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USIEE OF A PASSIVE STABLE SATELIITE I'OR
" EARTII-PIIYSICS APPLICATIONS

Final Report

1. INTRODUCTION

The mission of LAGEOS (LAser GIEOdetic Satellite) is to make possible maximum-
accuracy range measurements for both geometric and orbital-mode determinations of
positions on the carth. The first spacecraft dedicated exclusively to laser ranging, it
will provide the first opportunity to evaluate satellite laser ranging that is not degraded

by errors originating in the target satcllite.

The idea of orbiting a compact spherical satellite for laser ranging had been dis-
cussed at least as carly as the first successful satellite laser observations, in 1964.
At that time, it was known that substantial improvements in satellite-tracking accu-
racies would require some means of attenuating the cffects of atmospheric drag and
solar photon pressurc; one obvious way to do this would be to use a very dense spherical
satcllite. Even in 1964, the accuracy of laser tracking instrumentation was high enough

to muake this concept very attractive.

A strong motivation for attaining orhit accuracies of 10 cm or better emerged
from a seminar on Solid-Earth and Ocean Physics convened by the National Aeronautics
and Space Administration (NASA) at Williamstown, Massachusetts, in August 1969
(Kaula, 1970). The geophysicists at this seminar suggcstcdfthat satellite techniquces
be applicd to the measurement of crustal motions, both on a global scale and in some-
what more detail in active fault zones. It was stated that, with sufficient accuracy,
this ncw information would have a profound effect on our knowledge of solid-earth

dynumics and on carthquake research.






Table 1.

Satcellite Configuration

Shape:

Radius:

Mass:
Mass-to-area ratio:

Exterior surfacc

(excluding retroreflectors):

Material:

Retroreflector Cube Corners

Circular front face:
Iligh-purity fuscd silica
Dihedral angle:

No reflective coatings
No antirelection coatings

Total number:

Orbit Parameters

Nodal period:
Inclination:
Iiccentricity:

Nominal altitude:

The satellite design is now complete.

LAGEOS Paramcters.

Sphere

22 cm (17. 3~inch diameter)
680 kg (1500 1b)

4470 kg m~2

Aluminum, diffuse at thermal
wavelengths (~ 10 pm)

Depleted uranium (U238)

3.65-cm diamcter

90° + 1.75 + 0.5 arcsec

240

166 + 2 min
90° + 1°

0.020 + 0.015
3700 km (2000 num)

Detailed optical, mechanical, and thermal

analyscs have been performed, togcther with comprehensive studics of the influence

of various spacccraft paramecters on the range measurement§. LAGEOS could be

ready for launch within 12 months.

This short lead time is based on the fact that

LAGEOS is actunlly quite an easy satellite to build, for several reasons: standard

machining and assembly tolerances exceed the needed accuracies; the cube-corner

specifieations ure well within the state of the art; and the satellite is passive, has a

small number of components and no moving parts, and is made of simple and available

materials.


















4. LAGEOS ORBIT

In the caleulation of station positions for the 1969 Smithsonian Standard Earth (II)
(SK 1) (Gaposchkin and Lambeck, 1970), geometric and dynamic solutions were used
in combination because the combined solution was superior to that obtained from either
method by itself. The use of both techniques is of further importance because a com-
parison of the results obtained independently by each method provides a unique check
of accuracy. In addition, we should like to exploit both the accuracy of geometric
solutions and the inherent (earth) center-of-mass coordinates of the dynamic method.
We have applied this dual approach to the choice of orbit and to the design of the satel-
lite.

The central problem in designing LAGEOS is to find the best compromise among
three competing factors: orbital altitude, mass-to-area ratio (and, therefore, payload
weighl), and launch-vehicle capability. The LAGEOS mission will require orbit deter-
minatlion to unprecedented accuracy, which will be achieved only by making a strenuous
cffort to control orbit perturbations. In terms of satellite design, the latter can be
accomplished by threc means: adjusting the orbit (primarily the satellite altitude),
vedueing the satcllite accelerations produced by surface forces by increasing the mass-
to-area ratio, and configuring the satellite to improve the accuracy to which perturba-

tions can be computed (spherical shape and stable surface characteristics).

Some, though not all, orbit perturbations can be reduced by increasing the orbit
altitude, as discussed in detail in Scctions 4.2 and 4. 3. However, all the perturba-~
tions cxcept the gravitational one can be reduced by increasing the mass-to-area ratio,
which suggests lowering the orbit altitude to allow more satellite weight. Also, the
return-signal strength is strongly attenuated by increasing range (R—4) , Which implies
thal the orbital altitude should not be any higher than necessary. Furthermore, the
rate at which information is generated usually increases as the mean motion — and
therefore the number of passes per day — increases, which also suggests a lower
altitude.



‘The proposed satellite size, mass, and orbit are belicved to be the hest com-

promisc among these several conflicting factors; a compromise that is ulso compatible

 with the capability of the launch vehicle now assigned to LAGEOS. We will discuss

the various factors that impinge on the choice of orbit and present estimates of the

o1hit crrors that result {rom uncertainties in the forces acting on LAGEOS.

4.1 Orbit Requirements for Geometric Posilion Delermination

Geometric solutions are determined through trigonometric calculations based on
simultancous obscrvations of a satellite from two or more ground stations. Geometric
solutions with range measurements are sometimes thought to require simultaneous
observations from four ground stations, but this is not necessary if a sequence of
measurcments is made over a common satellite arc from each of two stations.

Although the observed scgment of the satellite orbit must be used in computing relative

~ station positions, orbit errors have very little influence on the computed positions

because they are common to the observations from each station. An analogous approach
has becn used success'fully for several years with the TRANSIT system, which utilizes
range-difference observations. Error amplification in'computing station positions
from a single satellite pass observed from two stations will generally be unacceptable.
However, this impediment can be removed by using two or more such passes with
differing gecometries in cach determination. This requirement is quite compatible
with the EOPAP mission criteria. We can also include in this category quasi-
simultancous observations by using short arcs of the satellite trajectory if the arcs
either partially overlap or ave close enough that orbital errors do not significantly
influence the results. This independence of orbital error and the attendant indepen-
dence of geophysical assumptions constitute the main advantages of this method. 1In
addition, the direct geometric approach is conceptually straightforward, and the
computations are quite reliable.

ps

Onc obvious requirement for any orbit (for both geometric and dynamic methods)

is that it must be visible from all observing sites of interest. EOPAP must include

all 1and arcas. T'or reasons of accuracy, we should stipulate further that the mini-
mum elevation angle used in observing the satellite should be 15°. If we assume that

approximately 50 global sites might be occupied during the course of EOPAP, the
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mverage separation of adineent sites would be jusi under 30° (great cirvele), suggesling
a satellite altitude of about 3000 Jum. A ground-siation network for {he TOPAP cannot,
of couriie, be uniformly distributed over the carth, and ecven if, s scems probable,

the number of sites exceeds 50, there will be some instances where the scparation may
exceed 60° —e.g., in conneeting the southern tip of Africa with that of South America.
Tlowever, since the proposed satellite will provide very accurate solutions for station
positions when used in the dynamic or the ovbital mode, it is not cssential that we

provide for simultancous observations in every case.

We conclude that a satellite altitude 3000 lan or higher sheuld be suitable.

4.2 Orhit Requircments for (Dynamic) Orbital Position Determination

In dynamic solutions, separate obscrvations made from sitcs in all geographic
areas within view of the orbit are related by orbital mechanics, so there is no neces-
sity for simultaneous observations. Thus, we can relate the positions of ground
stations with any gcographic separation without the nced for imposing mutual-visibility
requirements on the orbit. Since station locations are calculated with respect to the
orbit, they arc automatically determined in carth center-of-mass coordinates. When
combincd with a gecometric solution, the dynamic solution will also control and limit

the error amplification inherent in the step-by-step extension of a gcometric net.

. An orbiting satellite intrinsically defines an inertial system. It is coupled to

the carth through the earth's gravity field and, to a much lesser degree, through the
carth's almosphere; but with an appropriate choice of orbit, the influecnce of coupling
of the orbit can be calculated to rather high accuracy, particularly for orbital arcs
Icss than 30 days or so. This incrtial character of the satellite enables us to use
dynsunic solutions to determine rigid-body motions of the carth, such as rotation (UT1)
and polar motion. The principle has already been demonstrdted by Anderle and
Beuglass (1970) in their determination of polar motion from satellite doppler measure~
ments. It should be noted that gcometric solutions provide no information on these
phenomeni, since the internal geometry of the ground-station network is invariant

under rotation and translation.

11
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Since the sotellife orbit is the connecling ink in relating station positions to cach
other and fo un inertial frame, uncertiaintics in orbil computation are propagated into
the dynamie solntions. [Lambeck (1971) has examined the cffects of orbital errors
and data accuracy on the determination of polar motion through laser observations of
satellites, including LAGEOS.] This point has been the most important consideration
in our choice of orbit and spacecraft design. Two factors must be considered: the
accuracy to which the forces acting on the satellite can be calculated, and the extent
to which orbit crrors impede the filtering processcs used to elicit the parameters of
interest, such as when characteristic periods of the errors match those of the
parametlers. The orbit parameters that can be adjusted to control these effects are

primarily altitude and inclination.

The orbital altitude provides the greatest degree of control. The three forces
that significantly influence satellite trajectories are gravity, atmospheric drag, and
photon prcésurc. (Only uncertainties in the earth's gravity ficld need be examined
beeause the gravitational forces cxerted by other bodies — sun, moon, and planets —
can be cadlewdated a pribri to sufficient accuracy.) Orbital errors arising from gravity
and drag can be reduced by increasing satellite altitude. Errors arising from photon

pressure can be reduced by increasing the mass-to-area ratio.

Two aspects might be considered in an examination of orbital errors caused by
inaccuracices in our knowledge of the earth's gravity field: the absolute value of the
field and its structure. The former is contained in the constant GM. Errors in GM
arc decoupied from and have no practical influence on the accuracy to which other

carth-physics parameters can be determined.

The structure of the gravity field raises more complex problems. A basic tenet
is that the orbital altitude must be adjusted in order to avoid, as much as possible,

all resonances with the geopotential, hoth because the magnifudes of the physical

perturbations are very much larger under resonant conditions and because, in order

to minimizc problems of aliasing, we must suppress perturbations that have periods
commensurate with the earth's rotation. Thus, we should avoid satellite altitudes

that result in mean motions of exactly n or n+ 1/2 revolutions per day, etc.
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Station-position crrors resulting from earthshine orbit perturbations should not
exhibit a comblet(:ly systematic bias in any one direction for all satellite passes. With
a sel of data comprised of a balanced mixture of day and night passes, northbound and
southbound passes, and pﬁsses to the west and to the cast of the station, all with vary-
ing pass elevation angles, a 5-cm (earthshiné) orbital error will result in an error in

- computed station position of less than 2 cm.

LAGEOS will absorb some 60 to 70 w of incident solar radiation and earthshine,
depending on how much of the orbit is in the earth's shadow. The reradiation of this
absorbed energy will also exert a force on the satellite. The net force acting to per-
turb the satellite trajectory will depend on the asymmetry of the reradiated flux, and
the latter in turn will be determined by the variations in temperature and emissivity

over the satellite surface. -

Under cquilibrium conditions when illuminated by the sun, the satellite core will
have an average iemperature of about 265 K, with a gradient across the satellite of
3°C. The retroreflectors facing the sun will be at 277 K; those facing space, 249 K;

and those facing the éarth, 261 K. The retroreflectors, with an emissivity of 0. 85,
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Al optical materials have inherent internal inhomogeneities and minute inclusions

such as straiae, bubbles, and seeds. These result in a distortion of the wavefront of

the incideut laser beam as it progresses through the retroreflector.
The LAGEOS specification calls for the same type of fused silica that was used-
for the Apollo rotroreflector arrays and that is to be used for GEOS C. This selection

is judged to be acceptable in terms of cost, availability, and optical performance.

Retroreflector Geometry. A theoretically perfect retroreflector has three reflec-

tive surfaces and an entrance face, all perfectly flat; the dihedral angles between each
pair of reflective faces are exact; and the angles each reflective face makes with the
cntrance face are all equal. The actual retroreflectors depart from perfect geoinetry:
The return beam may deviate in direction, or it may have greater divergence from

or differ in cnergy distribution or symmetry; more likely, the beam will contain some
combination of all these effects. Past experience with precision retr.oreﬂectors,
particularly those used in the lunar retroreflector arrays énd the GEOS satellites,

has shown that present fabrication techniques can provide, at reasonable costs, retro-
refllectors with gecometric accuracy sufficiently close to the perfect case that no signi-

ficant performance degradation occurs.

In order to provide measurable echo signal strengths, the retroreﬂéctors niust
reflect the incident pulses into an extremely narrow beam along the line of sight back
to the laser station. If the retroreflector beamwidth is too narrow, however, the
angular displacement (of the retrorcflected beam) caused by velocity aberration will
prevent the echo from entering the receiving telescope. The velocity aberration for
the LAGTOS orbit will range from 26 to 42 prad for various satellite—ground-station

geomelries.

The LAGEOS rctroreflectors will have a circular {front-face aperture 3. 65 cm
in diameter. A dihedral angle offset by 1.75 + 0.5 arcsec will pweduce the desired
beamwidth.  We have computed the retroreflected beam pattern {for fused-quartz

cube corners of this configuration. The result is shown in Figure 1.

Diffraction will cause the beam pattern to broaden as the angle of incidence

departs from the normal to the front face of the retroreflector, thereby reducing the

27

-—









P T

" 7one couxial with the incident beam. The half-angles of this conical zone for the

predicted satellite orbit are 30 to 40 prad, and it is desirable that the distribution be

most dense at the greater angle.

The best method to tailor the reflected beam to this requirement is to make the

dihedral angles for all three reflecting surfaces 90° + (1.75 £ 0. 5) arcsec.

A retr oreﬂectoz; tailored to produce a specific energy-distribution pat;:em in the
reflected beam as described above must still adhere closely to the perfect retroreﬂec—
tor geometry in all other respects; i.e., the reflective and entrance faces must a11 '
be flat, and the angles between each reflective face and the entrance face must be
equal. Deviations from these geometric ideals will alter the energy—distribﬁtion e
pattern of the reflected beam. Consequently, the cube-corner specmcatmn calls for
dihedral angles accurate to W1thm 0.50 arcsec and surface flatness to w1th1n )\/ 10

(both tolerances are identlcal to those for GEOS C).

Retroreflector Coating. Two distinct and separate decisions on coating must be
made for the LAGEOS retroreflectors: A ’

A. Should the reﬂectwe faces be coated and if so, what type of coatmg should
he applled'?

B. Should the entrance face be .coated?

Relative to the first, a solid retroreflector with no coating reflection. However,
retroreflection is restricted to cases where the incidence angle atb any one face of the
ray as it passes through the retroreflector is within the internal reflection angle for
that material. This limits the incidence angle of the incident beam for which retro-
reflection will occur; for fused silica, this angle ranges from 16°9 to 5724, depending
on the azimuth angie of the incident beam.

R

If the faces have a reflective coating (usually metallic), the ray, as it passes
through the retroreflector, will be reflected at each face regardless of its incidence
angle. Accordingly, retroreflection is obtained over a larger angle of the incident

beam. This angle is 57°4 for a fused-silica retroreflector with a circular entrance

30 -~
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{face or aperturc and is independent of the azitnuth angle of the incident heam. Thus,

. - a refleetive coating enhances vetroreflection at larger incidence angics, ar iwportant

factor for planar arrays that can be viewed at incidence angles far irom normnal

incidence. .

However, a spherical array will always be viewed with some number of cube
corners at near normal incidence. In addition, total internal reflection — when it
does take place — is quite literally almost total, while reflection from a metallic
coating suffers some loss. For aluminum coatings, the reflectance at the ruby wave-
length (6943 1&) is 0. 897; and since every retroreflection requires a light beam to be
reflected from all three cube-corner reflecting surfaces, the effective reflectance is
(0. 897)3, or 0.722. We have calculated the actual return-pulse amplittides for the

LAGEOS array for both cases, coated and uncoated; the results are reflectances

equivalent to 12. 89 and 7. 42 cube corners at normal incidence, without losses. With

a reflectance of 0.722 for the coated case, the numbers are 9.30 and 7.42 — or echo.

strengths in the ratio of 5:4 for the coated and uncoated cases, respectively.

This differcnce in echo strengths is not critical, because the LAGEOS return-
pulse amplitudes for contemporary laser systems are sufficient in eithér case.
Therefore, the LAGAEOS specifications call for uncoated retroreflectors. This sim-
plifies the fabrication of the cube corners and completely eliminates axiy question as
to the adherence of the reflective coatings after some years in orbit. The latter
concern is not significant in terms of loss of echo strength, but it is very significant
in terms of range accuracy, since any degradation in reflectance that is not uniform
over the array can effectively change the array transfer functi_on so that it varies Sys—
tematically with aspect angle. This, in turn, could introduce significant systematic

errors into the range observations.

The second area for coating considerations is the retroreflector entance face.
An antireflection coating on this face could increase the overall intensity of the
reflected beam by reducing the loss due to reflection as the incident beam strikes the
entrance face. This increase in efficiency is small, however. Such coatings are
wavelength-sensitive and cannot be designed to be effective for all possible future

laser wavelengths. Furthermore, the wavelength at which these coatings are effective

31
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Cu!;é~cron‘.or desien veed.  Tor an uncoated solid fused-silica cube corner with a
circular aperture, abc = 57245, so the active cube corners will be distributed in rauge
(the total variation of the ¢y over h= 10.2 cm for the 22-cm radius of LAGLOS.
Using the specific: L«\GEOQS cvube~-corner charactci'istics, we have calqulated the
magnitudes of the contributions (omitting intexrference effects) to the reflected signal
from spherical segments with Ah= 0.5 cm. The result is shown in Figure 6. Some
55 of the 240 cubc corners are "active," and the effective reflectivity is equivalent

to 7. 4 cube corners at normal incidence.

o

INCIDENT
BEAM

Figurc 5. The shaded area is the spherical segment where the "active' cube corners
are located when ¢ is the cube-corner cutoff angle.

If we extend the equations for two retroreflectors to the case of n retroreflectors,
the intensity of the reflected pulse will be the square of the vectdr sum of the individual

echoes from ecach active retroreflector,

2
1= |2_y ®
i
~ 2 9
T L a4 g * Z 3;8;3;8; €08 Oy . ©)
i i,j
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< - where the phase angle Oij is

di_d'
Oij==41'r<————l)\ ) : (10)

This cquation can be used to compute the intensity as a function of time — i.e., the
pulse shape — for the signal rcceived from a specified retroreflector array once the
geometry of the array and the reflecting characteristics of the retroreflectors are
determined. It is then possible to compute the relationship between the time of recep-
tion of a pulse centroid and the range to the satellite center of mass. Since there will
be no feasible way to determine the phase angle eij when LAGEOS is in orbit, this
relationship must be treated statistically. Further, since the orientation of LAGEOS
will not be known, vdriations with satellite aspect of the pulse-centroid/center-of-
mass relationship must also be described in statistical terms. This circumstance

is quite acceptable if the statistical variations have a stable and well-defined mean and
if the variations converge to this mean value to within our accuracy requirements for
a rcasonably small number of observations (e.g., the number of returns that can be
acquired in one pass). Another question of importance is how large are the fluctuations

in reccived signal strength that are caused by interference effects.

The terms in equation (9) containing cos eij change from maximum to minimum
for an aspect-angle change of the order of 0.5 arcsec. The sum in equation (9) over
terms lacking a cos eij factor is, by design, insensitive to changes in aspect. Con-
scquently, because the terms in cos eij must converge to zero for a sufficiently large
number of range mcasurements, the mean centroid location relative to the satellite
center of mass must be that calculated for the incoherent texms in equation (9)', ie.,
the first summation. For LAGEOS, this range correction is 5.8 cm. ‘ '

To verify the expected convergence of the range correction#to that for the incoher-

cnl case, we have computed the amplitudes and centroid positions for a number of

~retrorveflected pulses from LAGEOS, using incident laser pulses with gaussian shapes

and diffcrent pulsc widths. Since all values of phase angle (from 0 to 2w are equally
probable, values of Oi]. were obtained from a random-number generator. The aspectl

angle was also allowed to vary. The results are given in Table 4. It is 'apparent that
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T e cxpected results are obtained; therefore, the transfer function for LAGEOS is

very simple — viz., the constant range incrcment AR = 15.8 cm is 1o be added to each

rangce observation.

Table 4. Difference between obscrved ranges, by use of centroids, and range to the
LAGEOS center of mass. (ARC) is the average of N trails by using coherent
light, und the yms column shows the variation of Ry for the N trials. AR;
is the calculated result for incoherent light pulses; it is the value to which

(AR,) should converge.

Pulse N (AR ) rms (AR ) - AR,
length scatter
(nsec) (cm) (cm) (cm)
20 100 16. 03 2.3 0.23
5 100 16. 04 1.7 0.24
2 100 15.97 1.8 0.17
1 625 15.78 1.4 -0.02
0.2 100 15.65 0.7 -0. 15

If care is taken to ensure that the cube corners are uniformly spaced over

LAGEOS and that there are no systematic variations in, e.g., the cube-corner reflec-

© tivities over the surface of the sphere, then the largest excursions — viz., those

resulting from variations in eij ~ will surely be uncorrelated from one return to the

next because of the great sensitivity of eij to minute changes in satellite aspect angle.

We have also computed the pulse-to-pulse variation in retroreflected-pulse
intensity. The results are shown in Figure 7. It can be seen that a considerable
variation in return-pulse intensity is to be expected, in accord with our experience
with the retrorcflector satellites now in orbit. This wide variation in echo amplitude
will result in some loss of returns because the laser receiving fcquipment has a limited
dynamic range, which causes larger range errors at high and low signal levels. How-
cver, with a reasonable equipment dynamic range of 30:1, with a {ypical LAGEOS pass
of 26-min duration (15° elevation limit), and with a 10-ppm rate, only 20 of 260 pulses
would be lost. It is a straightforward matter to design circuitry to reject pulses below

a minimum or above a maximum level.
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