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FOREWORD 

The LAGEOS system is defined and its rationale is developed. 
 his report was prepared in February 1974 and served as the basis 
for the LAGEOS Satellite Program development. Baseline parameter 
values specified then and those actually selected for the design 
are as follows: 

Parameter 

Altitude (km) 

Value 
Baseline Actual 
Feb. 1974 Design 

5900 5900 

Eccentricity 0 0 

Diameter of Satellite (an) 60 60 

Weight of Satellite (kg) 385 411 

Number of Retroreflectors 440 426 

Retroreflector Diameter (cm) 3.8 3.81 

Diffusely Reflecting Surface ($1 30 47 

Dihedral Angle Offset (arc sec) 1.5 1.25 

Recess Depth (rain) 1 1 

Ratio of Moments of Inertia 1.1 1.03 

The satellite weight was increased in the actual design as 
a result of launch vehicle modifications, which included the addi- 
tion of a 4th-stage apogee-kick motor. The smaller number of retro- 
reflectors is compensated for to a limited extent by the slightly 
larger retroreflector diameter. The net effect on performance is 
not significant. Covering the retroreflector mounting rings with 
aluminum, which detailed analysis of thermal and other factors 
showed to be feasible, increased by more than half the portion 
of the spherical surface area available for diffusely reflecting 
sunlight for Baker-Nunn camera tracking. Measuremt ~ t s  of a number 
of retroreflection patterns showed that a dihedral angle of 90° 
+ 1225 gave an energy maximum in the aberration annulus, hence 
this value was used instead of a theoretical estimate which was 
the basis for the earlier figure for the offset. The smaller 
moment of inertia ratio resulted in suitable stability character- 
istics for the satellite, as well as a considerable simplification 
in the fabrication process. 



The LA- program, centered around the first new spacecraft i n  the 

NASA Earth and Ocean F'hysics Applications Program (BOPAP), i s  entering 

an implementation phase as  various aspects of the Phase B Definition 

Study get underway a t  the Marshall Space Flight Center. (1) 

A review cf the LAGEXIS F?rogramls objectives and scient i f ic  and technical 

features i s  in progress. The initial aims have been t o  review the study 

entit led "Use of a Passive Stable Sa te l l i te  fo r  Earth Physics Applicationsn 

which had been conducted by the Srnithsonian Astrophysical Observatory 

(SAO), and t o  consider other views related t o  the orbit  a l t i tude and 

inclination and the sa t e l l i t e  size and mass i n  order t o  provide a basis 

for  the specification of the LAGEXIS System a s  a basis for  the 

Phase B Definition Study. (2) 

These processes were begun a t  meetings on October 11, 1973, a t  which 

these l a t t e r  points were discussed i n  considerable detail .  Aspects of 

the SAO Study having t o  do with the retroreflectors themselves were 

considered a t  a meeting or. October 29, 1973. (2) Both meetings revealed 

the need for  further i m a t i g a t i o n  cf a number of specific points. 

Various studies have been conducted or ini t ia ted in response t o  the 

needs indicated during these meetings and in subsequent discussions. 

Ter;F,ai;ive conclusions reached a t  these meetings and l a t e r  on the basis 

of a number of the studies and additional discussions are described here, 

and the corresponding guantities are  l i s t e d  in Figure 1. These values 



Altitude 

LAGEos msm 
NOMINAL BASELINE PARAMETP;RS 

Inclination 

Eccentricity 

Diameter of Satellite 

Weight of Satellite 

Number of Retroreflectors 

Fraction of Surface 
Reflecting Diffusely 

Retroref lector Diameter 

Dihedral Angle 

Recess Depth 

Ratio of Momexlts cf Inertia 

110 deg 

0 

60 cm 

FIGURE 1 



represent judgements based on the available information. Their use 

enables the program t o  proceed. 

Studies underway w i l l  be considered a t  appropriate times in order t o  

provide the basis for  reviews of these choices. 

11. THE G E N m u  LAcms RFmm 

A list of those who attended the General LAGEQS Review Meeting on 

October ll, 1973 i s  attached. ( CX. Fig. 23 Other organizations whose 

representatives were invited included the U.S. Geological Survey, the 

National Science Foundation, and the National Academy of Sciences. 

The meeting opened with a review of the XIPAP objectives and the program 

as a whole which was presented by Mr. F. Williams, Director of the 

Special Programs Division of the NASA Office of Applications. The attached 

Figures 3 and 4 were part of his  presentation. (1) 

A discussion of the LAGEDS Program in the context of the overall EDPAP 

effort  was presented by Dr. J. Shy. The attached Figures 5 through 13 

were discussed. (1,2,4,5,25,26) 

Dr. George Weiffenbach presented a review of the SAO Study. Copies of 

this report had been sent t o  the attendees before the meeting. His 

presentation included,. Zn particular, the attached Figures 14 through 31.(2) 

A brief review of other views concerning the orbi ta l  al+,itude and 

inclination and the s a t e l l i t e q s  size and mass was then presented by the 

Chairman. Dr. S i r y  included i n  this redew the recomnendations made in 

references 3 and 4, ard in discussions with a number of those who had 
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ORGANIZATION 

NASA-MSFC 

SAO 

SAO 

SAO 

AFCRL 

UCLA 

NASA HQ 

NASA HQ 

UCSD 

NASA HQ 

GSFC 

GSFC 

JPL-Caltech 

OSU 

JPL 

LDGO 

APL 

PHONE NO. 

205-453-2818 
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914-359-2900 ~ 3 7 3  

953 - 7 100 ~ 3 0 5  7 

FIGURE 2 
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EARTH AND OCEAN PHYS l CS APPL l CAT l ONS PROGRAM (EoPAP) OBJECT IVES 

DEVELOPMENT AND VALlOATlON OF METHODS OF OBSERVING THE EARTH'S DYNAMICAL 

MOTIONS USING SPACE TECHNIQUES TO MAKE UNIQUE CONTRIBUTIONS TO THE KNOWLEDGE 

QF EARTHQUAKE MECHAN l SMS AND THE DEVELOPMENT OF EARTHQUAKE PRED ICT l ON APPROACHES. 

DEVELOPMENT AND VALIDATION OF MEANS FOR PREDICTING THE GENEPAL OCEAN CIRCULATION, 

SURFACE CURRENTS, AND THEIR TRANSPORT OF MASS AND HEAT. 

DEVELOPMENT AND VALIDATION OF METHODS FOR SYNOPTIC MONITORING AND PREDICTING 

OF TRANSIENT SURFACE PHENOMENA, INCLUDING THE MAGNITUDES AND GEOGRAPHICAL 

DISTRIBUTIONS OF SEA STATE, STORM SURGES, SWELL, SURFACE WINDS, ETC., WITH 

EMPHASIS ON IDENTIFYING EXISTING AND POTENTIAL HAZARDS. 

REFIHEMENT OF THE GLOBAL GEOID, EXTENSION OF GEODETIC CONTROL TO INACCESSIBLE 

AREAS INCLUDING THE OCEAN FLOORS, AND IMPROVEMENT OF KNOWLEDGE OF THE 

GEOmAGNETlC F IELD FOR MAPPING AND GEOPHYSICAL APPLICATIONS. 

Fl  GURE 3 
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EARTH DYNAMICS EXPERIMENTS 

OBSERVING 
~.-...-..---~-~-...o.I-.I--+ 

PREPARATION ANALYSIS 

FIGURE 6 
( ~ f .  ref. 1) 
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LAGEOS PROGRAM OBJECTIVES 

e DEMONSTRATE THE CAPAB IL lTY FOR MAKING ACCURATE DETERMiNATlONS OF 
THE EARTH'S CRUSTAL AND ROTATIONAL MOTIONS BY MEANS OF LASER 
SATELLITE TRACKING TECHN IQUES 

e EMPLOY THIS CAPABILITY TO OBSERVE 

FAULT MOTION 
REG IONAL STRA I N  F IELDS 
TECTON IC  PLATE MOT ION 
POLAR MOTION 
EARTH ROTATION 
SOLID EARTH TIDES 
STATION POSlTlONS 

e MAKE APPLICATION OF THE RESULTS TO THE SOLUTION OF PROBLEMS SUCH AS  
THOSE ASSOCIATED WITH EARTHQUAKE MECHANISMS AND 
ORB IT  DETERM INATION FOR OCEAN DYNAMICS SPACECRAFT 

FIGURE 8 
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FIGURE 12 
( ~ f .  ref. 27)  
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MEAN MOTION 
(REVISID. DAY)  

WIATION PERTUWTIOIG VS ORBIT A L T I T E  

RELATIVE 
PERTURBAT ION 

ORBIT PAY LOAD 
ALTITUDE WE I GHT 

DIRECT EARTH- 
SOLAR SHINE 

FIGURE 19 
( ~ f .  ref. 2) 



DIRECT SOLAR 

EARTHSHINE 

MGNITUDES OF PUrmRBIN FORCES 
WA = 4aX) KG J 

ORBIT ALTITUDE = 3100 k31 

FORCE ACCELERATION 

UNBALANCED SATELLITE 
THERMAL RADIATION 

DRAG 

MICROMETEORITE 
IMPACTS 

0 , 0 8 4  DYNE 1 2 0  x loo9 CM/SEC 

VARIABLE 
UP TO - 0 . 0 2  

F l  GURE 20 
( ~ f .  ref. 2)  















ECHO 
BEAM 

DIHEDRAL ANGLE = 90' + 1'175 

lo0 20° 30' 40° 50° 
ANGLE OF INCIDENCE # 

Reflectivity versus angle of incidence for an uncoated fused-silica cube 
corner with a circular aperture 3.65 cm in diameter and dihedral angles 
of 90" t 1.75 arcsec. The reflectivities are for a beam angle 8 of 36-prad, 
corresponding to a typical d u e  of velocity aberration for the LAGEOS 
orbit. The reflectivity i s  the average for all azimuthal angles (taken 
around the normal to the front face). 

FIGURE 27 
( ~ f .  ref. 2) 
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indicated an in te res t  i n  these aspects of the program. Key points which 

were made by the  variaus groups are swr~narized in the following para- 

graphs and indicated in Figure 10. 

A. The Orbital Altitude 

Dr. Weiffenbach, i n  his complete analysis of the LAGEOS system, pointed 

out that uncertainties associated with the geopotential and radiation 

pressure effects  were the  principal  model errors  influencing ephemeris 

accuracy. He l i s t e d  a number of possible choices fo r  the  o rb i t a l  

a l t i tude,  each of wtlich had good characterist ics from the  standpoint of 

gravitational resonance perturbations. The solar  radiat ion pressure 

effects  increased with increasing a l t i tude  sZice the area was increased 

and the mass decreased in accordance with the constraints described in 

the SP-O Report. (2) It was pointed out i r l  this study t ha t  t he  gravitat ional  

perturbation effects  decrease with increasing a l t i tude,  and t ha t  the lowest 

a l t i tude in the  table  of Figure 19 i s  a good choice when the accurate 

geopotential model t o  be provided by the  XIPAP GRAVSAT mission i s  available. 

De. J. Faller ,  C h a i r m a n  of the  Lunar Ranging Experiment (LURE) Team had 

suggested that  a LAGEOS in a somewhat higher orbi t  of 6000 km a l t i tude  

could be tracked more eas i ly  by cer ta in  lunar l a se r  staL,ions than one 

in a 3700 kilometer a l t i tude  orbit .  Re a lso  indicated t ha t  the  higher 

orbi t  would be advant(.!,eous due t o  i ts  smaller gravitat ional  perturbations. (3) 

This l a t t e r  thought had been echoed Dr,F.Vonbun who a l so  made the point 

that an orbit  having a higher a l t i t ude  (6000-10,000 hi) and/or a lower 



inclination (600-30') would permit increased tracking coverage, and hence 

would i m p m  the a b i l i t s  t o  model perturbations and determine polar 

motion. Such a choice vould, ?nr example, make possible the observation 

of LACaPOS a t  i ts  maxirmun declinaticn fro= ziddle lati tude stations, and 

thus fac i l i ta te  pole motion monitoring by means af the approach used by 

Ik. D. E. Smith. (4) 

The aiscussion then procedded along the l ines  indicate i n  Figures 32 and 

33, which are similar t o  tables W c h  were developed a t  the board during 

the coarse of the meeting. Figure 32 deals Kith estimates of the 

relative effects of uncertainties associated with gravitational and 

mdiation pressure perturbations a s  functions of the orbi ta l  a l t i tude and 

the time. Figure 33 reflected an attempt t o  estimate the relative u t i l i t y  

of several possible combinations of the o r b i t d  al t i tude and inclination 

from the standpoint of tine principal LAmS Program objectives. Professor 

Kaula called a t t e n t i ~ n  t o  the importance of the determination of crustal  

mations over scales ranging up t o  a length of the order 3f a thousand 

kilometers. 

In  Figure 32, the f i r s t  row and the first two entries in each of the 

f i r s t  two columns reflect material in references 1 and 2. The s a t e l l i t s  

weights l i s ted  ref lect  &ta provided by the Delta Project Office and 

material elsewhere in the present discussion. (22) The radiation pressure 

perturbation estinntes were based on the material in reference 2 corres- 

ponding t o  the f i r s t  row. They were ~bta ined  from Table 2 of reference 

2 aDd Figre 19 of this diecusaion bp interpolation and bg replacing 







the sa t e l l i t e  weight and diameter assumptions of that reference with those 

l i s t ed  in Columns 2 and 3. 

The l a s t  two columns are rough estimates based partly on findings in 

reference 2. The gravitational perturbation unceI.tailty estimate of 5 

centimeters in the 1980's is based on the EOPAP QIAVSAT goal, a s  that  

report points out. The 50 centimeter estimate ref lects  considerations 

presented there, a s  well as  a further general discussion which took 

place during the meeting. The factor of two between the estimated 

gravitational perturbatlon uncertainties for the rJZ a h 3  6378 ian orbit 

al t i tudes was deriwd fnm results of ~nlculat ions based on Kauhts 

theory. Among the quantities computed was the root mean square vaiue of 

the amplitudes of non-resomnt perturbation components corresponding t o  

the terms in the 1, m. p, and q, sequences which were calculated on the basis 

of the simple asswuptio~ that the uncertallnties of the geoptent ial  

coefficients were c~ns tan t  through degree and order fifteen, and vanishingly 

small otherwise. The corresponding uncertainties for  the 540cl km al t i tude 

orbi t  could be expected t o  be perhaps ten percent larger than those fo r  the 

6378 lan alti tude case. 

These relative values for  the ephemeris uncertainties are, t o  a certain 

extent, indicative of the corresponding relative values of the uncertainties 

i n  determining other derived quantities of interest  such as cwrponerrts of 

stat ion position and in ters i te  vectors, and the polar motion. This tends 

t o  be the case when the dynamic method i s  used. Ephemeris uncertainties 

associated Kith gravitational perturbations have, i n  fact ,  been found t o  be 

the principal contributors t o  the uncertainties in the determination 



of in te rs i te  vector components in the San Andreas Fault Experiment (SAFE) 

analysis which employs data from laser  groivld tracking s i tes .  ( 5 )  

Geometrical approaches can involve a larger number 0: lasers. (6,7) It 

was, accordingly, thought that  these f a t t e r  methods would be appropriate for  

comideration in a somewhat later phase of the program. 

I n  Figure 33 the symbols A, B, ad C, denote successively decreas- 

relati- u t i l i t i es ,  The differences among the various cases were not 

considered t o  be large enough t o  be conclusive. 

The LAGRE orbital  a l t i tude may be selected so as t o  attempt t o  

lainirnize the perturbation uncertainties and maximize i ts  usefulness in 

i ts  early years when LAGXIS w i l l  be the key element in the s a t e l l i t e  

laser tracking system fo r  measuring crustal  motion, polar motion and 

earth rotation, and the c r i t i c a l  laser  - VLBI intercomparisons hii l l  

occur. An intermediate al t i tude in Figu,-e 19, which was presented in 

reference 2, is appropriate in this case. ( ~ f  . also, fo r  example, 

Figure 32. ) Dr. Weiffenbacn recomnended, accordingLy, that  the 5690 km 

al t i tude be chosen, tentatively, and that more detailed calculations be 

made t o  confirm the initial estimates of the payload capability of the 

Delta launch vehicle. 

B. The Orbital Inclination 

Accurate station position determimition is  strongest when the s a t e l l i t e  

is  observed in all directions a r o d  the s l t e ,  hence the inclination 

shauld be somewhat greater than the highest lat5tude a t  which 

tracking systems are located. 



It appeared that  a 70' inclination would meet this requirement Md, at  

the same time, p e d t  tracking of the LAGEXIS sa t e l l i t e  over much of i ts  

orbit from middle lati tude stations, thus enhancing the ab i l i t y  t o  made1 

gravitational perturbation terms. Hence, it appeared that  an inclination 

in the nei~jiborhood of, say, 70°, would offer some advantages of the type 

indicated in Figure 10. 

It was considered, tentatively, then, that  an orbi ta l  a l t i tude of 5690 km 

and an .inclination of 70' would be useful candidates for  consideration fo r  

LAGEXIS. It was also conclrrded that  detailed studies would be conducted 

t o  determine more accurately the payload capability of the Delta  launch 

vehicle for  this case, and fo r  other inclinations between 6 0 O  and 90'. 

T!-5 alti tudes of 4700 and 3720 km would be looked a t ,  too, t o  provide 

contingency planring information in case, e-g., the payload capabilities fo r  the 

5690 km al t i tude proved t o  be inadequate. A t  the same time, interested 

groups, including those a t  UCLA, 03, SAO, Goddard, and NWL, would give 

further consideration t o  one or more of the various factors affecting 

the orbit selection including those associated with the uses of the data 

t o  improve understandine of earthquake mechanisms, crustal motions and 

polar motions, as well as  tilose having t o  do with the ab i l i ty  t o  determine 

these motions, such as geometrical coverage and uncertainties due t o  

gravitational and radiation pressure perturbations, instrumental 

characteristics, etc. 

The location of the laser tracldng stations was not considered in detail. 

The possible new s i t e s  seen in Figures I3 and 12 are tentative anO 

indicative of general concepts, but have not been f i . naU~ selected. 

It was pointed out, however, that a coverage gap exists in the southern 



pmrt of the Western Hemisphere, and that the location 01 a laser  a t  a 

place such a s  Comodoro Rimciavia, a former Baker-Nunn camera s i te ,  would 

strengthen the solutions, An Antarctic location would add even mre,  

provided a s i t e  with reasonable weather conditions can be found. 

A. The Retroreflector 

Matters relatinq t o  the retroflectors inckding the number, diameter, 

shape, dihedral angle offset, recess, coatings, etc., were considered at 

a meeting on October 29, 19'73, held a t  NASA Headquarters and attended by 

thosa listed in the attached Figure 34. The following approaches and 

rat iorale  were developed a t  this meeting and in subsequent discussions, 

I n  a number of cases they reflect the views a d  resul ts  presented in the 

SAO Study, as  the reference citations indicate. (2) 

1. The Retroreflector Diaaeter 

The optical antenna gain of the retroreflectors increases with the 

diameter hence, from this standpoint, it is advantageous t o  select the 

largest practical retroreflector face diameter, 'he Apollo retroreflectors 

had the largest face diameter used i n  space, i.e., 3.8 cm. 

Diameters significantly larger than this Kill probably begin t o  encounter 

problems associated with the mufac tureof  the raw material of suitable 

quality. Accordingly, it was concluded that  the retroreflector diameter 

should be 3.8 cm. 
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The use of retroreflectors without reflective coatings provides performance 

which is  .within about 20jk of that which is  obtainable through the use of 

such a coating. ( 2 )  This gain i s  considered t o  be insufficient t o  offset  

the r isk associated with the possibility that  the coating on some of the 

retroreflectors may deteriorate over the years. Such a par t ia l  deterioration 

would spread the pulse in unpredictible ways and decrease the accuracy. 

Accordingly i t  was tentatively concluded that no reflective coatings would 

be used. 

For similar reasons, it was concluded that no anti-reflective coatings 

would be used. ( C f  . , again, reference 2. ) 

3 .  The Dihedral Annle 

The selection of a dihedral angle offset was based on the data in Figure 35 

which were supplied by the S O .  (8) 
11 

The offset of 1.5 gives good performance over the entire range emcompassed 
11 + 11 

by the uncertainity, i.e., 1.5 - 0.5. It also has a markedly smaller 

gradient in the 30-40 microradian interval than the zero offset, for  

example. Hence it w i l l  probably also be less  sensitive t o  degradation in per- 

formance due t o  non-nominal conditions associated with, say, material 

quality, thermal effects, etc. 

The 1.5 arc second offset also gives better performance than the zero 

off set  design, for  example, for lasers  operating a t  half the ruby wavelength 
0 

of 6943 A. The 1.5 arc second offset was, accordingly, tentatively chosen. 
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B. The Retroreflector Array 

1. The Recess Depth 

The depth of recess has an effect on both the amplitude and the shape of 

the return pulse. These effects are indicated in Figure 36, data for  

which were generated by the SAO. ( l l ) .  It was concluded that ,  from these 

standpoints, a minimdl depth i s  preferred. 

A recess depth of 0.1 cm appears t o  be eesirable from the standpoint of 

handling ease, etc. and will not significantly affect the return pulse 

strength or shape. 

A greater depth may be advantageous from the standpoint of the thermal effects. 

The quantitative aspects of the thermal effects of varying the depth are 

not yet known but will be evaluated in the Phase B Definition Study. The 

depth of 0.1 cm is, accordingly, tentatively selected as the nominal 

value. 

2. The Satel l i te  Diameter and The Number of Retroreflectors 

It was considered that the SAO and Goddard lasers coilld track effectively 

down t o  a threshhold value of four photoelectrons. It was estimated, 

tentatively, that a sa t e l l i t e  having a diameter in the 50-60 crn range 

could contain an array hzving enough retroreflectors t o  permit laser 

tracking t o  an elevation angle in the neighborhood of 10' t o  1 5 O ,  and 

that the 30$ or more of the spherical surface which would remain t o  

ref lect  as  diffuse aluminum woilld permit adequate tracking by the 

Baker-Nunn cameras. 

Rafiation pressure perturbations of the path of such a sa t e l l i t e  in an 

orbit in the neighborhood of 5700 km alt i tude were also tentatively 
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estlrmated t o  be acceptable, par t icular ly  during the  c r i t i c a l  ear ly  y e a s  

of its l ifet im2 when they a re  expected t o  be dominated by gravi ta t ional  

perturbations. (cf . , e .g., Figure 32. ) 

It i s  seen from the Figure 37 and the data of ref .  1 2  t ha t  the :'ow 

photoelectron threshold corresponds t o  an elevation angle between lcO and 

15' f o r  a 1.5 joule l a s e r  and a LAGEOS s a t e l l i t e  a t  5690 km a l t i t ude  having 

an array containing 360 t o  501, re t roref lec tors .  Allowing a fac to r  of two 

f o r  effec-cs of thermal d i s to r t ion  of the  r e t r o ~ e f l e c t o r s ,  a four photo- 

electron threshhold w i l l  allow tracking t o  about a 15' elevation angle 

f o r  a s a t e l l i t e  a t  5900 km a l t i tude  having an array containing 440 cubes, 

which i s  near the center of the range covered by the  second and t h i r d  

columns of Figure 37. 

Tentative e s t h a t e s  indicated t ha t  a. sphere diameter of about 60 cm would 

be consistent with this range f o r  the number of refroreflectors.  Studies 

conducted by the  Marshall Space F15ght Center have indicated t ha t  a sphere 

diameter of 60 cm would prnvide room f o r  approximately @+O re t roref lec tors ,  

wnere the diameter of the re t roref lec tor ,  per se, i s  3.8 crn and the  

diameter of the mounting apparatus i s  4.76 cm. (13,2k) 

Some of the r e su l t s  of these studies a re  presented in Figure 38. Others 

appear in reference 13. It i s  seen that a 4.13 cm mounting diameter 

corresponds t o  521t t o  5 4 6  re t roref lec tors  f o r  a 60 cm diameter, the  

variat ion being a function of the  array configuration. 

3. Camera T r a c k i q  

A l l  of these cases leave a t  l e a s t  30$ of the  spherical surface area 

available f o r  diffuse re f l ec t ion  of sunlight t o  Baker-Nlmn cameras. (13) 
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LAGHE Retroreflector Array 

Parameters 

Sphere Mounting Placement Number of Surface Fraction 
Diameter Diameter Concept Retrareflectors Covered by 
(cm) (cm) Retroreflectors 

55 4-76 Ring 370 

60 4.76 Ring A40 

60 4.13 Ring 5 2 4  

6C 4-13 Meshed 546 

Fl  GURE 38 
(cf .  Ref. 13, 24) 



The ab i l i t y  of the Baker-N~mn cameras t o  track such a target i s  presented 

in th? SAO dixussion of reference 14. 

r; . r 0s %t3-onk- 

Experience M c a t a s  % h a t  ~ ~ r m a l  manufacturing practice can achieve 

tolerances of a b u t  0.015 cm. It was concluded that this level i s  adequate f o r  

the occe&r-iciey 02' the center of mass relat ive t o  the center of figure. It 

res ziso conclui-d that  the variation of the retroreflector apex from the 

~omina.1 position shodd be no more than 0.025 cm the radial  direction and 

the radial  direction and 0.0375 cm in the transverse djrection, and that  

the m i a t i o n  of the actual surface from the best f i t  spherical surface should 

be no more than 0.025 cm. 

C. Testinn and Handlinn Procedures 

It was also considered that cr i ter ih  associated with thermal ioading 

effects would be specified in terms of the far-field pattern. I n  parti- 

cular, it was considered that ,  i ~ t e r m s  of the far-field pattern, the 

return average signal h t e n s i t y  a t  tke appropriate velocity aberration , 

angle when the cube is  thermally loaded t o  correspond t o  the worst case 

expected in orbit  w i l l  not oe reduced by more thar. a factor ?f two from 

the corresponding value obtained during cne isothermal tes t .  

It was concluded that edge sharpness or edge r o l l  should be such that  the 

energy return will be a t  least  8% of that from a retroreflector which 

has zero r o l l ,  but otherwise i s  a r ea l  object. This might be dete.rmined 

by means of a p in  hole t e s t  or an interferometry tes t .  

It was considered that  the criteria and procedures fo r  testing the G'EXIS-C 

and Timation rctroreflectors which are se t  for th in references 9 and 10 



w i l l ,  in many cases, be applicable t o  the LAGEXIS retroreflectors a s  well. 

It was considered that  the use of -+reen interferogra'cs and far- 

f i e ld  diffraction patterns would be appropriate. I n  particular, it was 

concluded that  each retroreflector should be tested in a -4reen 
0 

interferometer a t  6328A t o  demonstrate that: 

1 )  The peak-to-valley wavefront deviation from the best f i t t l n g  

plane wave, i n  a l eas t  squares sense, is  l e s s  thvt h/4 over a c h  of 

the six sectors of the aperture, and 

2) that  the dihedral angle meets the specificat5ons. 

The far f i e ld  diffraction patterns w i l l  a l sc  be used t o  determine that  

they possess suitable symnetry, and that  the dihedral angles meet the 

specifications in qther respects. 

It was considered that  practices corresponding to  those used fo r  a class 

100,000 clean room would be adequate. 

IV. FUit!lYER CONSIliElUTIONS 

Further consideration was given t o  factors affecting the selection of the 

orbit and the satel l i t2 's  mass, and the possibi l i ty  of deter-~g the 

sa te l l i te ' s  attitude. The following sections deal with these topics. 

A. The Orbit 

1. The Eccentricitv 

A circular orbit  has useful symmetry properties and appears t o  Wse no 

particular difficulties.  Accordingly, it is selected. 



2. The Inclhat-ion 

An orbit  inclination of 70' is large enough t o  permit trapking on all 

sides of a l l  stations, and it iz s o d l  enough t o  te visible a t  fts 

~jmxinnm northerly la t i tude from stations used for  fau l t  mction sturfies such 

as  those at Quincy and San Diego, W o m i a .  For example the car respdbg 

elevation angles a t  these two s i t e s  for t h i s  case are about 32' & 22'. respec- 

tively. Lasers a t  these s i t e s  could thus observe w;,th favorable geometry in both 

the faul t  motion and pol= motcon pigograms. Retroqade orbits afford roughly 

oqe more tracking pass each day than prograde orbits for  the middle la t i tude 

locations were ground tracking stations are often placed fo r  other reasons 

such as those associated with fau l t  motion studies. (5a25) Better time resopation 

for  polar motisn and earth rotation studies can, accordingly. be obtained 

with such a retrograde orbit  a t  l loO inclination. This factor outweights ugr 

disadvantage which my ultimately h associated v i th  the fac t  that  the long- 

period solar radiation pressure perturbaticn has a longer period, and hence 

a larger amplitude, for  the retrograde orbi t  than it does for  the prograde 

orbit, the two periods being about 580 and 290 days, respectively. This 

difference has no practical significance mtil orbits are determined fo r  

data spans exceeding about 290 days, however, this i s  not expected t o  pose 

a practical problem in the early years of the LA(IE03 orbit. The longer period 

and cor-esponding larger amplitude of the solar radiation pressure pertur- 

bation associated with the retrograde orbi t  may actually turn out t o  be 

an advantage, since it my make the determination of the amplitude easier. 

Accordingly, the 110' inclination was considered t o  be the most suitable. 



3. The Altitude 

a. R e s m e e  Bffects Associated With a Specific Al5itude Renion 

The best alti tude in the ne5ghborhood of 5690 Ian from the standpoint of 

resonance effects is 5900 lan. It is  seen from Figure 39 tha t  this is a 

good choice fo r  the case in which the w-certainty in the semi-major axis 

due t o  launch vehicle perfamarice variations is  no more than the 60 km or 

so expec+,ed fromthe Delta launch vehicle. The alt i tude of 5 9 0  was, 

aceor&&, selected as the appropriate choice in this al t i tude range. (21) 

b . - - General Considerations 

'hr:, types of considerations ar ise  m connection with the selection of 

the LAmS orbit. The f i r s t  has t o  do with the program objectives, and 

the secmd Kith the ab i l i t y  t o  meet these objectives. 

The measurement objectives of the LAGEXIS program include the determination 

of fau l t  motion, pole motion, plate motion, and reference s tat ion 

positions. The relative importance of certain of these i n  terms of the i r  

pctential contribution t o  the meeting of the goal of achieving a better 

understanding of earthquake mecharisns is  treated by Professor Kaula and 

Dr. Bender in references 16-18. The effect of different choices of the 

LAGIDS orbit  alt i tude upon the ab i l i t y  t o  meet om or more of these 

objectives has been analyzed by R. J. Anderle, =a Professor Mueller and 

Kaula in references 19, 20, and 26. 

In  references 10 and 17, Profe- 3r Kaula t r ea t s  a number of factors 

relating t o  the objectives, and points out the fundamental importance of 

measuring crustal motion a t  scales up t o  the order of a thousand kilometers. 

I n  reference 26 he give3 resul ts  of a study of factors relating t o  the 

orbital altitude. 
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Dr. Bender also considers the objectives and calls attention t o  the value 

of measuring the relative motions of the tectonic plates in the 

large, too- (18) 

R. Anderle analyzed the effect of different choices of the orbi ta l  a l t i -  

tude and inclination on the ab i l i ty  t o  recover polar motiob and presented 

resul ts  in reference 19. 

Eofessor Xueller and his collegues have etudied the effect of the 

choice of the orbi ta l  a l t i tude on the ab i l i t y  t o  determine positions 

of points on the earth's surface. The resul ts  are presented in 

reference 20. 

None of the fi-dings obtained up t o  now is inconsistent with the tentative 

selections of Sections II and IV and Figure 1. Studies of these types 

are continuing. 

B. The Satel l i te  Mass 

The Delta launch vehicle has a gross payload capability of a b o ~ t  430 kg for 

this orbit. (22) It is t e n t a t i v ~ l y  estimated that  ninety percent of this, i -e . ,  

about 385 kg., will be available for  the LAGEXIS sa t e l l i t e ,  per se. The 

radiation pressure perturbatiocj associated with this combination of 

values for  the arbi ta l  alt i tude and sa t e l l i t e  diameter and mass, i.e., 

5900 km, 60 cm, and 385 kg, respectively, were considered to be consistent 

with philosop& underlying the tentative selection of Section I1 above. 

(a*, e-g., Figure 32$ (~f. Fig.40 and ref. 22 proviaed by the Delta project.) 

C. Attitude Determination 

The abi l i ty  t o  determins the att i tude of the LAGEX)S sa t e l l i t e  could be 

valuable in the case of any marked variation in the actual performance of 
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the U f e r e n t  zonal regions of the retroreflector array in .rrbit, parti- 

cularly in the early months of i ts  orb i ta l  l ifet ime when i ts  capabil i t ies 

are being determined. Attitude d e t e r h t 5 o n  ab i l i t y  can be achieved by 

two rela t ively simple design steps, neither of which should have a r ~ y  

significant adverse effect on the basic capability of the sa te l l i t e .  The 

f i r s t  is  t o  choose a design for  which the moment of i ne r t i a  about the 

ax5s f o r  which this moment i s  greatest i s  larger than the moments of 

inertia about the other two principal axes by a factor of a t  least 1.05. 

A r a t i o  of about 1.1 appears t o  be suitable as a design goal. The moments 

about the other two axes would be designed t o  be equal. The a-xis about 

which the s a t e l l i t e  has the maxhum moment of iner t ia  could be chosen a s  

the spin axis a t  the point of injection in to  orbit. Attitude could be 

determined by means of reflection from two qmmetricslly placed rows of 

mirrors or f l a t s ,  each a t  the same angular distance from the c;atell i teVs 

equator, i .e.,  the plane normal t o  the axis about which the moment of 

iner t ia  i s  a maximwn. These rows w i l l  be a t  an optimal angle from the 

0 equator, e. g., a t  an angle of the order of 30 , say. The Vod' would 

consist of a t  l eas t  one f l a t ,  and as  marry more as  would be practical. 

The f l a t s  would be located in regions where, fo r  one reasori ar  another, 

the space between adjacent retroreflectors i s  relatively large. The 

portion of the spherical surface i-i-i these regions would be replaced by 

inscribed plane ci rc les  made as large a s  practical. These f l a t s  would 

be specularly reflecting . 
Variation of the spacing of the f l a t s  in each row would permit deter- 

mination of the th i rd  component of the a t t i tude,  namely, the phase of 



rotation. This general approach has already actually been used i n  orbit 

in the case of the Telstar sate l l i te  t o  provide the capability for 

determining the spin axis direction. (23) Knowledge of the attitude w i l l  

permit the deterrrdnation of any variation in retroreflector array 

prformance with position on the satel l i te .  
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