temperature and pressure gra­
dients in tht, outer few hundred kilometers of the moon 
are expected to be about ftve times less than on the el&rth. 
The temperature (pressure), T(P), behavior can also be 
taken over from the terrestrial T(P), but must be scaled 
by a factor of ftve in depth. That upper portion of the 
terrestrial crust/upper mantle system that is cool enough 
to support long-term stresses and not creep is about 50 to 
80 km thick, arad may be called the lithosphere. The region 
extending from the lithosphere to at least 180 km is 
characterized by a low-velocity, high-attenuation zone, 
and is the locus of primary magma generation. Discussions 
of temperature indicate that this region is one in which 
the temperature is near, if not at, the melting temperature 
of the ftrst melting component and has, in consequence, 
very little strength (astheno&~here). If these conditions 
are "mapped" onto the moon, the lithosphere must extend 
to depths of 250 to 400 km, and the remainder of the lunar 
interior will correspond to the low-velocity asthenosphere. 
The center of the moon corresponds to a depth of only 
HSO km in the earth. 

5. On Chondrftlc Meteorites and the Moon 

The possibilit): that some or all varieties of meteorites 
are derived from the moon has been a tantalizing prospect 
for many years (Refs. IX-15 and IX-16). However, from 
even a cursory examination of T.ible IX-1, it is apparent 
that the chemical composition at the Surveyor V, VI, and 
VII landing sites in no way resembles the composition 
of ordinary or carbonaceous meteorites; both types of 
chondrites have altogether too much Mg and too little 
Ca and Al; in addition, carbonaceous chondritic meteorites 
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have tco much C. The evidence relating to the bulk 
composition of the lunar body remains circumstantial, 
howevn, and can be Interpreted In a chondrite framework. 

Suppose that ordinary chondrites, will , , density of 
3.6 to 3.8, comprise a major fraction of the moon. Two­
thirds of this could be fully melted, in a core, without 
conflicting with present knowledge of the nont,qullibrium 
gravity harmonics of the moon. Because the average 
density of such a moon cou~ .: .:-t be le11 than about 3.55, 
tt 1, necessary to a11ume thai V\llatiles, as exemplified by 
the constituents of the low-density (2.9) carbonaceous 
chondrttes, are present In sufRctent quantity to bring the 
mean density down to 3.34. Undet ~he possible conditions 
of tempera tu, e and pressure In the moon, carbonaceous 
chondrttfc material would probably assume a density 
close to 3.25 when the water was taken into denser 
phases. The only chondrttic moon that might be arranged 
to have the correct mean density by this mixture is com­
posed almost entirely of carbonaceous chondrites. 

A moon composed of carbonaceous chondrites In b•,lk 
differs principally from terrestrial mantle material in 
two ways: 

(1) The chondrites have signi&cantly more iron, either 
as metal or in a silicate phase. The effect of this iron 
to increase the density is offset by the presence of 
a great deal of water, on the order of 10% of the 
total mass instead of 1 % , or less, as is the case with 
the mantle. 

(2) The chondritic meteorites appear to be enriched 
in Na, K, etc., with respect to the earth's mantle. 

It is possible to disCl••s implications of these differences, 
but not conclusively. From an analysis of the probable 
pressures and temperatures in the moon, there are indi­
cations that the T(P) is very much like that of the earth, 
but with a depth scale ah.out 8ve times greater. From the 
center of the moon out to 1200 to 1400 km, temperatures 
appear to be at, or near, melting conditions for the first 
melting fraction. Under thest- conditions, with approxi­
mately 1 % water, the earth's upper mantle is extremely 
mobile on geological time s~ales; this mobility is respon­
sible for drastic displacements of crustal blocks, island 
arcs, mountain building, etc. No evidence for a similar 
tectonics of large-scale, lateral displacement is seen on 
the lunar surface; however, this is compatible with the 
possibility that the lunar lithosphere (mechanically rigid 
crust) is six times thicker than the terrestrial lithosphere, 
a situation which Is 1ikely to suppress large-scale dis­
placements. To introduce 10% water, however, and 
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retain such stability seems tot lly unreasonable. More­
over, It seems unltlccly thot a moon with a mobile, high­
temperature interior could retain 109' water again1t 
outga11ing over times of 10' yr or more. The circumstance 
most favorable to a chondritic moon it, therefore, that of 
nn interior which has remained at temperatures signifi­
cantly below the melting point: this does not appear to be 
compatible with the amounts of hemt-producing K, U, 
and Th in chondritic meteorites. 

If material of chondritic composition occurs in the 
lunar interior and doos not come to the 1urface, the chon­
drites arriving on earth must have originated elsewhere. 
Although the possibility cannot be overlooked that chon­
dritfc materinl eluded three Surveyor,, the fact remains 
that chondrites constitute the overwhelming majority of 
all meteorites, and the ordinary chondrites, high density 
and all, are still to be explained. (Carbonaceous chondrite1 
are undoubtedly numerically more signi8cant outside the 
atmosphere; they are easily broken apart and consumed 
by ablation processes on entering the earth's atmosphere.) 
If the Surveyor analyses are typical, It is difRcult to see 
how some, or all, of the chondrttes come from the moon, 
with<>ut conflicting with either the composition or the 
mean density. 

The resemblance to eucrites, shown by analyses from 
the maria, has been cited in the past on circumstantial 
evidence in favor of the moon as an origin for the basaltic 
achondrltes (R,,fs. IX-6 and IX-16). The Surveyor VII 
analysis does not support the lunar origin for these objects 
and, in fact, tends to refute the possibility. There are two 
difficulties: .First, the basaltic achondrites constitute about 
5% of the observed falls and, if they have a lunar origin, 
are derived from less than 20% of the lunar surface 
covered with mare material. Objects derived from the 
remaining 80% of the lunar surface, the highlands, also 
should be present in the meteorites arriving on earth. 
But there are no known meteorites with a composition 
similar to that indicated by the Sun,eyor VII analysis. 
Either the Surveyor VII analysis is not representative of 
the highlands,or one must invoice the absurd conclusion 
that most meteorites are "filtered" by some unknown 
process that excludes all but those from the maria arriving 
on earth. 

A second pitfall for the moon/eucrite analogy stems 
from the observation (Ref. IX-6) that eucrites might be 
genetically related to the howardites and mesosiderites 
and they, in turn, might be representative of the high­
lands. It is clear from Tables IX-1 and IX-2 that the 
Surveyor VII analysis does not support such a possibility. 
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It should be noted In passing, with the potn11lum argon 
ages of t'ucrltcs 4.5 billion years, It 11 clear that the 
surfaces In the maria arc either 4.5 billion yl'ars old or 
that the eucrltes do not come from the moon (barring 
circumstun<·,.:s of surface heterogeneity). Lunar Orl,lter 
photography provides a wealth of morphological nnd 
grological detail about mare surfaces; many mare areas 
nre among the stratigrllphicully youngest plnces on the 
moon. Some members of this Surveyor Working Group 
arc inclined to the view that the stratigraphic youth is 
equivalent to 11cological youth, with age. of some millions 
to tens of millions of yean. However, otht-rs In this \Vork­
ing Group feel that the stratigraphically youngest areas 
nre 4.5 billion years old. This question of age and eucrit<' 
origin should be settled beyond reasonable doubt when 
lunar samples are available for radiometric dating. 

8. On Tektite• 

Chemical measurements at the Surveyor VII landing 
site (see Section VIII of this Report) add to the evidence 
(Refs. IX-3 and IX-4) that tektite material is not widely 
distributed on the lunar surface. The importance of such 
material in tlae formation of the mare surface, if any, is 
clearly not as great as indicated by O'Keefe in Ref. IX-17. 

1'he analysis of the rock from the Surveyor VII site 
indicates a material that may have a den~ity of 3.0 or as 
low as 2.9, in remarkably good agreement with the best 
estimate for the rock weighed by the surface sampler (see 
Section Vof this Repori:). The contrast in density between 
this rock And the material of the maria, which is much 
richer in iron and may have a density of 3.2, is conceiv­
ably sufficient to account for isostatic differences in the 
elevations of two regions. On the earth, isostatic differ­
ences correspond to density differences of 2.7 vs 3.0. It 
follows that the argument for a silicfc rock in the high­
land parts of the moon, contrasting with a basaltic rock 
in the maria, is not securely based. 

On the other hand, it is well to keep in mind that large 
basaltic intrusions in the ear~h are normally accompanied 
by small volumes of silicic rock, the so-called granophyres. 
It should be expected, therefore, that acidic rock may 
occur somewhere on the lunar surface; the Surveyor 
analyses, therfore, do not rule out the possibility that 
tektitic material may be found in some parts of the moon. 

7. Solar System lmplfcatfons 

The chemical analysis and the results of the data 
derived from the magnet test exclude the possibility that 
the Surveyor VII site is composed of chondritic material. 
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Thia discovery, c:oupled with the ftndinga of Sur"yor, V 
and VI in the maria, 1upport1 the conclusion that the 
moon is not thl' source of chondritic mett'Orite1. Thia 
conclusion ~llrs directly on our present knowledge of the 
chemical composition of the terre1bial planets. 

The high density of Mercury (Ref. IX-18) and the 
generully lower (uncompressed) densities of the planets 
more distant from the sun have led to the idea that the 
dispersed material from which the planets accreted was 
somehow affected h)'· solar irradiation early in the 
evolution of the solar system. 

Urey (Ref. IX-15) suggested that chondritic meteorites 
might i.'Ome from the moon. If true, this would mec1n that 
the bulk of the meteoritic data applies to a relatively 
restricted portion of the solar system. If the chondrite1 
are now ruled out by dae Surveyor evidence, it appears 
that most meteorites are samples from outside the earth­
moon system. The source of the chondritic meteorites is, 
of course, undetermined. However, the existing chemical 
and isotopic analyses of meteorites, as compared with 
terrestrial and lunar data, now become more signiftcant. 

The Surc>eyor analyses raise doubts about whether any 
primitive lunar material is preserved at the surface. If the 
basaltic rocks measured by Surveyor, are the product of 
magmatic differentiation, the moon probably has been 
extensively modifled since accretion. A differentiated 
moon would imply that the (larger) terrestrial planets 
also are likely to be differentiated. 

I. Chemical Observations of Surveyor V 
T. Gold 

The important observation that the lunar soil at the 
Surveyor V site is basaltic in composition is taken by 
many to substantiate the viewpoint, previously wide­
spread, that volcanism formed most of the lunar surface, 
supplying a differentiated type of rock. The case for this 
is, however, by no means so simple or so clear-cut. The 
arguments previously voiced against a widespread dif­
ferentiation on the moon are now just as strong, or in 
some cases even strengthened, by recent observations. 
For example: 

( 1) The mean density of the mo.>n is lower than the 
density it would have if it were initially composed 
of the same material as the earth. A chemical 
composition different from that of the earth is, 
therefore, implied. 
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(2) The vnlue of C/(ma)~ (whtte C la the larg-,.t 
moment of inertia, m is the m:ua, and a i• the 
rndiu. ) i• now known to he close to 0.4. indicnting 
the nbsence of any c.-cntral condensation. Thus, it 
does not seem likely that very widespread internal 
nl('lting lending to internal differentiotior. occurred 
since this most probabl), would have resulted in 
central condensation also. 

(3) The litructural strength of the moon is high enough 
to allow the persistence of the present large de­
pnrture from equilibrium in the distribution of its 
maH. A hot interior is not compatible with such 
material strength. This is true for lhe maintenance 
of both the lowest and the highest harmonics of the 
gravitational Seid. 

(4) The moon loses very little gas at the present time. 
Gas emission from any present-day volcanism on 
the moon must be a factor of 106 or 1()11 down from 
that of terrestrial volcnnism in order to have e..caped 
det "Ction. The presence of liquid rocks at shallow 
depths seerr.1 to be -,xcluded by the paucity or 
absence of gas emi11ion. 

(5) The lunar material has suffered very little horizon­
tal defo1·mation in the whole of the history depicted 
by its present surface. Even the oldest craters show 
as much tendency to circularity as the youngest. 
There arc no chains of folded mountains or any 
large distortions of the high ground that would be 
expectt-d if large volumes hnd been displaced in 
pouring lava& over the low ground. 

(6) There is no widespread strati8t'ation \.isible on thf! 
moon, even on the steep slope1 of large, fresh 
craters. Corresponding slopes 011 the earth gen­
erally would demonstrate strati8catlon, both with 
respect to color or albedo and to the tendency 
of erosion to cause terracing. 

(7) The large increase in resolution that the Lunar 
Orbiter photographs give over terrP.strial telescopes 
has led to very little new morphological information 
that indicates volcanism. Much of the information 
was barely detectable with t~rrestrial telescopes, 
but is not seen any more clearly hr using the 
photographs. Internally caused visible features may 
be due to the movements of subterranean ice and 
water, rather than magma. 

There are several other interpretations of the recent 8nd­
ings that do not contradict these points. The meteorites 
show that various degrees of differentiation have occurred 
in the solar system in bodies other than those that now 
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exist. We as um that these bodies were shattered by 
colli1ion11. W ,. may then ask whether the present-day 
m<'tcorites ttpn.•1t-nt a foction of mat rial left over from 
the e earlier phases, and which type of such m terial was 
re ponsible for huildin1 the moon or for adding the outer­
most layt•r to it. If the bas~IUc achondrites represent this 
matt-rial, the composition would 8t, and one may ev n 
wonder whether the basaltic layer that coven most of the 
dt.-ep oceans on the earth has perhaps a similar origin. 
(The basaltic O<'t•an mounds have, without doubt, been 
heated in the proct•ss of heing raised, and the short age 
determinations may be quite irrP.levant for the a1es of the 
sei1'mirally determined deep ocean layer.) The observa­
tion of the composition of Junor surface material in 8ne 
detail and of the dE"ep ocean basalt would be most 
l'eVt'tlling. 

It may be that there are other way, or reconciling the 
known evidence. One must search for these and ask the 
appropriate questions of the Lunar Exploration Program. 
It would be a disservice to this 1>rogram If an Important 
point were regarded as settled, d21pite a ma11 of con­
Ricting evidence. 

C. The Physical Condition of the Lunar Surface 
T. Gold 

The Surveyor landings demonstrated that the lunar 
surface is composed, in general, of very Rne, slfghtly 
cohesive rock powder. The depth of thfs material, the 
particle size, and the ubiquity of this type of surface can 
still be debated; but very signi&cant constraints can be 
placed on each. 

The small particle size of the material that coven all 
the S14rvl'yor landing sites can be established from a 
variety of observations. Many Surveyor piclnres clearly 
show imprints of spacecraft members fn the lunar surface 
inaterial An outstanding example is the Surveyor Ill 
picture of an imprint made by a footpad during the 
spacecraft's initial hmding. The depth of the regular 
"wafHc pattern" cannot be more than 100µ., which is the 
maximum defonnatlon that the Rat aluminum sheet could 
have suffered. This waffle pattern, whf.ch is clearly visible, 
would not be seen if the medium containe.d a s•gnlflcant 
admixture of, for example, ½o-mm grains. Experiment~ 
show that even a 20%, by weight, admixture of 501-1 
particles fn an otherwise sufBciently Sne medf um will 
spoil the precision molding properties observed. 

Pronounced changes occurred fn the optical scattering 
law of the surface material as a result of the imprints. 
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The vl'ry great brightne11 of the oonlcal part of the 
S11rveyor Ill footpad can ht- undcntood only In that way. 
lnstl'ad of the nonnal scattt>rlng law of tht- lunar material 
with a strong peak In the backscatter dln.•ction, evidently 
there is now a strong forward1eatter component around 
the dirt'<.·Uon of spt..-culor reftt'Ctlon. A surf ace of that 
nature would be- said tu 1><>sseH .. ,heen." The same clttt 
ts visible in many other Surveyor pictures, where smooth 
spacc<-raft surfaces have been in contact with the pow­
del'f'd rock. One can estimate by theorizing or test by 
ex(l('rlmenting how small a particle size Is required to 
achle\·e the!lle elects. The answer in either case Is lc111 
than 10µ.. 

These observations also resolve whether the nonnal 
scattering law of the moon Is a consequence of the "fairy 
castle" structure In which the surface of the powder ts 
nonnally aHembled, or whether it is a consequence of 
individual particlt>11 that have the complex shapes needed 
to generate this law. It is clear that the latter cannot be 
the answer, since the backscatter law of the surface then 
would not have been changed signt8cantly by contact 
with spacecraft surfaces. Thus, It Is clear that the particle 
size Is predominantly less than 10µ., and that the usual 
conflguration of the particlt"s on the surface Indeed in­
volves the type of structure called "fairy castle," i.e., a 
complex microscopic structure In which the shadows cast 
have a profound effect on the optical properties. 

Since the optical polarization law of the moon's surface 
requires roughness on a scale of 2 or 3µ. or less, ft is likely 
that this places a limit on the dominant particle size, 
r11ther than the slightly larger limit that would he allowed 
by the previous considerations. Most physical processes 
that generate small particles tend to make rather smooth 
surfaces on this scale where surface tension is very sig­
n18cant. It Is therefore most probable that almost all of 
the moon Is covered with particles no more than a few 
microns in size. 

1. The Observed Spray Phenomena 

Many observed phenomena are best understood as 
spray of a slightly adhesive powder. The best example 
was the Surveyor VI mission during which a photometric 
target, first observed to be quite clean, was almost com­
pletely covered with a thick, adhering layer of rock 
powder after the spacecraft executed a brief ( sikeoff and 
landing maneuver. It is thought that this coating occurred 
during the liftol when the vernier engines were &red 
close to the lunar surface. The photometric target was at 
a height of about 1 m above the ground and about 2 m 
from the surface area under the nearest vernier engine. 
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In tht• S11rveyor VI venlil'r flrtng, many clumps of material 
on tht• surfuc" were ohscrved to be dislodged and, pre­
sumably, on<• rdmflar clurap hit this target. It ii noteworthy 
thut a clump striking such a surface will 1platter Itself 
and fonn an adhesive coating. The adhesion must have 
been sufBC'fently good to not only survive against the weak 
forl'l' of gravity, but also Against the much lar1cr inertial 
forces of tht• subsequent landin1 impact (between I It, 
nnd 3 gJ. 

Expressed In more familiar tenn1, It will mean that the 
lunar powder can be picked up In clumps, thrown like 
a snowball and, 111cc a snowball, will tend to cover the 
target surface with a coating that is not easily shaken off. 

A slightly different behavh>r was observed on 
S11rvt'fJOI' V, where the vernier engines were flred briefly 
without moving the spacecraft. Many changes in the 
detail of the surrounding surface could be seen. Many 
clumps had evidently been thrown to a distance of more 
than 3 m from the vehicle. The sensor head of the alpha­
scattering instrument Initially had a gold-plated, highly 
reflecting mirror Rnish. In the pictt•,e taken before the 
vernier Rring, one can see the vertical face of the sensor 
head giving a clear mirror image of the surrounding 
ground. After the vernier &ring, that saml' face J~med 
to be completely matte and dark gray with an albedo 
similar to that of the lunar surface. No mirror image 
effect is observed, and a shadow (of the electrical con­
necting tape) appears as dark on that surface as on the 
lunar ground. Th,s implies that the surface was coated 
substantially with the lunar dust. In this case, the coating 
appears quite smooth, unlike that on the photometric 
target; ft is not at all probable that the coating was 
caused by clumps thrown against the instn1ment. In­
stead, a Anc spray must have been showered over it, and 
an almost complete monolayer, or more, must have be­
come attached. This is quite consistent with the observa­
tions of the photometric target, and ft is very probable 
that if clump~ can be thrown and if they adhere, many 
individual small particles would also be thrown and 
would attach themselves to the target surfaces. It is 
observed in the laboratory, even without high vacuum, 
that small dust grains would indeed readily adhere and 
coat surfaces. In a better vacuum. this tendency increases. 

All these phenomena of clumping and adhering to sur­
faces again imply a rather small particle sfze. In the 
laboratory, particles of 10µ. or smaller behave in that 
manner; however, 100µ. rock particles behave in a different 
manner. The cohesion between them cannot be made 
large enough, even in a good vacuum, for them to clump 



together; when striking a surface, they tend to bounce of 
rath r than to adhere. The ohs rvatlons of these coated 
surfaces are, therrfore, In accord with the previous de­
duction that the particle size Is predominantly hf.low 10,a. 

On Sun,er,or Ill, another particle-adhesion ph nomenon 
occurred. The camera mirror lost Its optical quality over 
approximately half of Its area and scattered light dif­
fusely. This can again be attributed to particles sprayed 
up from the surface during the landing maneuver exe­
cuted by Sun,eyor 111. Th vernier engines continued to 
Rre during the 8nt a11d second contact with th ground, 
and, no doubt, some lunar dust also was stirred up on 
these occasions. The part of the mf rror that seems to 
have been obliterated was the region that would have 
been exposed, and not protected by the camera housing. 

It has been argued that some of these phenomena may 
not have het:in due to adhesion of small partlcle11, but to 
sandblasting effects and to the destruction of the surf aces. 
This would require a much larger particle size than 1014 
before any sandblasting elects became optically signlR­
cant. It would also require very high particle velocities. 
There is no question that particles adhered to the photo­
metric target; therefore, it Is clear that, in general, par­
ticles are capable of such adhesion. Adhesion Is easily 
demonstrated In the laboratory, and occurs with almost 
all small particles and all surf aces. Therefore, adhesion 
Is considered a more probable explanation than sand­
blasting for the observations on the two mirror surfaces. 

The fact that many other surfaces were observed to 
remain clean during taae same events that coated the 
surfaces mentioned merely indicates that the rocket spray 
from the ground tends to be in a few jets rather than a 
dtluse shower. 

The depth to which the powder layer extend ·· cannot 
be established from any of the present observations. It is 
evidently more than a few meten in most areas, for many 
craters of that depth havA been seen that show no dis­
continuity in their interior. The larger craters visible in 
Sun,eyor pictures are often surrounded by many angular 
rocks. It is not known whether these objects are hard 
rocks or a variety of aggregates with varying degrees of 
8rmness. The depth that craten must have before blocks 
can be seen around the1n is dtlerent in different regions. 
There is ~ither a subsurface layer of a stronger rock at 
different depths, or the dearee of compaction with depth 
is regionally diierent. Material ejected from very deep 
craters such as Tycho, previously at a depth of more than 
4 km, for the most part, must be hard. The material will 
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have fx.c.n compressed by the initial overburden under 
which ft would Ile for a very Ions time, and then by the 
intense shock waves nece sary to xcavate the crater. 

Because the powder layer In m01t area, 11 at leut a 
few m ten thick, It Is probably th layer re1pon1ibl for 
the low radio reffectivlty. If this Is true, It would have 
to extend In mo t areas to a depth of at I ast 10 m to 
account for the radar observation,. The alternative would 
be to uppolf' that another,dlierent,kind of underdense 
rock exists ben~ath a few meters of powder. There is no 
suggestion of this In any of the picture,, and it Is there­
fore more probable that the powder continues to the 
depth required by the radio measurem nts, though quite 
possibly with gradually increasing density of packing, 
and Increasing cohesive strength. 

Sun,eyor Vil landed on highland ground. and although 
a great many more roca.JVere found in the area, the 
consistency of the soil 1111' seemed much the same. In 
addition. several tracks of rolling boulden can be seen 
in Lunar Orbiter photographs; these tracks imply p ·•,-,. 
tration to a depth of several meten. Thus, the mat-,, ial 
of the highlands and maria appears to be covered with a 
thick layer of 8ne rock powder. The thermal and radar 
anomalies for certain regions on the moon can be ac­
counted for by an increase in the number density of 
rocks. as observed by Sun,eyor Vil in the vicinity of Tycho. 

I. Importance for Future Teehnolol)' 

For purposes of future lunar technology, the 8ndlngs 
discussed would be important in the following respects: 

(1) Digging is easy. It will be remarkably easy to dig 
down a few meten with a large shovel. The weight 
of the material in lunar gravity is only a little more 
than saaow is on earth. The material can be cut 
easily; it is cohesive enough to be lifted in large 
blocks. more or less like snow. and the sides of a 
hole will be fairly 8rm and will not easily cave fn. 
To investigate the lunar subsurface at a depth of 
about 1 m should be considered the equivalent of 
digging in snow on earth, about 1 min of work, 
rather than digging in terrestrial soil or rock. 

(2) Similarly, pushing rods into the surface will be 
easy, especially if they are pointed, thin, and pos­
sess a surface that slides comparatively freely 
against rock powder. Thermal measurements ob­
viously can beneSt from this convenient property. 
An early test with thin, long roch coupled together 
will determine the circumstances under which a 
drill would be required. 
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(3) S1,ray and odhr1lon of lunar powder al't' likely to 
pn•1tmt prohlt-ms In many situ tlon1, e.g., during 
th,• landing mallt'uvrr of a large vchldr, when 
vhdhiUty of the ground may be K'riou1ly im1>eded, 
and when surfaces on the vehicle may becomt' 
coah-d. The experlrncc with the photometric target 
1how1 that splashing does occur, and surfaces that 
are not in direct line acct'11 from the originating 
area of the spray may still he coatl.-d a1 a result of 
impact and deflection of some material. The boom 
holding the photometric target was clearly In the 
way of the spray and, although a 1't'duced coating 
Is seen In its spray .. shadow," thh1 shadow is not 
complete. It i1, therefore, not quite certain what 
surfaces on the landing vehicle may he affected, 
and one should consider the prohll'ms raised by a 
splash that coats any part of the vehicle'• 1urface1. 

The proposed lunar flying machines that propel an 
astronaut off the surface will create a ha1.ard. Both the 
nearby LM and the astronaut's visor may provide sur­
faces where contamination would be damaging or dis­
astrous, yet a strong blast is required close to the ground. 

Adhesion of powder, though in general app, rently not 
very severe, may still be a problem fn several astronaut 
activities. Door mechanisms and gaskets, plugs, and other 

1 accurately fltting surf aces would clearly be affected by 
adhesion such as that on the alpha-scattering instrument 
or on the photometric tarset. Some dust necessarily will 
b,, brought into the LM by the astronauts and will later 
8oat in the interior. 

D. Post-SunMt Horizon °Afterglow" 
D. E. Gault tCholrmonJ, J. 8. Adam,, 
R. J. Collin,, G. P. Kuiper, J. A. O'ICHle, 
R. A. Phinney, and E. M. Shoemolcer 

Observations of the western horizon shortly after sun­
set during the Sun,eyo, VII mission revealed, along the 
crest of the horizon, a bright line of light similar to that 

' previously reported for the Sun,eyo, V and VI missions 
, (Refs. IX-16 and IX-19). Though not sumciently well 

deftned to be recognized at the time, the phenomenon 
also occurred during the Sun,eyo, I mission. Although 
no sunset observations were made on Sun,eyo, Ill, it 
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appean that thb polt-sunset phenomenon alon1 the 
western horizon (and probably the ea1tem horizon at 
sunrise) ls not an unusual event, but occun replarly u 
the natural conscqu nee, of some aspect of the lunar 
envtronment. 

The light was observed for periods of time up to about 
2 hr after 11 anaet. The center of the solar disk, therefore, 
Is about l.2U de1 below the honzon when th •afterglow" 
either stops or the Intensity f all1 below the llrnlt1 of detf!<.'• 
tfon. Pictures of the light from the Surveyor Vil mb1slon 
are shown In Figs. IX-1 and IX-2 when the 1un wa11 
centered approximately 0.4 and 1.0 de ~:. respectively, 
below the horizon. In Fig. IX-I. the light Intensity per­
mitted normal shutter operation (exposure tfme, 0.15 sec); 
the bright line appcan to extend only about 2 deg 
along. and ~ deg above, the horizon. The light intensity 
decreased rapidly; about 1 ~ hr later, a nominal 1.2-sec 
exposure (Fig. IX-2) showed a faint line of illumination 
extending at least 4 deg along the horizon. A 40-sec 
exposure (Fig. IX-3), taken about 2 hr, 40 min, after sun­
set, showed no edge of light along the horizon. This Jut 
picture (illumination provided by light backscattered 
from the ridges east of the spacecraft, and by earthUght) 
provides a valuable comparison of the rocks and horizon 
geometry with the shape of the bright regions In Figs. 
IX-1 and IX-2. A particularly striking facet of the phe­
nomenon Is the .. mapping," or 1hadow1, In the edge of 
light, apparently caused by the rocks extending along 
and above the lunar horizon line. 

Although no complete explanation can be offered at 
this time-, the relative inten1itfe1 of the light on Sun,eyor, 
VI and VII 1ugge1t that 1cattering by small particles 
above the lunar surface Is not the mechanism for the 
phenomenon. Thu conclusion is drawn from the fact 
that, while the intensity of the bright I ine appean to be 
greater for Sun,eyo, VII than for Surveyor, V or VI, the 
distance to the horizon and the path length of the light 
Immediately above and along the 1urhce Is probably 
shorter. For equal spatial density of the particles above 
the surface, the longer path length, contrary to observa­
tions, should have produced a pattern of greater bright­
ness. Alternatively, dUfractfon by small particles on the 
lunar surface, as discussed by O1Ceefe, et al. (Ref. IX-16), 
may provide a mechanism for producing the phenomenon; 
however, further study is required before any explanation 
ls considered Srm. 
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P11, IX-1. lllumlnatlen alen1 WHtem herl1en, alteut 11 min after lecal 1un1et. hcen.t tlt1k, ex,e1ure times 0,2 1ec 
Uanuary t3, 1961, 06111132 OMTt. 

1119, IX-2. lllumlnat~on alon1 we1tem horl1on, about 90 min after local 1un1et. lecon.t cll1k, expo1ure timer etlo~t 
1,2 1ec Uanuory 23, 1961, 07132149 OMTt. 
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P11, IX•I. la111e fl.W ef view ef we1tem herl1en •• P111, IX-1 •11tl IX-2, •ut 160 min after lec•I 1u111et. lecentl 
tlltk, ex,eture tl111e1 aNut 40 tee CJ•nuary U, 1MI, Ol,4',16 OMTt, 
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'RECEDING PAGE ILANK NOT PILMED. 

X. Surveyor Post-Touchdown Analysis of Tracking Data 
f. I. Winn 

Lunar po1t-to·Achdown tracking data ( coherent two­
way doppler) w~,e collected intermittently throughout 
the first lunar day of the Suroer,or I, Ill, V, VI, and VII 
missions. These data "ere used to detennine the seleno­
centric locations of the Suroer,or and the geocentric 
locations of the Deep Space Stations (DSS) involved in 
the tracking; operations. During the Suro,r,or data reduc­
tions, model limitations were apparent. The "observed 
minus computed"' (O-C) residuals emanating from the 
data ftts exhibited long-term periodicities and diurnal 
signatures. The long-tenn periodicities are lunar ephern­
eris dependent. The diurnal 1ignature1 result from tropo­
spheric, ionospheric, and lunar motion modeling defects. 
High correlations between tlJe lunar radius and seleno­
centrtc ~ongitude do exist in the solutions of the Sun,eyor 
I and ·1II data. A high correlation between the probe'• 
selenocentric distance and latitude were experienced in 
the Sun,eyor VII data fits. This necessitated the adoption 
of the Aeronautical Chart and Infonnation Center (ACIC) 
Junar radii for these solutions. The lunar radius is a valid 
parameter in the Sun,er,or V and VI data reductions. 

The Su,wyor positions, as deduced from Lunar Orbiter 
photographs (Ref. X-1), from Su,wyor inlight data fits 
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(Ref. X-2), and Sun,eyor post-touchdown data fits, are 
presented for comparflnn in Table X-l. 

A. Lon1-Term Perlocllcltl .. 

Three lunar ephemerides were used in the processing 
of the Sun,eyor post-touchdown tracking data. The 
ephemerides employed were Lunar Ephemeris 4 (LE 4; 
Ref. X-3), LE 5 (Refs. X-4 and X-5), and LE 8 (a recent 
construction, no reference a,,ailable at this time). 

LE 4 can be regarded as the modem, evolved Brown 
Lunar Theory. It recently ha, been discovered that LE 4 
has radial position and velocity components that deviate 
from observations (Refs. X-6 and X-7; see Figs. X-1 and 
X-2). 

LE 5 is a numerical integration of the equations of 
motion, which uses LE 4 positions as input observables. 
Essentially, this amounts to a smoothed LE 4, which is 
gravitationally consistent. 

LE 8 is analogous to LE 5 in that LE 8 is a numerical 
integration of the equation, ot motion using •re&ned• 
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T•ltl• X· I. luw•r• 1elet1ece11trlc cNNII,..._, 1111 11,.,..,, 

'--~ ,. ...... .... ,., ......................... lww,- ,11t ,_ushll1wt1 ... flt 
, .... X.1) 

., ....... -........ ........ ....... ......... ..... ..... ..... ...... ........ ...... , .. ..... , efA A, .. .... A, .. 

s.n.,.,,. "''' 1.461 316,6'5 0.06' 
s.n.,., ,,,. 336.66 3.011 U6.5' 0,01 
._..,., V - - 23.10 o.o, 
~., VI Ul,61 0,47N Hl,624 0.006 
..,,...,., v,,. 341.55 40.HS Hl,5f 0.06 

. 
•PMt,\e11CIMlew11 •l11tf"' CMttN..._, te ACIC h111et retlll11t "'"• 

LE 4 positions as Input observables. The "reRnement .. 
of LE 4 Is In two parts: (1) the /20 defect (the Incorrect 
coefficient of the 11~nd harmonic term of the harmonic 
series used to des.!rib" the earth gravitational potential) 
was changed to be con~f..tent with the deftnitlon by the 
International Astronomical Union (IAU In 1984); (2) sus­
pected faulty 8ttin~ to the Bro vn Lunar Theory (Ref. X-8) 
was corrected to one slgnlftcant place. 

The 0-C residual, long-term periodicities represent 
lunar motion modeling erron. All thrt.~ ephemerides 
exhibit this trait. The LE 4 (nonintegrated ephemeris) 
Induced, long-tf"nn periodiciUes are more pronounced 
than those associated with the integrated ephemerides, 
LE 5 and LE 8. The 0-C residual, long-term trend~, LE 4 
dependent, are shown in Figs. X-1 and X-2. The LE 5 
associated residual, long-term periodicity shown in 1''1g. 
X-3 depicts an approximate period of one lunation with 
nn amplitude of 0.7 mm/sec. In retrospect, all of the 
Surveyor O-C residual sets demonstrate LE 5 induced, 
long-term periodicities (Figs. X-4 and X-5). 

LE 8 dependent, long-term residual trends are apparent 
In Fig. X-6. LE 8 was used only In the Surveyor VII 
analysis. Although LE 8 Is of such recent origin that, as 
yet, its detailed character has not been assessed, it Is valid 
to say that LE 5 8b Surveyor VII observations better 
than LE 8. 

I. Dlumal Signature 

The O-C residuals :or Surveyor, I, Ill, V, VI, and VII 
exhibited diurnal signatures. The character of the diurnal 

....... . ..... , .. ....... ... ...... ....... .. ...... ..... . ...... ..... . ...... ..... . ....... ....... , ... ....... , efA ....... , ... . ... A, .. .. .. 
1.,n1 0.08' 316.676 0,02' 1.5011 0.005 
3,011 0.11 316.611 0.011 3,0151 0.005 
1AfN 0.16 23.101 0.026 1.415N 0.006 

0.41'N 0.06' Hl,62f 0.011 0,460N 0.006 

,1.011 0,01 341.653 0.001 ,0.,111 0,010 

signature is governed by that portion of the pass used 
for tracking data collection. During the operational life­
times of Surveyor, I, III, and V, spacecraft control wu 
frequently transferred as soon as possible to DSS 11 
(Goldstone, California) by DSS 4.2 (Canberra, Australfa) 
and DSS 61 (Robledo, Spain). This was desirable from 
the standpoint of vide<' research operation. The lunar rise 
over DSS 42 and the lunar set over DSS 61 were in­
frequently observed. As a consequence, the daily residual 
traits arc deceptive (see Figs. X-7 through X-9; also see 
Fig. X-4). The diurnal sil')ature is descriptive of DSS 
longitude and/or timing t·rron, lunar longitude erron, 
tropospheric refraction mo<leling erron, DSS latitude, or 
spin axis distance erron. 

To maximize the effectiven~ss of the tracking data 
samples of Surveyor, VI and VII, the following data 
acquisition policy was requested: 

( 1) All tracking data collection periods to be a minimum 
of 30 min. 

(2) Tracking data collected during 1 lunar day to be 
equally distributed throughout the mean lunar pass, 
rather than collec..ied at the same points or positions 
during each pass. 

An extensive effort was made to create these data charac­
teristics. Because of the acquisition of low-e:evation 
tracking, a more complete picture of the diurnal signature 
Is available (see Figs. X· 7 through X-9). This signature 
can be attributed to tropospheric refraction ( deficient 
modeling), ionospheric charged-particle effects (not mod­
eled), and/or lunar latitude Pm>n (suspected lunar 
ephemeris defect). 
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Recent investigations by Liu (Ref. X-9) and Mulholland 
(Ref. X-10) have tentatively idt-ntifled and orJel'e\1 the 
three diurnal erron presently incorporated into the Single 
Pn..-cfsion Orbit Determination Program (SPODP, Ref. 
X-11' residual sets: 

(1) Tropospheric refraction: ~33 mm/sec/100 unit■ of 
N at 0-deg elevation (muxhnum). 

(2) Suspected lunar ephemeris error function■: --1.0 
mm/sl'C (maxirnum). 

(3) lonos11hcric charged-particle P.ffects: -0.5 mm/sec 
(maximum). 

C. Tropospheric lefradlon 

The refraction signature has been l'mpirically deter­
mined and programmed into the SPODP (Ref. X-11). 
The empirical refraction function is 

N 
340.0 

where C" C 2, and C :i are empirically determined constants 
(C, = 0.0018958, c~ = 0.064&43, and C:, = 1.4) and 

Ar{, = refraction correction applied to the SPODP-
calculated data types, Hz 

" = <loppl~r c·mmt interval, sec 

y = elevation angle, rad 

; = rate of elevation-angle change, rad/sec 

N = refractivi ty Index 

The tropospheric refraction indices, N, used in the initial 
SPODP solution for the Deep Space Station locations 
are all set at N = 340.0. Recent research by A. Liu (Ref. 
X-9) has provided evidence that the following values 
for N are more precise: 

DSS 11: Nu= 240.0 

DSS 42: Nu = 300.0 

DSS 61: N 01 = 310.0 
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Thf1 tnftuence of tropospheric refraction i1 primarily a 
phase retardation plus a bending, and a consequential 
lt-ngthening, of the ray path. By u1in1C Liu'• formulation, 
un error of 100 unit11 of N generates O - C rcsicfoals of 
0.5 H1. (3.43 mm/sec) for horiion ranr,l!•rate observations. 
The refraction-induced 0 - C residual signature contained 
in Hef. X-9 greatly resembles the O - C residual charac­
teristics of the S11rvcyor passt•s. An examination of Figs. 
X-7 through X-9 (S11rveyor Vil, DSS 11 residuals, pass 11, 
with varying vulut•s of N) ,hows significant elevation 
depcndent 0 - C residual hiuses that correlate remark­
ably well wfth the computed refraction-error functions. 
Examination of Figs. X-8 (DSS 42) and X-9 (DSS 61) 
reveals evidence of like inftuences. 

D. Lunar lphemerlcln (Dlumal O-C leslclual 
Contribution) 

Although the troposphere is an acknowledged major, 
but unevaluated, error source that warrants the evaluation 
efforts In process, there are othtr model limitations such as 
the lunar ephemeris. 

J. D. Mulholland (Ref. X-10) has pro\lded tentative 
evidence of lunar ephemeris defects (one signtflcant 
place), that have approximately a daily influence. A cor­
relation study of Surveyor O - C residuals and the sus­
pected error functions is inconclusive (Figs. X-10 through 
X-12). A new lunar ephemeris (LE 8) that incorporates 
these urror functions has been constructed, and will be 
used in future analyses. 

E. Ionospheric Chargecl-Partlcle Effect, 

Ionospheric charged-particle effects have been omitted 
from model considerations to the present. The ionospheric 
influence on the coherent. continuous. two-way doppler 
O-·C residuals is a function of effective electron density, 
which is dependent on elevation angle, elevation range 
of change. sun's local hour angle, solar activity, and trans­
mitter frequency. The residual signature resulting from 
this SPODP model omission is similar to the tropospheric 
refraction-error function signature; however, the iono­
spheric Influence on the tracking data is of a lesser mag­
nitude. Accordingly, the ionospheric effect can be removed 
or diminished from the O - C residuals by a slightly 
erroneous value for N in the tropospheric model. 

A history of ionosphere activity for the lint lunar day 
of all successful Surveyor missions is being compiled. 1 

'M. Davis, Stanford University Electronic• Laboratories, California. 
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Ont't' thl11 lnfonnatton 11 avail bk-, tht' mmlatlon of th 
troposph rte refructkm and lonosphc-ric chargrd-partlc~ 
lnflut•nce• with the O - C rc1ldual1 wtll be more fully 
Inv 1tlptNI. 

P. OM ColllMnotlonal Pata11t1ter 
Tilt' three dlumal components that comprise th dlumal 

signature arc highly mrrelated. The use of one •comblna­
tlonal parameter," a1 a mean, of ftttlng out of the O - C 
residual sets thf\ tn8ucnces resulting from t~pherlc 
refraction, Ionospheric charged-partlcl effects, and Jun r 
t•phemeris defects, ts the only available approach at thl1 
time. 

The results from th uu• of thl1 procedure are most 
1trtldn1. The prepond ranee of the dlumal signature has 
been removed by th manipulation of the refraction 
lndlce1. Figure, X-7 through X-9 show th11t the 0-C 
re1ldual1, emanating from the several SPODP Suru.11or 
tracking data reduction,, used the following refraction 
lndice1: 

(1) Nu = N., = Nu = 0 
no re( raction mrrection 

(2) Nu= Nu= N., = 340.0 
sea level refraction correctlou 

(3) Nu = 240, N., = 310, N., = 300 
refraction correction based on observations 
by Lunar Orbiter II (Ref. X-12) 

(4) Nu= 240, Nu= 280, Nu = 270 
arbitrarily chosen to minimize the 1um 
of the square of the re1iduab 

The inftuence of the "combinational parameter" on the 
parameter list ts presented ln the discuuion1 for each 
Sa,n,eyor. 

t t Is not the purpose of such an arbitrary procedure to 
evaluate numerically any of the parameten under dis­
cu11ion. The sole purpose 11 to dem0111trate the nature of 
the error sources. 

G. High Parameter Correlatlon 
Cary (Ref. X-lS) ha, demonstrated the Insensitivity of 

the range-rate measurement in the determinatfon of the 
selenocentric distance of a Sun,eyo, spacecraft (lunar 

416 

radlu ). Because of the Jun,r rotatton and revolution ntn 
rclaUvt• to rarth, and tM mlnc-~ of tM moon'• orbital 
plane and t-quator, tM earth's motion In the Rlenopaphlc 
coordinate 1y1tt'm ts a small osctllatory motion, Cary hu 
1howr. that tM error rlllpsoid multin from a recunive 
lt'a1t-squam Rt of ran -rat mea111ffl'llf'llt l• extremely 
rlonpted In the mean diredton of the earth (Fil, X-lSa). 

If S11n,cf10r 1pac«r ft should be 1ltuatt,d on the lunar 
surf ace such that tht• mean c rth dlrectfon 11 ort"°"onal 
to the 1urfa«', the corrt'I Hon Ix-tween sele~ntrlc 
latltudt•, longltud,•, and radlu1111 mtnlmal. A1 the oblique­
ntt11 of the mean arth dlret"tlon Increases relative to the 
lunar surface, the surface pararMten become more highly 
oorrelated with lunar radlm (Fig. X-13b), 

It 11 this lattrr situation that n~11itated the adoption 
of thl' ACIC lunar radii to elect solutions for the surface 
p rameters auociated with Sun>111or1 Ill and VII. 

H. A Priori Parameter Conttralntl 
It is possible to constrain the terrestrial tracking station 

position parameten ln the SPODP tracking data reduction 
to those of some previous d termination. However, such 
a constrained solution can lead to •ystematlc distortion. 
There are many time-dependent variables lnmrponted 
in the theoretical model (e.g., Brown Lunar Theory, lunar 
ltbrations, diumal rotation, Ionosphere, space pluma 
effects, etc.). There ts a seri I of models used to provide 
values for some of these time-dependent parameten; some 
are not modeled at all. Thus, there is always the danger 
of introducing 1y1tematlc erron Into a tracking data St 
by constraining to the previously determined terrestrial 
tracking station po1itlon1. The a priori standard deviations 
associated with th(, parameten are: 

(1) Surveyor Ill, VII selenocentric distance: 0.1 km 
Surveyor I, V, VI selenocentric distance: 10.0 Ian 

(2) Sun,er,or 11elenocentric latitude: 4.0 (USO Ian) 

(S) Sun,eyor :ielenocentric longitude: 5.0 deg (USO Ian) 

(4) DSS 11 geocentric distance: 300 m 

(5) DSS 11 geocentric longitude: 0.005 deg (0.5 km) 

(8) DSS 42 geocentric distance: SOO m 

(7) DSS 42 geocentric longitude: 0.005 (0.5 km) 

(8) DSS 81 geocentric distance: 300 m 

(9) DSS 81 geocentric longitude: 0.005 deg (0.5 km) 
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LUNM tu,l,&Cf 
CONTAINID IN 

''"'°" lLLl'IOID 

MUN ,OIITIOH 
0, IMTH MUN flOIITION 

0, IMTH 

(t) ,,, 
P11, X-IJ. l•I lurY•r•n Ill, V, •ntl VI w.,. •n 1uff•c•1ntty cl••• ,,•••••trte the •ll•n .. ,.,h•c X •••• te .,,,.••••• 
•n 1rth11•n•• ,,.l•ctlen ef the ener 1111 .. •••tl en the lun•r •urface. Thu•, the cerrel•tl•n• lletwHn the 1urfec• c•• 
•rd•n•t11 •n .. the ,. ... .,, 11111a•n 1111•11. 1111 lurYeren I •ntl VII .,... not teuch tlewn cl••• •• the 11l1n .. ,.1th•c X ••••· 
lu""'' I••• ........ ce .. In len1•tud1 44•w, lurYere, VII et 41 •I letltud1. 

I. Surveyor I 
Sun,eyor I landed on the lunar surface on June 2, 1966; 

intermittently. coherent two-way doppler data were 
&"Quired until lunar night on June 17. Post-touchdown 
data for Sun,eyor I were analyzed by C. N. Cary. The 
density of the data collected by DSS 11 and DSS 42 can 
be visualized by inspecting Figs. X-14 and X-15. 

The O - C residuals contained in Figs. X-14 and X-15 
exhibit diurnal signatures and long periodicities. The 
diurnal signatures associated with DSS 42 reflect the 
consistent observation of the pre-meridian portion of the 
passes. The diurnal nature of the DSS 11 residuals signify 
a scattered distribution throughout the passes. The nature 
of this phenomenon is discussed in Secticn X-B. 

The long-tenn trend "f the Sun,eyor I residual set• 
results from the lunar motion modeling erron of LE 5. 

The solution parameter, that result from the Sun,eyor I 
data fits are presented in Table X-2. The high correlation 
anticipated between the lunar radius and longitude is 
in evld"nce on the correlation matrix based on the normal 
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T•llle X-2. lurYeror I ... ,. ... ,,., 11lut••n• 

...... . ..... ........ . ......... ,. ........ ,. ....... ,. ............ ....., ....... 
IADI 17U.6 101 11u.,1, 1.UI 

LATI 2.'111 101 2.5021 0,091 

LONI 316.u, 1011 316.676 0.061 

D11 11 

It 6372.0IH 0.500 6372.0071 o.oo, 
LO 20.15067 0.005 20.15099 0.0002 

D11'2 
II 6371.6111 0,500 637,.69, o.oo, 
LO "'·"'" 0.005 1,1.91172 0.0002 

•n • .., .. ...,,., • .,,..- .. , 
IAOI Nl-e11trlc lll1 .. 11ee, •• 
LATI Nle11Net1t,I~ i.tltwM, .. 

LONI Mle11eee111,tc le1t1ltwM, 1111 
II ....«et1lflc 111,,_ce ef Dee, INc• lt9tle11, •• 

LO eeece111tlc le11tltwM ef Dee, INc• ... ,,.,., .. 

equation matrix (Table X-.'l). Table X-3 depicts the cor­
relation between pa~meter pain: two-by-two correlations 
independent of othea parameter influences. A correlation 
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\ 

T•ble X-3. lurvero, I 1t••ltl• .. 1t•raffleter cone••••• .. •, 
ltased ..... •""•• e~uatt• .. "'•trl• 

,.. .... ,. IADI LAn LONI 

1401 1.0 0.555 o.tt, 
UTS 1.0 - 0.571 

LC,"'I 1.0 

. , ... ,., .... ., . ., ... , .... , 
IADI ttltt• Klllllrlc 4'11tt11ce, 11111 
LATI .. 1,-1111,lc lttll'lfl t ._ 

LONI Ml111ec111trlc l11111t1H1e, .. 

based on the variauce/covariance matrix depicts all N 
parameter correlations considered. Table X-4 is such a 
correlation matrix for Surveyor I position parameters. 
The absence of the high correlation in Table X-4 between 
the selenocentric rudius ttnd longitude indicates that 
multiple parameter correlations have disguised the known 
dependence. 

Future analyses of Surveyor I will explore the relative 
correlations between parameters in the selenocentric 
coordinate system. It might he advantageous to use a 
different parameter set, or simply to constrain the lunar 
radius to the ACIC determination. 

Table X-4. Surveyor I position parameter correl•tlons, 
baH,i on variance/covariance matrix 

, ........... IADI LATI LONI 

IADS 1.0 -0.331 0.553 
LATS 1.0 -0.151 

LON~ 1.0 

•TIit 111re1111ttr1 ere lftfllltlf 111 

IADI 1tl1111ce11trlc llll1tt11ce, 11111 
LATI Mlt11ec111trlc lttltullle, 111 .. 

LONI Mlt11ec111trlc t1111lt11ff, Ill .. 

J. Surveyor Ill 

Like Surveyor I, Survey1Jr III was displaced in longitude 
from the selenographic X axis; accordingly, Surveyor III 
selenoc..-ntric distance and longitude are highly correlated 
(Table X-5). This fact is disguised by the iuftuence of the 
remaining parameter list (Table X-6). By c:onstraining the 
lunar radius to the accepted ACIC value, this statistical 
weakness was overcome. The resulting parameter solu-

420 

T•b•e X-1. lurver•r Ill 1t•1ltl011 ,.,."' .. ., conolat1• .. 1, 
••H on ... fflltl. •.,.eton ffletrfx 

....... ,. IADI LAn LONI 

IAOI 1.0 ·- 0.1051 0.9120 

LATS 0 0.2101 

LONI 1.0, 

., ..... ,. . ...,, ., .......... 
IAOI ttltt11Ct11trlc lflt .. llet, k111 

LATI Mle-111trlc ittltuff, .. 
LONI Mlt11ec111trlc le111lt11ff, .. 

Table X-6. Surveror Ill po•ltlon ,a,am•ter corre••tl•n•, 
baHd on variance/ covariance matrix 

, ... ...,. IADI LATS LONI ... ...... 
....... 

IADS 1,0 0.175' 0.125' 2.121 
LATS 1.0 0.4726 0.022 
LONI 1.0 0.045 

•TIie .. ,. ... ,,. ere Nfllltlf 111 

IADI Mle-111trlc 4'11t111ce, 11111 
LATI Mlt11ect11trlc letltuff, .. 

LONI 1tl111ece11trlc le111tt11lll1, .... 

tions and the related correlation matrix are presented in 
Table X-7. 

Diurnal and longer-termed characteristics are evident 
in the Surveyor Ill 0 - C rt-sidual sets (Figs. X-16 and 
X-17). 

K. Surveyor V 

Thu Surveyor VO - C residual sets exhibit the long-tenn 
periodicities and diurnal signatures familiar to the other 
Surveyor residual sets. The long-term periodicities that 
are lunar ephemeris dependent are shown in Figs. X-5 
and X-18 through X-20. There is one interesting asi)Cet 
to the Surveyor V daily residual character: The use of 
the tropospheric refractivity indices derived from the 
Surveyor V 11 data redu~tion for the Deep Space Stations 
did not diminish the magnitude of the DSS 11 and DSS 61 
residual sets (see Fig. X-21). In fact, for these two stations, 
it appears that overcorrection '11;1s occurred. The signifi­
cance of this "combinationid'' i,ctrameter's variation is not 
understood at this time. It is not known whether this 
variation is refraction dependent, charged-particle influ­
enced, lunar ephemeris dependent, or a combination. 
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S.ucpu ■ DSSG -·· ... ••• IF I I I _... 
• I •u 

RADS .Ats LONS • IO • IO 

IADS 1736.1 0.1 1736.106 0.11, 1.0 0.273 0.552 
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0SS 11, NSS t 
1 r-------..-------, 

•I 
0 

SIA LfVIL 
"f'IIIACTIVITY 
IND(X, 
~,•540 

« IIIUMCTIVITY 
IND(X,NtNO 
IASIOON 
SIJIWCl'O' J/ll 
TIIIA0CING 
DATA 
"IDUCTIONS 

0 

.4.__ _____ ...._ __ ___, 

t 
i 
I 

DIS 42, NSS 4 
.-----.-------, ----,------, 

SIA LEVfL 
111t,11tACTIVITY INDl,C, 
N•S40 

1111:,IUCTIVITY IND()(, Nt 210, 
IAIO) ON .5U'Wmt 1111 
TIIIA0CING DATA 1111:DUCTIONS 

-•-------------
DIS 11,NSS 5 

4 

I 

S[A L(V(L 
M"'ACTIVITY INDIX. 
N•S40 

1111:,IIIACTIVITY IND(X, 
N■ 210, IASIO OH 
SIJIWC,O, 1111 
MDUCTIOHS 

.. .__ ____ ..._ __ ~ 
0 4IO 0 

TIME,ffli11 

0 

0 
0 

F19. X- 21. Surveyor V. DSS 11, pa11 91 DSS 42, pa11 4; 
and DSS 61, pa11 5. 
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Teltle X-1. lu,~eyo, V ,_,.,...,., 1olvtlo111 

....... 
A,,._. .,._Ul-4 ... lefll ........ .......Ul-4_..., ,. ..... ,. ................ ,. ... ..,. •n._ .. 

......... , .. ,efr■lllen ltMlltet 
........ (H • 1•) 

IADS 173'.t 0.3 17U.I U 0.2tl 17U.IU 
LATS 1.49N 5.0 1.,06N 0.006 t.,15N 
LONI n.2 5.0 23.217 0.025 n .201 

DIS II 
II 6371.ttt 0.3 6371.tt7 o.o, 6372.oot 
LO 20.15070 0.005 20.15101 0.0001 20.15101 

DIS '2 
ll 6371.611 0.3 6371.6'6 O.OOl 6371.6ft 
LO Ul.tlU0 0.005 I ,1.t11" 0.0001 "'·'"" 

DIS 61 
II 6370.000 0.3 636'.ttl 0.003 6170.005 
LO U5.751 U 0.005 US.7510 0.0001 155.75150 

., ... .., •• ...,, .,. HflllM •• , 

IADI Mlettece11trlc -,1,te11ce, 11111 (Hu • :1,0.0I 
LATI MlettecNtrlc letlhHle, 11et (H .. • :110.01 

LONI MlettecNlrlc let1tltlHle, llet (H11 • 210.01 
II IMCelllrlc -,1,te11ee ef hN INce ltetlH, 11111 

LO ...«Ntrlc leA1lt11M ef hN INc• ltet1e11, Ml 

Table X-9. Surveyor V conelatlon matrix of parat11ete,a 

lt■n-'• 
lwft~V DII II DII 41 DII 61 ,......,. ....... 

IADI LATI LONI II LO II LO II LO 

IADI 0.291 1.0 0.011 - 0.313 0.009 0.116 0.255 0.179 - 0.209 0.115 
LATS 0.006 1.0 - 0.301 - 0.162 0.115 - 0.2'2 0.207 -0.559 0.226 
LONS 0.026 1.0 -0.271 - 0,9,9 0.127 - 0.969 0.,12 -0.tl2 

DIS 11 
II o.oo, 1.0 0.151 -0.172 0.2U - 0.129 0.192 
LO 0.0001 1.0 -0.105 0.9'7 - o.,u 0.956 

DIS '2 
II 0.003 1.0 - 0.201 0.04' -0.117 
LO .0001 1.0 -0.,22 0.,11 

DIS 61 
II 0.003 1.0 -0.,03 
LO 0.0001 1.0 

•TIie 1N1•t11eter1 ere MflllM •• 

IADI •el-Ntrlc -,,,,_,., 11111 
1 ATI .. 1-•trlc letltllM, 11et 

'..ONI .. 1ettece11trlc le111ltlHle, HI 
II 1eece11trlc -,1,1e11ee ef hN INc• ltetle11, 11111 

LO 1eece11trlc le1111t1H1e ef hN INc• ltetle11, llet 
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The DSS 42 rc•sponst- wa1 more as anticipated. The diurnal 
signature was dramatically diminished. Tht' pcrformanct• 
of the Hcombtnatioual" paramett'r on the daily variations 
of DSS 42 1ugge1t1 that non-lunar eph~ris dcpc-ndc.-nt 
influences are rc•sponsible for tht.• .. combinational" Jl ram­
eh•r vurlutionul. 

Future• Sr,rcer,or V data n•rluc·tions will determine the 
,·alU<· of N for DSS 11 and 61; this determination will 
permit u more detailed 11nuly1is of this parametl'r, 

Tht.• •"'arametl'r solutions that rl'sulted from tht• usc of 
n·:1 lc•vd (N - !140) refractivity and the Sr,roeuor Vil 

Table X-10. Surveyor V ,o,ltlon 11ara111oter conelatton, 
baHd on noffllal •~uatlon 111atrlx 

,.. .. ..,. IADI LATS LONI 

RADS 1.0 -0.67'6 -0.1657 
LATI 1.0 -0."37 
LONS 1,0 

•TIie Mre111...,, ere Mfll1etl .. , 

IADI Mle11ece11trlc 411te11ce, •• 
LATI ... PM.lllrlc lellhule, 4 .. 

LONI .. 1e11ece11trlc le11tlllHle, 4--

computed valu I for N are presented in Table X-8. The 
t'Orrelatlon1 amon1 the panmeten are ptetented In 
Tobie X-9. 

Unlike Surottyor I and Sr,roer,or Ill, the Suroevor V 
1wlenogriphic location dO<'t not ere te an e1et1ulvely hlsh 
corrl'lution between the aelenocentrtc distance and longi­
tude purameten (1ee Tuhle X-10). thus, the ndial det r­
mination is valid. 

L. Surve,or VI 

1. Parameter Solution Veeton 

Three Surt>cyor VI post-landed data reductions are 
presentl'd. Two of the solutions employ compre11ed flve 
duto points/min and a third Rt uses scrubbed. uncom-
1>re111ed datu (one data point/min). LE 4 la used in one 
of the ,-ompressed data ftts; LE 5 is used in the other 
two solutions. 

Surveyor VI position parameten and Deep Space Sta­
tion locations. determined by the three solutions, are 
presented in Tabl~ X-11 with formal standard deviations 
specified. 

Table X-11. Surveyor VI 11ara111eter 1olutlon1 

A,...,. c..,... .... ..... .. ,,.. .... ,.,.....,. , ... ..., ... ~ U4 ... ....... 1 UI UI .......... ......... . ........ s: ,;a...., .......... ......... ,......, ........ ,., . ...., ......... . ........ 
RADS 1736.0 10,0 114'.027 0.19, 11u.,n 17H,521 o.uo 
LATS 0.07 5.0 0.,1, 0.007 0.'59 0.'60 o.oo, 
LONS Ul,630 5,0 357,65102 0.019 Ul,63229 u1.629,1 0.011 

D$$ llb 
,, 5206.333 0.2' 5206,332 0.002 520,,332 5206.332 0.002 
LO 2'3.15070 0.005 20,15079 0.001 2'3,1 ,011 20.105012 0.001 

DSS '2b 
, . 5205.3'1 0.2' 5205,3'2 0,002 5205.3'2 5205.3'2 0.002 
LO 1'8.911,o 0.005 i,1.t11n 0.001 1'1.91156 ,,1.91157 0.001 

DSS 61b 
,. '862,601 0.23 •162.606 0.002 •162.606 '862.606 0.001 
LO U!l,7511' 0,005 355.75126 0.001 355.75126 355.75121 0.001 

.,.,. ..... .,. ., . .,,_ .. , 
IAOI .. 1e11ece11ttlc 411te11ce, •• 
LATI ..i-e11♦rl , lellllHle, 4--

LONI .. 1e11eee11tflc le111IIIHle, 4--
, , -.111,e■I• 411te11ce ef c,._ ltNce lletle11, •• 

LO teecetltrlc le111ll1HM of c,._ h&:e 1 .. 11 ... , 4--
'T•,..ttl•I "edll11t 1i.tlN 1en, . .,11 ,.,_ellC94 le lfa,0 ,ele, 
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• . too 111.UO 111.140 HI.HO 111 ,IIO I • • 
SELENOCENTRIC LONGITUDE , dtt SOU"CE -SOURCE DESCRIPTION 

I SPOOP DATA REDUCTION NORMALIZED 5- min DATA POf NTS. LE 5 USED 

2 ACIC LUNAR CHARTS 

5 SPODP DATA REDUCTION NO DATA COMPRESSION. LE 5 USED 

4 SPOOP DATA REDUCTION NORMALIZED 5-mln DATA POINTS. LE 4 USED 

s SPOOP TERMINAL CRUISE 118RAKED11 SOLUTION (REF. ><-2) 

6 LIINA/f Olf/JITE/f 11l PHOTOGRAPH (REF. )(•I) (UNCERTAINTY IN ACIC CHARTS) 

P19. X-22. Suneyo, VI. lelatlv• d11,1ace111ent of telenecentrlc ,o,ltlon error eHlpHt. 
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The Sun, r,or VI poaltion nor ellipaoldt derived from 
th-.! use of LE 5 and ri 4, coupled with identical, com­
pressed data aampln, have the same respective dimen-
1ion1. There i• .a larg~ relativt• displacement of the nor 
ellipsoid ccntt•rs; th,1 displacement II attributed to the 
differ nt epht•meride. used. The rt'latlve metric d,1pl ce• 
mt"nts in . C"I nocentric components are. 

Rad,u1: 8000 m 

Lunar luUtude: 550 m 

Lunar longitude: 1800 m 

LE 4 and LE 5, c-oupled with id nUcal data samples, 
were used to redu<.'t' S11n,er,or I post-touchdown tracking 
data. A 11m,lar, relaUve displacement of the two S11n,eyor I 
po1,t1on1 w&1 the result (Ref. X-6). 

The two LE 5 Rt , one used uncompressed data ( one 
data po,nt/mln) and the other 10luUon1 used compre11ed 
datn (Rvt• data polnt11/mln). also produced different probe 
location11. However, this small, relative displacement re• 
ftects data and computer noise and 111 acceptable because 
It ts with,n the spectRed conRdence lrvel1. The separation 
of tht• two S11n,er,or VI position determfnattons fs: 

Radius: 1 m 

Lunar latitude: 00 m 

Lunar longitude: 90 m 

The relative displacements of the Sun,er,or VI seleno­
centrtc position error ellfp1e1 are shown fn Fig. X-22. 
The posftfon soluUons from Lunar Orbiter IV photo• 
graphs and from the Sun,er,nr VI cruise data 8t are given 
tn Table X-12. 

The statistical dependence of one parameter, relative to 
other parameten within a recursive leut-aquare- flt, can 
be tnfrl'ffll from the correlattona of the panmeter In 
question and the mnainlng parameter list. 11ae small 
magnitu~s of the parameter correlations In the conela­
tlon matrices (Tabl X-13) indicate the relative 1tatlltlcal 
,ndeiwndence of the 11~1.. n,eten. A model weakneu to 
he noted Is the high correlation exhibited among all 
aelellOCt'ntrtc nd geocentric longitude determinations. 

I. 0 - C Rnlcluab 

Th th«,roughne11 of th data vaHdtty testing tech­
nique, In confunctton with the 11oph,sUcatfon of the 
SPODP model, did not produce good data Ats. In terms 
of past t•xperience, th solutfon11 are relatlvt>ly good, but 
In an absolute sense, the model has not evolved far 
enough. Diurnal periodtcitle1 and longer-termed patterns, 
c:ouplt•d with high-frequency data and computer not11e, 
are tht> ohv,ou11 c·haracteri1ttc1 of tht' data 8ts. 

The standard deviation of the high-frequency noise 
associated with the one data point/min sample (with 
rercolver data) ts 0.002 Hz (0.13 mm/sec). 

The LE 4 dependent, longer-term periodicities d mon­
strated by the residual sets (see Ftp. X-23. X-24, and X-1) 
are as anticipated. The residual 1tnusotdal pattern is de-
1cr,ptive of the range-rate differences between LE 5 and 
LE 4 (Ref. X-6) after least-squares minimization has been 
attempted (see Fig. X-6). LE 5 ts a better model of lunar 
rnotton than LE 4. A graphical representation of the 
LE 5- LE 4 differences and the D~~ 42 0 - C residual 
set assist In the comparison of the two functions (see 
Fig. X-25); a high correlation II evident. 

Table X-12. Surveyor VI lecatlon detennlnatton1 

............. .... ~ .............. ... ...... ......... ..... ......... , ...... ......... ~. . ........ L...., ..... ,I .,........ .. ... .. ., ~ .. . 
1• 0.'9N - Ul.60 - - -
211 0.O1N 0.065 Ul,630 0.006 - -,. 0.414N 0.001 Ul,651 0.019 1144,•o, 0.19 
4d 0.'59N 0.001 Ul.6H 0.019 1736. '4 0.19 
5• 0.460N 0.006 Ul,629 0.011 11,1. "' 0.14 

•&.,_.~,,_IV ........ (IN lef, x.,o,, 
lllf••l11el cnl• ll'ODP "9ftl• (m,lte Nte1 IN lef, X,fl, 
•IIOOP _.. f9111fffle111111111 LI, 1--~ ,-.,., ..... ,.,,..,., Nte), 

'IPODP _.. rNNtlN 1111 .. LI I(--,,_. ,-t•le!MIN '"'""' Nte), 
-..oDf' _.. ,..,.._ ...... LI I I• ......... ,_.,.....,'"'""'_..,, 
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TaWe X-13. S.neyor VI conelatien Matrix.,.... LE 5 fc■aprnsetl dala fill 

! 
II I ~ 

... ,.w msn msa -·· Ill a Pc: ...... 
RADS I.A'IS IGIII • IO • IO • ,o 

ltADS o.n, 1.0 G.795 -G.691 0.322 G.691 0.392 G.691 o.oa G.705 
lAlS o.JJ/07 1.0 -0.117 G.270 ~.793 G.l.t~ G.796 0.101 :,.nJ 

LONS 0.01-P 1.0 -0.351 -0.911 -0.396 -Q.ff1 0.131 -0.NI 

DSS 11 

• o.JJ/02 1.0 0.30■ Q.1M 0.357 -G.061 CLJ60 
lO o.JJ/01 1.0 0.393 Q.'73 -0.135 Q.971 

DSS ,2 

• U.002 1.0 0.3S2 -Q.OJI 0.397 
lO o.JJ/01 1.0 

DSS 61 • 
• 0.002 1.0 -o.on 
lO o.JJ/01 1.0 

.. ..._ __ I,_..,..._, 
IADS ■■h , .... k ........ 
lA1S 111■■ 1 .... k ......... 

LONS 111 .. klnel~ ... 
II ___,.k.....__,.,.,__._,.s....._._ 

lO ..-c-i.l1 l1nel ... ef ._._,.SW-. .. 

--

2 

I • O-C RESIDUALS 
- LONG-TERM 1£SDMU. mEN> • 

• I • '·' 
C • • ! . • ...__._ 

0 

,- • .. -
,I • - , 

• • 

-2":----"-----'-----..L....--..L.,_--...L.--...L.--...L.--....L-
10 II 12 13 t4 15 16 17 18 - -°?" - 20 21 22 23 24 25 26 ff 

DATE (NOvf-V"::.:. 1967) 

Fig. X-24. Suneyor VI, DSS 61. First lunar clay, 0 -C resid.al set (ceapreuecl five clala peillhl•illl. Nate peri■•dty. 
LE 4 was used. 
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P19. X-25. LI 5 -11 4 ran1••rat• dHferenc•• vs 
SurYeyor VI DSS 42 0 - C re1lclufl:1. 

The diminished, but detectable, long-term pattern in the 
LE 5 0 - C residual sets indicates the ability of LE 5 to 
model th~ lunar motion (see Figs. X-5, X-26, and X-27). 

The diurnal nature of the Surveyor VI 0-C residuals 
1.s the same as the daily variations identi8ed with the 
0 - C residuals of Surveyor, I, Ill, V, and Vil (see Figs. 
X-28 through X-SO). 

M. Surveyor VII 

Because of the seJenocentric error ellipsoid orientation 
(Fig. X-14) resulting from the high lunar latitude of 
Surveyor Vil, it is reasonable to expect a high corre-

432 

lation between selenocentrtc dlltance and latitude (Ref. 
X-13), u vert&ed by an examination of Table X-14. To 
avoid thll limitation, the lunar ndlua wu not treated u 
a parameter in any of the repor~ed Sun,~or Vil reduc­
Uon1. Under the lnftuence of a con1tnlned ACIC lunar 
radius, the correlation between parameter pain can be 
viewed in Table X-15. 

Taltl• X-14. lurveyer VII cenelatle111, 
ltasecl on nen11al •ttuatlen Matrix 

, ...... ,. IADl11 LATI LONI 

IADl11 1.0 0.'6'2 O.HJ.C 
LATI 1.0 0.15H 
LONI 1.0 

., ... ,.,. . ...,. ., ... , ... 
IADI Nletiece11trlc 111 ... Me, k• 
LATI Nletiece11trlc letlt"4e, .. 

LONI Nlefleeelltrlc le1111t"4e, .. 

Ill.ADI IIM-tNIIIM. 

Taltl• X-15. Surveyor VII correlatlen1, 
baHcl on non11al •11uatlen Matrix 

,.. ...... IADlb LATI LONI 

IADlb 1.0 0.1302 o.o,oo 
LATS 1.0 0.4511 
LONI 1.0 

•TIie "'9Meterl ere llefl11M .. , 
IADI Nl-11trlc lll1te11ce, k• 
LATI Nle11ece11trlc letlt"4e, Ht 

LONI Nle11ece11trlc le1111t11lle, .. 
"IADI ce111trel11M te ACIC lleter111l11etle11, 

.. 

The parameter determinations that result from lunar 
ephemeris variations and "combinational" parameter 
values are presented in Table X-16, and plotted in Fig. 
X-31. The associated parameter correlations are contained 
in Table X-17. 

The deficiencies of the data 8ts are demonstrated by 
the O - C residuals. In terms of past experience, these 
solutions are good. A residual feature is a discontinuity 
in the 0 - C residual of DSS 61 at 00:00 GMT on 4 con­
secutive days (Fjgs. X-7 through X-9). The reason is not 
knnwn at this time. 

The standard deviation t:tf the high-frequency noise 
associated with the residual sets is 0.00'2 Hz (0.13 mm/sec). 
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T■ltl• X-16. lurye,., VII ,.,. ...... ,. 1elutle111 

...... 
......... ....... . ........ .. ....... .. ....... 

DII II ........ LO ........ IADI •w:t ..... LAft ........ LONI .vi ..... .... ef LO ...... efLAfl efLONI 

11 6171,fflf 0,3 20,15070 17H,0 0,1 ,1.1 5,0 Ul,H 5.0 
,2 6171,6111 0.3 111,HII0 
61 6170.0005 0,3 H5.7SIU 

........ 

......... ........ 
u DII N II ...... LO ...... 

ef II efLO 

11 2,0 6171,9991 0.002 20,15067 0.0003 
5 ,2 210 6171.6161 0.003 lll.fl1'5 0,0001 

61 270 6170.00'9 0.002 H5.7.S117 0,0003 

11 uo 6171,ffl 0.002 20,15067 0.0003 
5 ,2 uo 6171.67'5 0.003 lll,flll6 0.0003 

61 uo 6370.0001 0.002 155.75116 0.0003 

11 2,0 6172,0102 0.002 20,15065 0.0003 

' ,2 210 6371,6'3' 0.003 111.,a1,2 0,0003 
61 270 6310.0101 0.002 355.75115 0.0003 

11 uo 6372,003' 0.002 20,15061 0.0003 
,1 ,2 uo 6371,6161 0.003 1'1,H1O 0,0003 

61 uo 6370.0053 0.002 355.75114 0.0003 

11 2'0 6372.0021 0.002 2'3,15061 0.0003 
I ,2 210 6371,6161 0.003 141,911'6 0.0003 

61 270 6370.6032 r 12 355.15111 0.0003 

11 uo 6371.9957 0.002 20,15061 0.0003 
I ,2 ,,o 6371,6102 0.003 1'1,911'7 0,0003 

61 uo 6369.9915 0.002 355.75111 0.0003 

•Ttl• ,.,. • ...,, .,. .,. ....... , 
II tNCetttrlc tlltte11ee ef D-, l,ece ltetle11, k111 

LO ..-Cetttrlc le1111tutle ef D-. 1,ece lt.tle11, ti .. 

llAl>I Nlet1Net1trlc tll1te11ce, k111 

LATI Hle11ece11trlc letllutle, ti .. 

LONI Hle11ece11trlc le1111tutle, ti•. 

- · 

The LE 4 dependent, longer-term periOL,cities demon­
strated by the residual sets (see Fig. X-12) are as antici­
pated. The residual sinusoidal pattern is descriptive of 
the range-rate differences between LE 5 and LE 4 (Ref. 
X-13) after least-squares minimization has been attempted 
(Fig. X-25). LE 15 is a better model of lunar motion than 
L£4. 

Surveyor VII 0 - C residuals that result from recursive 
least-square fits utilizing the LE 15 lunar motion model 
exhibit long-term periodicities with an approximate period 

436 

... ...... ........ ... ...... 
IADI • v1■11 .. LAfl ......... LONI ........ 

eflADI lfLATI efLONI 

1719,051 0,11 I0,t7SI 0,010 311,5'3 0.001 

1739,05' 0.111 I0,t7SI 0.010 311,5'1 0.001 

1739,171 0.311 ,o.e,11 0.010 311,605 0.001 

1739.17t 0,311 ,0.,021 0.010 341.605 0,001 

1739.030 0.311 ,o.,sss 0.010 341.561 0,001 

1739.0H 0.311 ,o.,s,s 0.010 Ul,56595 0.001 

of one lunation and an amplitude of about 0.7 mm/sec 
(Fig. X-3). 

The new integrated ephemeris, LE 8, induced long­
term trends into the 0-C residuals (Fig. X-6) which are 
larger than those of LE 5. 

1'he diurnal nature of the Surveyor VII 0-C residuals 
is the same as the daily variations identified with the 
0-C residuals of Surveyors I, III, V, and VI. However, 
because of the acquisition of Surveyor VII low-elevation 
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40 71 r, 
DESCRIPTION 

I CflUtK DATA SOLUTION UtEF. X-2) 
2 I.JINA/I OMITClf F PHOTOGRAPHS (REF. X•I) 
5 POST•TOUCHOOWN SOLUTION USING LE & 

40 10 4 POST·T0UCHOOWN SOLUTION USING LE 4 
e POST-TOUCHDOWN SOLUTION USING LE I 

40 .H 

4 

+ 

41 .00 

41 .05 

41 .10 .___...._..._....._.....___.___._ ______ _.... ___ ...__-6-_ _, 

0 .50 0.52 0.54 0.H 0.51 0 .10 0 .12 0.M 0.11 

SELEN0CENTRIC LONGITUDE, 54e-. 00 + 

P19. X-31 Surveyor VII, lelatlv• dl1placement1 of Hlen­
ocentrlc po1ltlon error elllp1e1. 

tracking data, a more complete picture of the residual 
behavior was made available. The diurnal signature in 
evidence is characterized in Figs. X-7 through X-9. This 
signature can be attributed to tropospheric refraction 
(from deficient modeling), ionospheric charged-particle 
effects (not modeled), and/or station spin axis distance, 
latitude error (suspected lunar ephemeris defect). Because 
of the correlation between these variables, most of the 
influence of these r.ombined errors in the O - C residuals 
can be effectively ,emoved by incorporating any one of 
the three variables into the SPODP as a solution param­
eter. It is not the intent o~ such a procedure to evaluate 
numerically, in a physically meaningful manner, any one 
of the three parameters; this approach provides a means 
of increasing the accuracy of the data flt by using a 
"combinational" parameter (Figs. X-7 through X-9). 

J,L TICHNICAL 11,011 32- I 265 

Th use of this .. comblnatlonal" param ter produces 
dramatic Improvements to the data &ts of Sun,eyor VII. 
It should be noted, howevrr, th t wh n the same .. comhl­
naUonal" parameter values ascertained from the Sun,cyor 
VII data reductions were used In the Surooyor V data 
n.-ducttons, DSS 11 and DSS 61 appeared to have been 
grossly undercorrectcd for tropospheric refraction. The 
Implications of this lnftucnce are not known at this time. 

LES was used In the Surveyor Vll data ttduction with 
the intention of diminishing tht• diurnal signatures associ­
ated with Sun,eyor Vll two-way doppler residuals. The· 
use of LE 8 did not produce this desired effect unlfonnly. 
That is, the phase and period of the error functions 
incorporated into LE S do not correlate with Surveyor 
diurnal signatures (see Figs. X-10 through X-12). As a 
consequence, the ability of LE 8 to reduce the daily 
residual excunions is time dependent. 

The ephemerili inftuence on Suroeyor Vll data &ts can 
be demonstrated by the sum of the squares of the 
weighted residuals. 

Ephemerides used: LES LES LE4 

Sum of the squares: 57 86 114 

Refractivity value: Nu = No = No, = 340 

Ephemerides used: LES LE4 LES 

Sum of the squares: 51 78 83 

Refractfvity value: N11 = 240, l,u = 280, N111 = 270 

By this standard, LE 5 is the most accurate lunar ephem­
eris currently in existence. 

N. Summary 

(1) Although LE 5 demonstrates a long-tenn periodicity 
with a period of one lunation and amplitude of 
0.7 mm/sec, it is the most accurate lunar epehem­
eris known to exist. 

(2) The selenocentric distance, latitude, and longitude 
for Surveyors V and VI have been detennined and 
presented. 

(3) A high selenocentric distance/selenocenbic lati­
tude and longitude correlation pennitted a solution 
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Teltle X-17, lvwere, VII c.,,._tlen 111etrl• ef ,_,. ..... .,. 

.... ,.,w ... " ..... .... , .......... ,.,.,,.,. . ., ...... .... LATS LONI II LO II LO II LO 

IADI 0.3 1,0 0,1665 0,HH 0.0656 0,0025 0,0172 0.0112 0.0,10 - 0,00'2 
LATI 0.010 1,0 o.,,u 0,1619 0,HSO o.uu 0,HH 0.1551 0,2117 
LONI 1,0 0,0010 - 0.12,a - o.uu - 0.1,02 0,0171 - 0,145' 

D11 II 
II 0.002 1,0 0.0111 0.0,01 0.05U o.o,u 0.0,11 
LO 0.00003 1,0 0.14'6 o ..... 0.0H1 o,, .. 

D11 '2 
II 0,003 1.0 - 0.1121 0.0415 0,17\6 
LO 0,00001 1.0 0.0315 0.1,11 

D11 61 
II 0.002 1,0 0.11, 
LO 0.0003 1.0 

., ... ...,. • ...,. .,. tMll...i ••• 

IADI NleMCelltflc _,,, .. Me, •• 
LATS NN11Nelttrlc letlttHN, Ml 

LONI Mle11e"11trlc 1"'1tltv4e, Ml 
II t•ce11trlc -'lttellCe ef De-, hec• l .. tle11, Ii• 

LO """'"' le1111t114e ef ~ hec• 1 .. 11e11, .. 

for only the lunar surf ace coordinates of Surveyor, 
VII and III, respectively (baseJ on ACIC lunar 
radius detennination). 

(5) The new integrated ephemeris, LE 8, demonstrates 
a Ume-dept>ndent ability to diminish the diurnal 
signature of Surveyor VII residuals. 

(4) The Surveyor I position detennination is subject to 
review in that a high correlation between seleno­
centric longitude and distance has distorted the 
solution. 

(6) A "combinational" parameter was used to maximize 
the data Hts of Surveyor, V and VII. This param­
eter took the fonn of refractivity indices. 
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XI. Laser Beam Pointing Tests 

C. 0. Alley (CltolrmonJ and D. G. Cu"I• 

An opportunity to verify the ability of earth station, for 
directing very narrow laser beams to a specfftc location 
on the lunar surface was provided by the detection 
sensitivity of the Surveyor Vil vldfcon cRmera operating 
In its Integration mode. Such tests were of interest pri­
marily because of a planned Apollo lunar surface- experi­
ment in which an astronaut wfll emplace a comer re8ector 
array to provide a Rxed point for very precise laser 
ranging. The succesr.ful monitoring of point-to-point 
earth-moon distances to the expected accurac·y of ± 15 cm 
would provide: (1) a deftnftfve test of the conjectured 
slow decrease of the gravitational constant; (2) an experi­
mental study of whether continental drift is occurring 
now; (S) new knowledge on the physical Ubrations, size 
and shape, and orbital motions of the moon; and (4) new 
Information on the rotation of the earth (Ref1. Xl-1 
through Xl-4). An additional factor In te1ting narrow 
laser beam pointing and tracking techniqties lies fn their 
potential use fn spaee communications sylltans. 

The idea of using a Surveyor television camera for such 
tests occurred during a discussion on whether an astro­
naut could see the pulsed ruby laser beam planned for 
the retro-re8ector ranging experiment. Meuurements 
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on the wavelength 11ensitivity of the vfdlcon surface were 
conducted in November 1987 at the Jet Propulsion 
Laboratory (JPL), and indicated a decrease from the 
peak sensftfvfty by a factor 1/300 for the ruby laser wave­
length of 8943 A, making detection margf nal for existing 
and planned ruby laser systems. However, the avaflabfUty 
of argon-ion Jasen operating fn the blue-green (main 
wavelengths at 4880 and 5145 A), within the peak of the 
vfdfcon sensitivity with avera~e powen of a few watts, 
suggested their use for the tests. The pointing and track­
Ing techniques would be similar to those used with 
pulsed Jasen. 

Estimrtes of the power density on the moon of a 10-W 
(transmitted) argon-ion laser beam, contained within a 
divergence cone angle (half) of 10 sec of arc, yielded a 
value 2.25 times the power density of a magnitude O star, 
or nearly magnitude -1. The power density would scale 
directly as the power transmitted and inversely as the 
square of the beam angle. Experience with star obser­
vations on previous Su~r,o, missions (p. 15 of Ref. XI-S) 
indicated that the laser beams could be easily observed 
ff they were directed to tlluminate the spacecraft. The 
diameter of the fllumfnated area on the moon ts about 
2 km per arc second of divergence. 
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A. Later Tr11n1111IHl111 Statfen1 

S11 transmitting 1tntlon1 wtte Mtcablhiltffl: t'ach con-
1l1ted of an argon-Ion 11111.--r with a 1ulublt' optical 1y1tem 
for colllmutlng and aiming th lal<'f beam. All 1lx stations 
used the tl'Chnlque of directing th1 lu r beam backward 
through a •el.m-ope to redut't' the beam dlvt'rg net'. 
Howev r, each 1t11tlon used u dlfft'ttnt mt'thod for illmlng 
the laser be"m. A brief description of each station 11 
given below. 

(1) Kitt Peale Ol11erw,ory, Tuc,on, Arizona. The 
~le Moth Solar Telescope (60-in., f /f'JJ, hello1tat 
conftguratlon) nnd a 2-\V laser were used. The 
telescope was u ed In th<' normal dlrtttlon for 
aiming. The g1.1ide beum and the laser beam were 
1eparnted by a 1pedally constructed, divided-mirror 
beamsplitter 1,laced ncur the telescope focal plane. 
A reticle, which was designed for the purpose and 
which permitted offset guidin1 from ne rby lunar 
features, and a Seid lens were placed in the focal 
plane. 

(2) Table Mountain Ob,eroato,y, Wrlghtwood, Call­
fomla. The JPL 24-in. telescope, utlllzed at its f /'JS 
Coude focus, and a 2-\V J:uer were used. A beam• 
splitter with a pinhole was plnced in the telescope 
focal plane to separate the guide beam from the 
laser heam. A 2.5 magniftcatlon microscope with a 
cror1haar reticle was use<l ns a viewing eyepiece. 

(3) We,leyan Unlvernty, Raytheon Reaearch Labora­
tory, Waltham, Mauachuntt,. A 6-in., two-mirror 
coelo1tat directr,d the beam from a specially con• 
1tructed 4-in., f/15, telescope toward th" moon; a 
60-W laser was used. The guide beam and the laser 
beam were separated using a clear pellicle beam• 
splitter located ahead of the primary focal plane. 
The use of an appropriate glass Siter over the 
eyepiece permitted continuous viewing of the 
cro11halr reticle. 

(4) Lincoln Laboratorle,, Lexington, Maa,achu,ett,. A 
beam from a 3.5-W laser collimated v ith a 3-in. 
telescope was directed using a special servo-driver, 
az-el ftat mirror. Guiding was accomplished using 
a second 3-in. telescope, which was bore1ighted to 
the Int telescope. 

(5) Goddard Space Plight Center, Greenbelt, Mary­
land. An existing mobile laser satellite ranging 
1y1tem was used; the pulsed ruby laser was re­
placed ny a 10-W argon-ion laser. A series of mirron 
guided the beam along the rotation axes of the 
az-el mount through a 5\i-in. output aperture. 
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Viewtn1 of the moon was accomplished by an 
Image orthicc.n television display from a bore-
1d1hted 18-in. telescope. 

(8) P,rkln-Elmer Cor1,oratlon, Noru:allt, Conrwctlcut. 
A port blc ~-W I st.., was attttchNI at the Ca•~· 
grain focus of a 24-in. telescope. Aimin1 was 
accomplished by the 6-in. guide t lescope, which 
was borniahted to the main teleK"Ope, 

To aid in locating Surveyor VII on the lunar surface, 
Lunar Orbltrr i,hotograph1 of the r 1ion around Tycho 
and ACIC Lunar Chart LAC 112 were supplied to II 
1t11tion1. The inltlal estimates of the landing coordinate,, 
n1 well a, the accurate location of Sur""r,or Vil, were 
communicotl'd with respect to both the Lunar Orl,ltcr 
photographs and the lunar chart. 

I. Lunar Scheclule of TNfl 

The heavy demand, on the su,,,.yor camera resulted 
in the initial nllocatfon of only one 10-min block of laser 
observing time on each of four different nights. By com­
bining the laser observations with the planned earthllght 
polarizations, it was possible to increase the length of 
observing periods and to have a second period on Jan­
uary 20, 1968. Time windows were chosen so that stations 
on both East and West Coasts could be observed 1lmulta­
neou1ly during control of the spacecraft by tht, noldstone 
Deep Space Tracking Station; the primary constraint was 
that no station be too close to the terminator. During the 
window, the laser station, were responsive to the avail­
ablllty of the television camera. Communication was 
handled by a telephone network connecting all stations 
with the JPL Space Flight Operation, Facility. 

The 8rst few day, after touchdown were needed for 
other Surveyor activities and were used for ftnal prepara­
tion, at the station,. With the exception of the Norwalk 
and Greenbelt Stations, the ftr1t test period was held at 
04:30 GMT on January 14, 1988. It was necessary to 
interrupt the tests during the period near lunar noon 
because of glare in the camera caused by the proximity of 
the earth and sun. This time was used to modify tech­
niques at sonae of the station, on the buts of the &rat test. 
Test periods were resumed on J.muary 19, and continued 
on January 20 and 21. The time on January 21 wu chosen 
to maximize the ,Probablllty of observing 1tatlon1 on the 
East Coast by having them far from the terminator even 
though, for stations on the West Coast, it placed the 
moon very low in the sky. 
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Durtn" r ch tttst pc-rkKI. modrs of oreratlon for the 
11tatlon1 wt•~ pn-KrthNJ with d finite on and of te• 
quc-nces to identify station• that weft' 'IMICJ'lphtcally 
elm,, togl'th r. Th<' asx•rtun- and t'xposurc- tlnw Wl'ft' 
\'llrlt•d to produce on tht• A•K'OJX' display approxlm tttly 
ont'-half tht' saturation ,·olta1t• lc,•cl In tht• dark part of 
th,• C'llrth cr<•Al't'nt wht•n• la~r lwllm1 werl' IK'ln1 trans• 
mlttt•d, us this moxlml1t•«I thl' 1t•n1lth·lt)', \Vtth thb, ttln". 
rt'llt'llh•d cxposun.•• Wl're taken while th st tlons wett 
dln.•cted to follow the ohovl' modes. 

C. Detection of La.., 1Nm1 
D<•tcctlon Wlll Hchlevcd vbu lly during th first observ• 

Ing period on January 20 for both Tucson and Wrlghtwood. 
Su11x.-cted laser beam spots with the corrert locntlons. as 
shown In Fig. Xl-1, wt'l'e observed at the JPL Spnce 
Flight Opt'rntlon• Fnclllty. Further conftrmntlon resulted 
when th(; earth hnngc was shlf ted 3 deg within the 6.5-deg 
narrow Reid of view, th two spots shifting with It. The 
on/off sequencing discus ed nbove also served to verify 
the detection of the beams. Full confirmation was 
obtained only with the subsequent, detailed study of 
corrdatfon~ In projcclro cnlargt-ments from high-quality 
photographic ncgatlvt.•1 reproduced from the video tape 
recordings by A klnescope Rim recorder. A positive print 
of one of the negatlvc1, enhanced using a high-contrast 
proce11, ls shown In Fig. Xl-2. The spread of the Images 
over several of the video scan lines ls caused by aber• 
rations In the optic• (electron ond visible) of the cnmcra 
and also In the ground reproducing equipment. 

Each of the 1tntlon1 detected was transmitting about 
1 W. Wrlghtwood was 1ystematlca1ly scanning about the 
position of Surc,eyor Vil and was limited by atmospheric 
"seeing," while Tucson had deliberately spread the be m, 
The 1pot1 appeared with an approximate star magnitude 
of -1, as orlginolly calculated. Detection of these statlom1 
was accomplished again visually with about the same 
Intensity during the second run on January 20 and 21. 
The approximate magnitude of the detected beam, was 
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drtnmlnNI by compartn1 plcturn of the laser beams 
with thow of # .ptter. 

By dlglt11.uUon of the vldro plcturn, It ha, been pot• 
slbl to incr use the- smsltivtty of det«tlon considerably 
lx•yond th<- ,•buul. It Is esthnatl'd that, by 1tretchtn1 the 
dlgftl1.atlon In region, ne r station locations, lnten1ltln 
of lasc.•r beam• d!rccted to illuminate Su,wyor Vil can be 
dtttectffl with 'h, the lnten11ity dl1pl yed by Tucson and 
\Vrtghtwood. Thl1 tt-chnlqur enabled easy detection of 
the Tucson beam on January 19, as shown In Fig. Xl-3. 
(\Vrtghtwood wn1 not operatln1& on that dny.) Figure Xl-4 
1how1 o computl'I' printout of the region around the laser 
110t shown In Fig. Xl-3. 

A 1eorch for henm1 from the East Coast station has 
been made with the equipment at the University of 
Mnl')•lnnd,dt•vt•lo1led for visual scan of hubblt' chamber 
picture,. No positive results were found. Examination of 
the stretched digitized printouts has not given positive 
lndicotlon as yet, but the work 11 continuing wt~h the 
technique of 11vera,iing 1ucces1lve frames for enhance• 
mcnt and looking for correlation, at predicted location,. 
Although local wcnthcr conditions ond 1tructunl obscura• 
Uons Interfered with tran11ni11lon from East Coast station• 
(e11pt-clally In the Boston area), there were periods when 
con.tact with Surc,eyor Vil seemed po11lble, 

D. Conclu1lon1 
The primary value of these te1t1 lies In the experience 

gained in a variety of techniques for track1ng and pointing 
laser beams with different types of telescope,. A report 
on this subject by this Surc,er,o, Working Croup will be 
prepared in the future. 

The potential value of well collimated laser bel.lmr fr.11 

space communications i• emphasized by noting lh it t :.ht' 
1-W laser beams ap~ared as bright stars, whlk t;,,. 
uncollimated Upt from major cities was not det~t,.,c . 

• 



t 

F11 Xl-1. This photo1raph of a 1lobe, with the overexpoHd crHcent Indicated by cro11-hatchln1, simulates the earth 
as seen from Surveyor VII at 09100 GMT on Januory 20, 1961. The station lo,atlons are Indicated by black dots, and 
permit ready ldentlflca•lon of the orl9ln of the two laser beams In Fl9. Xl-2 as Table Mountain Observatory near 
Los Angeles, Callfomla, and Klff Peak National ·ObHrvatory, near Tucaon, Arizona. Slmulatlons slmllar to this photo .. 
1raph were prepareci In advance by J. J. lennllson, JPt., for each period of attempted laHr detection. 
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Pig. Xl-2. Later beam1 with power of approximately 1 W each appear as starllke Imai•• comparable •~ brl1htneu 
to Slrlu1 (magnitude, - 2.5) In this narrow-angle, f/4, 3-••c expo1ure of the earth. The creacent of the 1un- Ji11.:l!ftlno,•d 
earth Is distorted becauH of overexpo1ure. Thia was Gne of the first picture, In which the beams were ••c~U~• .. ,.;,:i,le 
(January 20, 1961, abou, 09106 GMT). 
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Fl9. Xl-3. A companion of th••• two pldur•• clearly reveal, the Tucson la1er oeam. The picture wa, dl9ltl1ed by 
the JPL Imai• Proce11ln1 Laboratory, and the contra1t then 111tretched." (a) January 19, 1961, 01:41 r54 GMT. (b) Por­
tion of the dl9ltl1ed, 1tretched picture; the 1pot produced by the laHr 11 Indicated. 

52 51 45 40 45 40 50 44 43 48 40 _ 
--5-1 50 50 45 54 3937 45 40- 45 41 

47 50 50 46 46 45 39 48 43 47 47 
~ 45 40 · 48 48 43 30 37 42 4~ 45 44 

46 48 48 47 33 4 16 52 t>2 47 44 
~ 37 46 49 25 0 0 33 50 46 52-

43 45 38 49 43 38 40 51 52 45 51 
52 48 41 44 50 53 43 61 42 42 48 
49 48 50 49 52 51 55 46 50 52 52 
52 62 52 53 45 50 51 50 48 49 55 
58 53 59 57 50 50 48 54 48 43 54 -

F19. Xl-4. Computer printout of the re9lon around t~• later 1pot of the dl9ltl1ed, 1tretched picture 1hown I• Fl9. 
x· -3. The number at each point reprHent, th• optlcot den1lty on a scale of 64 1ray level, (0 = white, 63 = Wack). 
The la1er 1pot 11 completely 1aturated at two y,•lnt• In the pldure. 
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XII. Astronomy: Solar Corona Observations 
t:. H. Norton 

Observations of the solar corona were made, using the 
spacecraft television camera, during post-sunset periods 
of the Surveyor I, V, VI, and VII missions (Table XII-1). 
The method of obsP.rvation from each spacecraft was 
essentially the same. After the upper limb of the solar disk 
had set behind the western horizon, a sequence of timed 
pichlrP.s was tuken with gradually increasing exposures 
that ranged from f/5.6, 1.2 sec, for the innermost K-corona 
at 2 solar .radii to f/4, 30 min, for the outer lt1 -corona 
beyond 20 :1olar radii (Refs. Xll-1 through Xll-4). 

Because photometric reduction of all pictures has not 
been completed, no final conclusions can be made at this 
time. Although all data will he digitized and reduced, 
primary emphasis will be placed on the data derived 

from Surv, •11or Vil, since it represents the best set of solar 
corona observations obtained. ~arth-based (telescope) 
eclipse observadons permit measurements of coronal 
radiance out to 8 or 10 solar radH; spacecraft observa­
tions have extended this measurement to about 15 solar 
radii. Measurements from observations of the zodiacal 
light havt, been made inward to about 50 5·1lar radii. 
Surveyor VII wiJI provide a determination of the way in 
which the far solar corona merges into the zodiacal light. 
The brightness of the coronal/zodiacal light in this re­
gion is due to scs.ttering from particulate matter. Measure­
ments of this brightness, polarization, and variation with 
solar distance wilJ, in tum, permit determinations of the 
distribution and density of particulate matter in the inner 
solar system. 

Table Xll-1. Solar corona ob1ervatlon1 

GMT_, tunNt Nu1111Mref 
Dur9tlen., CereM ceve,..• 

Ml11l•n ,,.... .. , .. ,. "'" ..... ,... ..... , Cle:,), .,... Heuri111in hr .... , t'ffll 

SIHW,O, I June 14, 1966 15,40 "' CIHr 0 to 0.5 2 to 4 
lurYe,o, V S.pte111ber 2", 1967 10,57 37 GrNn 0 to 3.5 2 to 30 
IWYe,o,VI No¥e111ber 2", 1967 13,40 "" Polarlalnt 0.6 to 6.0 2 to 30 

'"'"'°' VII 
January 23, 1961 06,06 7 Polarl1ln1 1.5 to 1,,5 15 to 40 

J,L TICHNICAL 11,011 32- I 265 449 



\ 
\ 

\ 

450 

Reference, 

XII-I. Norton, R.H., Gunn, J.E., Livingston, W. C., Newkirk, G. A., and Zirin, H., 
"Astronomy," S11rveyor I Mla,lon Report. Part II: Sclenll~c Data and 
Re,ult,, Technical Report 32-1023, pp. 87-91, Jet Propulsion Laborutory, 
Pasadena, Calif., September 10, 1988. 

Xll-2. Norton, R.H., Gunn, J.E., Livingston, W. C. 1 Newkirk, G. A., and Zirin, H., 
"Astronomy," S11rveyor V Alla,lon Report. Part II: ~clence Re,ult,, pp. 115-
118, Jet Pr .iulsion Laboratory, Pasade.,a, Calif., N·.,vember 1, 1967. 

Xll-3. N\)rton, R.H., Gunn, J.E., Livingston, W. C., Newkirk, G. A., and Zirin, H., 
"Astronomy," Surveyor VI Mla,ion Report. Part II: Science Reault,, Tech­
nical Report 32-1262, p. 125, Jet Propulsion Laboratory, Pasadena, Calif., 
January 10, 1968. 

Xll-4. Norton, R. H.1 Gunn, J.E., Livingston, W. C., Newkirk, G. A., and Zirin, H., 
"Astronomy," Surveyor Vil Mlallon Report. Purl II: Science Re,ult,, Tech­
nical Report 32-1264, pp. 337-340, Jet Propul~ion Laboratory, Puadena, 
Calif., March 15, 1968. 

J,1. 11CHNICAI. 11,011 32· I 26.S 



t 

Appendix A 

Effects of Lunar Particles on Spacecrah Mirror Surfaces 
L. D. Jo"• ond J. J. Rennll,on 

During somt, of the Surveyor missions, spacecraft sur­
faces apparently were affected by lunar particles thrown 
against them by the exhaust from the vernier engine &r­
ings close to the lunar 11urface. The alected spacecraft 
surface, included tht television camera mirror on 
Surveyor Ill, which landed with its vernier engines &r­
ing through touchdown (Refs. A-1 through A-4); the side 
of the Surveyor V alpha-scattering-instrument sensor 
head, ailected during the static Rrtng of the vernier 
engines after landing (Ref. A-5); and the Surveyor VI 
photometric target, affected during tl1e hop made by the 
spacecraft when the vernier engines were Bred (Refs. A-6 
through A-8). Two auxiliary mirron on Surveyor VII 
apparently were affected by lunar material ejectP-d by a 
footpad or crushable block during landing (R.Jfs. A~9 
and A-10). 

Some lunar material was observed as a coating on the 
Surveyor VI photometric target and on one of the 
Surveyor VII auxiliary mirron. It has not been deter­
mined, however, whether the observed effects on the 
mirror surfaces of Surveyor, III a'ld V were caused by 
flne lunar particles adhering to the mirrors, by sandblast­
ing of the mirrors by such particles, or possibly by 
deposition of condensed products of the engine exhaust. 

JPL TECHNICAL IIPOIT 12- I 265 

Pre- and post-Bring television observations o1 the gold 
plRting on the Surveyor V sensor head help to determine 
the cause of these effocts. The sides of the sensor head 
were made of polished aluminum alloy on which a layer 
of gold, nominally 1~ thick. was electroplated for tem­
perature control with an underlayer of copper 25~ thick. 
Before the vernier engine &ring (Fig. A-la), an image of 
the sensor head circular plate and of the lunar surface 
for a few centimeten inboard was clearly visible in the 
gold plating; aftr; the Rring (Fig. A-lb), no image was 
visible when the near side of the sensor head was in 
sunlight. Some image cou!d be seen in a part of the side 
fn shadow (Fig. A-le). The side itself appeared matte 
when sunlit and th:• lower few centimeters of it were 
darkened; lunar fra~n~nts were ~bservcd on the circular 
plate. Before the &ring, the sensor head was about 70 cm 
from the nearest engine, which was &red for 0.55 ±0.05 
sec at a thrust level of 1.2 X 10' ±0.2 X 107 dynes; the 
nozzle was 39 cm above the lunar surface. The exhaust 
from the vernier enaine &ring caused the sensor head to 
move horizontally about 10 cm and to rotate 15 deg. 

No pictures of the sensor head were taken through the 
color filters before the engines were flred; after the flring, 
however, a set of wide-angle pictures was taken through 

451 



t 

Pig. A-1 . Narrow-anII• pldures of the Inboard face of the sensor head on Surveyor V. Ca) lefor• the static flrlnI of 
the vernier • ··,11lne1 (September 12, 1967, 05s06127 GMT). (b) After the static firing of the vernier enIlnH (September 
14, 1967, 07115s09 GMT). Cc)After the 1tatlc flrln1 of the the vernier engines (September 21, 1967, 01133114 GMn. 
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the red, green, and blue ftlten of tM television camera 
(Rc.-f. A-11 ). 'rh ~ pictutt1 were taken on ~>tl'fflhff 14, 
1987, at 00:M:43 (Fig. A-2), 00:58:07, and 00:5"!:M CMT. 
Areas in these 11icture1 were selected for color detcnnlna• 
Uon a1 follows: 

Area 1: Lunar surface materbal illuminated by dlred 
1unliaht 

Area 2: Lunar surface material Illuminated by direct 
1unUsht and by 1unUght re8ected from the 
right face of the sensor head. (This face was 
1hlelded from the vernier engine,.) 

Area 3: Upper part of sensor head side exposed to 
enpne exhaust 

Area 4: Upp,,r part of sensor head 1lde exposed to 
engine exhaust 

Area 5: Lower, darker part of sensor head 1lde ex­
posed to engine exhaust 

Each area contained 5 X 5 picture elem,~nta. 

During the mf11ion, the camera video 1lgnal1 from the 
three frames were recorded directly onto magnetic tape. 
These analog recordings were then converted Into dllital 
units, dividing the black-tc,-whlte video level Into 84 
equal division,. Correction, for the camen'a Ught-tnmfer 
chancterutlca enabled the dlptal units to be convert.eel 
to luminous efficiency values for each fnme. The colon 
of ~he areas can be apeclfted by chromaticfty coordinates 
in the International color 1y1tem (Ref. A-1), The CIE1 

trfatfmulus values (color coordinates) are linearly propor­
tional to the luminous efficiency values. During pre-Sight 
camera caUbntlon, the proportionality facton were de-
----

'ONruntuion Internationale d'Eclainp ( lnternadonal CommillloD 
on Illumination), 
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tennlnNI by expo1ln1 the camera to colon of known 
chromatlcltlea. For added con~. these facton may 
be computed from the colon on the photometric tarpt1 
whfle In the lunar environment. 1'he results presented 
here, however, orillnate from the, pre-llpt calibration 
only. 

The dllerencca among the Iv areas can beat be shown 
by plotting their mean chromatlcitlca on the, CIE dia­
gram (Fig. A-3). Included in this ftpre, for comparison, 
are the calculated chromaticltlea of typical electroplated 
gold and electroplated copper Illuminated by extrater• 
re1trlal sunlight. The chromatlclty of sunlight illumlnat• 
in1 a neutnl pay surface b al10 Included. 

The color of area 1, the lunar surface In 1unUpt, dllen 
somewhat from a neutral gray chromatlclty. Nevertheleu, 
It would still be considered gray. Area 2 1howa the addi­
tive mixing of the surface color with that of rel~ed 
sunlight by the gold rlpt 1lde of the sensor head. The 
surface lumfnance1 (areas 1 and 2) indicate that the right 
aide of the sensor head re8ect1 light a1 well on the lunar 
surface a, ft did durtn1 pre-light testa. The meuure• 
ment1 on the upper part of the sensor head (areu S 
and 4) are within the expected color nnge for electro­
plated 1old. Area 5, on the lower part of the sensor head, 
re1emble,1 closely the color of the surface (area 1). 

It seems clear, then, that the darkl!!r, lower part of the 
aemor head aide (area 5) was covered with lunar material, 
adhering to a nearly vertical surface. On the other hand, 
the upper part of the sensor head (areas 3 and 4) wa1 
e1Kntlally gold, apparently roughened by impact of 8ne 
lunar particle,. Lunar particles thrown by the vernier 
engines onto the spacecraft 1urface evidently both •nd• 
blut and coat the 1urface1. 

453 



P11. A-2. Wlde-an1le, dl1ltlsed picture of Surveyor V 1en1or head and 1urroundln1 lunar 1urface, after en1lne 
flrln9. l11uarH and numltera Indicate the arH1 1eledecl for color determination. Taken thr•u1h the 1reen flher 
Cleptemlter 14, 1967, U1ll143 OMTI. 
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F:a. A-3. Chrematf city coordinate• of ••lected ,olnt1 on the Surveyor V Hn1or head ancl on the nearby lunar 1ur• 
face, ofter the en1lne flrln1. Coordinate, are also shown for extroterre,trlal 1unll1ht, for electroplatecl 1olcl, ancl for 
electN,latecl co,,-,. 
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Appendix B 

The Lunar Sunset Phanomenon 
L. Harold Allen 

A. Lunar Oltservatlon1 
Television pictures, taken by several Sun,eyor, a few 

minutes after local lunar su11set, showed the lunar western 
horizon highlighted by the sun as a thin, bright, jagged, 
di:scontfnuous (broken) line. The Sun,eyor Vil lunar sun­
set pictures probably are the most interesting in that this 
Hrae was jagged, f ts brightest parts shifted with time, and 
i b broken parts changed positions with time ( see Figs. 
8-1 through 8-5). 

The brightest parts of this line have sometimes erro­
neously been called "beads" because they are remotely 
similar in appearance to "Bailey's beads." The discon­
tinuous portions of the line are gaps and appear to be 
the result of lunar surface features that lie beyond 
(farther west), casting shadows on the local horizon. As 
a general rule, the gaps appeared to grow larger with 
time during the Sun,eyor VI and Vil missions, as the sun 
moved farther below the horizon. 

Because Sun,eyor Vil was at a southern lunar latitude, 
the gaps appeared to shift slightly to the north as a 
function of time and by different amounts, which are 
assumed to be a function of the distance between the 
individual occulting objects and the point on the horizon 
being occulted. The brightest parts of the line shifted 
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slowly to the south as a function of time and as a function 
of the Surveyor Vil spncecraft's southern latitude on the 
lunar surface. The lateral shifting effects were noticeable 
only on Sun,eyor Vil, as ft operated much farther from 
the lunar equator than any of the other spacecraft. 

It is interesting to note that, on the left (south) side 
of Figs. 8-1 through 8-5, the horizon is formed by a close 
ridge; on the extreme right (north), ft is formed b>· an­
other ridge that is farther away (farther west). in the 
pictures taken following sunset (and at different ex­
posures), the right-baud ridge is illuminated. However, 
looking farther south (going to the left), the nearer ridge 
obstructs the view of the more distant ridge. The more 
distant ridge occults (shadows) the doser ridge for a 
short distance and causes a large gap in the bright line. 

Figure 8-6 shows two other ridges (to the southeast) 
that reveal a similar condition; these two ridges should 
provide a better undentanding of the relationship of the 
western ridges. In Ff g. 8-6, the closer ridge is casting 
shadows on the other one, resurting in what would 
appear to be a dl~ntinuous line if it were viewed from 
its other side. In tum, this closer ridge is itself being 
shadowed by still another ridge (not shown) whose fea­
tures are shadow proftled on it. 
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P19. 1-1. Surveyor VII doyll9ht picture of the we,tern hor•1on, lncludln1 the 
1un .. t po1ltlon (January 10, 19t,I, 01:16:45 GMTt. 

Fl9. 1-2. Dl1contlnuov1 brl9ht llne In the we,tern horl1on. The brl9htne11 of 
the llno docrooHd with tlmo. Thi, narrow-an9le Surveyor VII picture wo, token 
about 17 min after local 1un1et (January 23, 1961, 06:20:21 GMTt. 

Fl9. 1-3. Narrow-on9lo Surveyor VII picture of tho llne taken about 50 min 
after local 1un .. t (January 23, 1961, 06:52: 11 GMTt. 
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P11, 1-4. Norrow-on1I• Surveyor VII ,Icture of the llne token about 90 111In 
s,fter local 1un1et IJonuory 23, 1961, 07131152 GMT). 

P11, 1-5. View of the 1un1et poaltlon token over 14 hr after 1unHt by the 
Surveyor VII televlalon co111era. Thi• wld•••n1I• picture, 111ode '.n the lnt .. ratlon 
111ode of the ca111era, 1how1 the faint, rHldual 1olor corona and the lunar 1urface 
lllu111lnated by earthll9ht. The brl9ht 1pot In the 1ky 11 Mercury, 1pread by the 
ca111era'1 white 1pread function and elon9ated by lunar rotation durln1 the 
30-111ln expo1ur• tl111e (January 23, 1961, 20:45155 GMT). 

Figure B-7, a Surveyor VI picture, shows not only the 
bright line but also a faint streak appearing in • he lower 
foreground, which is the result of the line internally 
reflected by the camera's lens. The resulting image is 
the same size, inverted and attenuated. Only the image 
width (thickness), not the length of elements between 

the gaps, has been reduced. This effect has also been 
confirmed by taking pictures at various exposures. 
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I. Camera Characterl1tlc1 
The apparent thickness, or width, of the line in the 

television pictures is the result of the television camera's 
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P11. •·•· Twe rlll1•• te the 1euthee1t ef lune,., VII. Th••• rlll1•• were enly 
,erttelly llluMlnetell •• the tun ,et. The clet1er rl•• ce1t lt1 ,h ... ew en the 
ether, re1ultln1 In the llltcentlnueu, llne. The cleter rlll1•• thewell fHture,, In 
thellew eutllne, ef a nether rlll1• (net vltlltle) te the wett ef It (January 2J, 1 Ml, 
09125157 GMT). 

P19. 1-7. Nanow-an1I• picture of the ltrl9ht llne taken lty the Surveyor VI 
televl1lon caMera. The faint 1treak that appeart In lower for .. round 11 an 
Internal len1 reflection of the 1trlp, Inverted and attenuated CNoveMlter 24, 1967, 
14115126 GMT). 
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whitl• ,pn•ad function: the brighter the ohjl'Ct viC'wcd. 
the greater the imagl' will be spr ad. This 11p,.·ading. a11 
c:onfirmed in tests ut JPL'• advancf.-d imaging lahoratol') . 
with u slit target whose width was mad ~ con~id<'rably 
smaller than the limiting resolution of the television 
camera, r •1mlkd in a smooth, almost str ight-Une linear 
spreading rclutionship as a function of seen luminRnce. 
This func-tion wa!I ohscr\'t•d to hold true even with 
s,·enc luminanct• four Umt•s grralcr than that required 
for vidco sif,lnal saturation. Thus. thh1 spreading can he· 
used ad,·antageously for n•lutive photometry measure­
ments of the line, since the true width of the line is 
c·onsidcred by the author to ht: lc111 than the limiting 
n•solution of the television camera. This can h • ap11rc­
ciated h)' observing the lane's width at, or near, it!I 
extremities in Figs. 8-2, 8-~. B-4, and B-7. A more accu­
rate analysis of the photometry involved wlth the line 
may afford not only an undcrstanding of the lfmits of 
particle sizl·, but rather ll complete size-frequency dis­
tribution function. 

Factors contributing to the shape distortion in the 
rc•sultant im, w1 of a thin white line target on u black 
background are vidicon lateral leakage white spread 
function (halation; as a function of differenti11l electron 
charge remaining within the vidicon target's photO'?On­
ducth·e material) and thl' introduction of a clamping 
at:tion (with its resultant overshoot) whenever the video 
exceeded a certain threshold level in the white direction. 
fhe lateral leakage is essentially symmetrical, and the 
actual position of the original line in the fteld of view 
would be at the center of the rl"sultant ~and if this were 
the only anomaly. 

The overshoot, with such a line target and with the 
bright sunset line, was the introduction of a zone of 
"blacker than black" signals traflin1 the initial transition. 
and makes the center of the resultant band appear to be 
closer to the leading edge of the transition than it actually 
is. In the Surveyor VII pictures, this could give :he 
illusion that the lunar bright line fs suspended above 
the surface when compared to the daylight picture of the 
same area. (This illusion is even more pronounced if one 
takes into account that lat~ral leakage white spreading 
existing in the daylight picture makes the horizon ap­
pear slightly raised.) 

The landed orientation of the Surveyor VII spacecraft 
on the lunar surface is such that the television camera's 
line scan direction, in the Surveyor Vil pictures of the 
line, is sweeping from the hlack sky, down through 
the line, and ending in the dark gray portion of the lunar 
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1urfat't'. nw S11rccr,or VI oric'!'ltatlon at Its locotfon 011 

the lunur ,urfat•t• i1 such thot tht• 11unwt picturt•1 (FiK, 
8-7) n•sultt•d in tlw Unt• .can dintt·Uon f mm the dark 
,Cril)' 1urf,1cc•, up throu,ih tht• hria&ht linl•, and l'ndin,c in 
the 11k)', 

C. Labotato,y Slmulotlon1 
ha an attempt to u11prt'<.·iuk thr dilraction 1Cattc•ring 

cfft-ct, laborutory tl'sh wt•n· t'Onclucted with 1andp (l('r. 
Preliminary t•xperhnl'nb with ,·nrious 1l1.r1 cf sandpaper 
(l.cunwt cuhhwt 11upt•r) hu,·t• lt•tl to tlw followln~ t·on­
dusiomi. For n gi\'en thr<•11hold of dt•tt•t·tuhility, or for n 
givl•n umount of musking such n1 hy earthshint•, a maxi­
mum nnt(ulnr length of linl' i11 oh crvahlt• for n gi,·t•n 
si1.e of "!lcuttt•ring particles." Thi11 ilnglc ap1,c,nn to he 
rnthcr t·oostunt and doe11 not seen' to he dt•pendl'nt upon 
the distnnc,• from the oh!lt•rver to th Une of .. ,cattrring 
particles." Tlw smnll<'r the particle. the• larger th<' angular 
length of the- hrfKht lin<': how<'V<'r. ih hrightn<-H l<'vel i11 
dc•cfC'ased. 

Inasmuch ns the• sandpaper scattering particles Wl're 
not of uniform spherical size. but were graded only by 
the bulk si1.t o' ~he grains, the irregular shapes of some 
of the ~. rain "·dges gave the effect of having a distrihu­
Uon that contained various particle sizes limited only 
hy the size of the larger graded groins. 

The forward scattering pr'1Cesses involved with 1and­
papcr when illuminated by a noncoherent, near point 
source, white light probably sufRcicntly duplicates the 
processes involved with the 1eneration of the lunar sun­
set line to muke it a useful model except for the remote 
poHihilfty of particle suspension. Preliminary measure­
ments using various sandpaper models did not reveal 
any polarized Ught component along the bright line at 
the large phase angles involved with its generation. 

D. Interpretation• of Optical Phenomenon 
The bright line must, at least in part, be the result of 

diffraction of sunlight by thl' horizon or edge of lunar 
surface material that is viewed by the camera and illumi -
nated by the sun, even though sunset at the television 
camera's 1ocation has occurred up to 2 hr earlier. It seems 
very likely that diffraction, refraction, and forward scat­
tering may all be involved, as shown on pages 71. 72, 
274, and 276 of Ref. B-1; further study is required, how­
ever, before any explanation is considered ftrm. 

Because the sun serves as an illuminating source sub­
tending a solid angle of 1h deg for the full disk, the 

463 



t•ffrctlvt• IOUrt'C• 111. dimlnilm-1 almost to a point sourt-e 
• the.• 1un ,-oma>lt-tcly t-tl, and tht• 11ccornpanyln1 mluc­

Uon In pc.mumhra an,ck- 1hould be rou Id m:I. (Such 
1x•11Umhra ch ngr1 rt' usu llv not oh •rvablt' durina 
l'Urth 1un-.•t11 h,~au1t• of atm pht•rlc rondltlon1.) 

I. Interpretation, of Lunar ,,_ ..... 

Rc•gardlng possibl<' c•xpl n tlon1 of the exl1tenct' of 
tlw Un •• It 11hould ht- noted that the dilrnctlon of sun­
light by sunlit 1>artfdt•1 at th horizon, or 1kylinl', rxilt1 
regardlt'11 of wht•ther c•I~ trost Uc 1u1(X'nidon of th 
11articlr1 doe or do..-1 not l'Xi11t, or regardl II of wheth r 
thl' fn:oqut•ncy and di1trlbutlon of ejl'Cta porticle1 In 
halliltlc traJ«-tory, n-1ulUng from micrometeorite bom­
bardment Impacts,""' 1111fRclt•nt to make any 1ignlftcant 
<.'Ontrtbution. 

The Jagged appcarall«' of the line w111 not an anomaly, 
but a departure from the mean or offset of the line, with 
a hfgh po ltlvt• ,-orrel tlon with th f gged 1ton I th t 
appear on the horl1.on In Fig. 8-1. In the author'• <1plnlon, 
It f1 extremely Improbable that Individual partlcl I of 
dust eJecced by mlcrom teorlte Impacts, and 1uspended 
either cll'Ctrostatfcally or In ballistic trafl'Ctory, would 
a11umt' a distribution that would so cfosely match the 
jRgedne11 of individual rock', ln1tttad, balli1tlc trafec• 
torle1, If 1ufRclent impocting did exist, would occupy a 
band whose height and apparent d mdty variations would 
probably be d scribed by the famntar ma11 particle fre­
quency function and whose position would be above the 
mean surfaCt' (horizon. In this case). Particles held by an 
electrostatic suspension mechanism (if It were capabl 
of being 1u1tained or even exf 1tin1) would be constrained 
by net charge and ma11 function, by a mean net charge 
gn.dient above the mean surface (horizon). In either 
case, the Jagged effect would not be retained. There was 
no camera anomal)' present that would introduce the 
fagged effect, and there i1 certainly nothing that would 
match the jaggedne11 of the individual rocks. 

Since the electro1tatlc 1u1pen1fon of particles hypothe1i1 
ii said to be dependent upon sunlight a1 the .rource of 
energy to generate and sustain it, and since partk'le1 are 
suspended for a few seconds only, ac.-cordinl to the pro­
posed mechanism, it appean that electrostatic 1u1pen­
slon would be highly improbable at sunset when the only 
sunlight present would be that of grazing incidence. 

Because of the general appearance and seemingly 
varying thickness of the line, 11 observed by the tele­
vision camera, the presence of the line, with the solar 
corona visible in the background, has caused some spec-
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ulutkm th t II lunar atmoapherc t'1llt1. In Uty, the 
•trip·, appan•nt thickness 11 the rr1ult of the, c.amma•, 
white• 11,rend function ( IC't" Sc.'Ct;on B, CamN' Charaac­
tttrf1tie1 ). 

P. ,_llltl• Puture OltNM1tlon1 
H11Ntod on tlw informutfon, obtained from analy1in 

Sr,rver,or tt•lt•vf ton pfr•~urt••• that th lint• wu1 drtectablt! 
for :? hr, or 1 d,•g of hmur rotation, the Guthor predicts 
that u rontlnuou• rfn:.;, nr hulo, 1hnult nN>U1ly showing 
11 ring of lunar 11unrlwc and unwt. should be oblt'rvablr 
from u 11mcccraft poaltfoned fn tht.• lunar t•mbr and on 
the Ct'r.~t.•rlim• of tht• lunur umbra at dt1t11net'1 from about 
100.0vO to 375,000 km from the moon. At dist ncea much 
clost•r than uhout 100.000 km. the lntt'n1fty of this rlntc will 
prohuhly ht• so fulnt that carth1hinl' will probably muk 
ill <ll'tt.-ctlon. since tht• lunar disk half-un,clc will cxct•ed 
1 deg. At di1tance1 much larg r than bout 375.000 km, the 
pre •nee of Bailey'• brads will probably m 1k it1 presen,~ 
a1 tht' solid an1l subtended by th lunar disk ii reduced 
to that of the solid angl subtended by the solar dh.J, 
whel't' the• umbra ends. For all except the closer di•• 
tancc1, whrrl' very small gaps may appear bec11uac of 
occultatlon by lunar surface features, the ring 1'.'hould 
appear to he very thin, but bright nd unifonn fn in­
tensity. Ill brightn II should increase u a function of 
distance up to a point and should exceed the brightne111 
of both the solar F- and IC-coronas, even though the 
solar corona probably will alway, be detectable during 
all conditions that pennit the ring to be vi wed. The 
ring will probably reveal a small amount of f aggedn 11 

as it outlines surface features 1uch a1 mountain,. (Th re 
Is a po11ibntty that 10m of the total eclipse pictures 
made from earth.based tel 1cope1 reveal the presence 
of this ring. In such cases, It would have been considered 
part of the solar corona.) 

If viewed from positions other than the centerline of 
the umbra, but still within the umbra at distances greater 
than about 145,000 km from the1 moor., the ring wm 1ttll 
be continuous, but will no longer be unifonn In bright­
ne11, At closer distances, there will be positions within 
the umbra wh re the ring will no longer be continuous, 
but will show the some type of gap, thnt .,xilt in the 
Surveyor pictures. 

Similarly, it appears logical to a11ume that an)' spher­
ical body will appear to have a halo arrund ft if it is 
viewed from Its umbra and at distances such that th~ 
body 1ubtend1 an angle larger than that of the illuml• 
nating source, but no larger than 2 deg. 
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Appendix C 

Surveyor Science Teams and Cognizant Personnel 

Analy of the- set ntffk. ,Jata for tht• S11~ "°' missions n- conductNI by th 
Sr,n, 110, frnU&c Evuluatfon Advf•ory Tt• m, lnvnUptor Tt ms, and \Vorldn1 
Groups. Mrm~nhfp for these poupa, at the time of the su,.,.r,o, VII mis ton, wu: 

A. Surv-,or klentlflc haluatlen Mvlee,y TNffl 
L. D. Jal (Chairman) 
C. O. Alley 
S. A. Battenon 
E. M. Christen •n 
S, E. Dwomlk 
D.E,Gault 
J. W. Lucas 
D. 0. Muhleman 
R.H. Norton 
R. F. Scott 
E. M. S~··'lker 
R. H. Steinbacher 
G. H. Sutt~ 
A. L. Turkevich 

I. lnvettl1ator TNffll 

1, Televlllon 

E. M. Shoemaker (Prtnctpal 
lnveattptor) 

R. A, Altenhofen 
R. M. Batton 
H. E. Holt 
G. P. ICuiper 
E.C.Morrft 
J. J. Rennilaon 
E.A.Whitaker 

I. Alpha-Scattertn1 

A. L. Turkevich (Principal 
lnvettiptor) 

E. J. Fnnzpote 
J. H. Pattenon 
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Jet Propulaion Laboratory 
Univ nlty of Maryland 
Lana)ey Reanrch Center 
Jet Propul,ion Laboratory 
NASA Headquarten 
Ame• Research Center 
Jet Propulsion Laboratory 
Califomia lnatttute of TechnolosY 
Jet Propulsion Laboratory 
Calffomfa Institute of TechnoJosy 
U. S. Ceolop:al Survey 
Jet Propulalon Laboratory 
Untvenfty of Hawaii 
Unlvenlty t:'f Chtcap 

l1. S. Geological Survey 
U. S. Geological Survey 
U. S. Geological Survey 
U. S. Ceolop:al Survey 
Untventty of Arizona 
U. S. Geological Survey 
Jet Propulsion Laboratory 
Untvenity of Arizona 

Univ,nity of Chicago 
Jet Propulsion Laboratory 
Argonne National Laboratory 
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3. 8o8 ~.,.,_nlot Surfw Sampler 

ft. F. kott (Principal lnve1ti"8tor) 
ft. Haythomwalte 
ft.Luton 

C. Worldftl Groups 
I. Lunar Surfw Thermal Properdn 

J. W. Li.cu (Chainnan) 
J.E. Conel 
D. Creenshield 
R. ft. Carlpay 
W. A. Hagemeyer 
H. C. lngrao 
B. P. Jone• 
J.M. Saari 
G. Vitkus 

Callfomla Institute of Te('hnolOI)' 
Pennsylvania State Univenlty 
Detroit Arsenal 

Jet Propulsion Labontory 
Jet Propulsion Labontory 
Manned Spacecraft Center 
Hushes Alrcnft Company 
Jct Propulsion Laboratory 
Harvard College Observatory 
Manhall Space Flipt Cenlar 
The Boeing Company 
Nor~hrop Corporation 

I. J .. unar Surfw Eleotromapetlc Properties 

D. 0. Muhleman (Chairman) 
W. E. Brown, Jr. 
L. H. Davtds 
J. Negus de Wy1 
G. B. Gibson 
W. H. Peake 
V. J. Poehb 

3, Lunar Surfw Mechanical P• ·.:'./ertle, 

E. M. Christensen (Chairman) 
S. A. Battenon 
H. E. Benson 
R. Choate 
R. E. Hutton 
L. D. Jale 
R.H. Jones 
H. Y.Ko 
R. F. Scott 
F. Schmidt 
R. L. Spencer 
F. B. Sperling 
C.H. Sutton 

CaUfomla Institute of Technology 
Jet Propulsion Labontory 
Hughes Alrcnft Company 
Jet l'ropulslon Labontory 
Manned Spacecraft Center 
Ohio State U nivenlty 
Ryan Aeronautical Company 

Jet Propulsion Laboratory 
Langley Research Center 
Manned Spacecraft Center 
Jet Propublon Laboratory 
TRW Systems 
Jet ~pubion Labontory 
Hughes Aircraft Company 
Univenity of Colondo 
California Institute of Technology 
Bellcomm, Inc. 
Jet Propulsion Labontory 
Jet Propulsion Laboratory 
Univenity of Hawaii 
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•. Altroaomy 

R.H. Norton (Chainnan) 
J.E. Gunn 
W. <.!. Uvinpton 
G. A. Newkirk 
ff.Zirin 

S, Lunar Theory and frnoelNI 

D. E. Gault (Chairman) 
J.B. Adams 
R. J. Collini 
'£. Cold 
J. Green 
G. P. ICuiper 
H. Masunky 
J, A. o•Jeeefe 
R. A. Phinney 
E. M. Shoemaker 
H. E. Urey 

8. Luer Testa 

C. 0. Alley (Chairman) 
L. H. Allen 
H. Bostick 
J. Brault 
D. G. Currie 
J.E. Faller 
H. Plotkin 
S. Poultney 
M. Shumate 

Jet Propulsion Laboratory 
Jct Propulsion Laboratory 
ICltt P ak National Observatory 
High Altitude Observatory 
Mt. Wilson and Palomar Observatories 

Ames Research Center 
Jet Propulsion Laboratory 
Unlvenlty of Minnesota 
Cornell Unlven~ty 
McDonnell-Douglas Corp. 
Univenlty of Arizona 
U. S. Geological Survey 
Goddard Space Flight Center 
Princetot, Univonity 
U. S. Geological Survey 
Univenity of California, San Dte10 

Univenity of Maryland 
Jet Propulsion Laboratory 
Lincoln Laboratories 
Kitt Peak National Observatory 
Univenity of Maryland 
Wesleyan Univenity 
Goddard Space Flight Centet· 
Univenity of Maryland 
Jet Propulsion Laboratory 

The cognizant personnel of the various science instrument aspects of the 
Suroer,or Project, 11t tLe time of the Surveycr VII mission, were: 

D. Program and Prolect Sclentl1fl 
S. E. Dwornik 
L. D. Jaffe 
R.H. Steinbacher 
E. M. Christensen 
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Program Scientist 
Project Scientist 
Associate Project Scientist 
Assistant Project Scientist 
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I. Cotnl1ant Sclentl1t1 ancl Science Staff 
F. I. Robenon 

E. J. Franzgrote 

R. E. Parker 
T. H. Bird 

J. J. Rennilson 
D. L. Smyth 
M. Benes 
J. N. Strand 
E. T. Johnson 

S. L. Crotch 
C.H. Goldsmith 
A. L. Filice 

F. ln1trument Development 
D. H. Le Crol11ette 
C. E. Chandler 
R. J. Holman 

M. I. Smokier 

E. R. Rouze 

Cognizant Scientf1t, Soil Mechanics 
Surface-Sampler Experiment 

Cognizant Scientist, Alpha-Scattering 
Experiment 

Alpha-Scattering Experiment 
Cognizant Scientist, Television 

Experiment 
Televisfon Experiment 
Television Experiment 
Television Experiment 
Television Science Data Handling 
Cognizant Engineer, Image 

Processing Laboratory 
Non-Television Science Data Handling 
Suroeyor Experiment Test Laboratory 
Landing Sites 

Manager, Instrument Development 
Project Engineer, Instruments 
Cognizant Engineer, Alpha-Scattering 

Instrument 
Supervisor and Cognizant Engineer, 

Television Instrument 
Cognizant Engineer, Soll Mechanics 

Surface Sampler 

G. Space Science Analy1l1 and Command 
J. N. Lindsley Director 
D. D. Gordon Assistant Director 
R. C. Heyser Director, Television Performance 

Analysis and Command 
D. L. Smyth Director, Television Science 

Analysis and Command 
E. J. Franzgrote Director, Alpha-Scattering Analysis 

F. I. Roberson 

C. R. Heinzen 

and Command 
Director, Surface-Sampler Analysis 

and Command 
Command Controller 
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