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FOREWORD
As a major part of the Apollo Lunar Laser Ranging Experiment
it was essential to deéign and guide the construction of corner re-
flector arrays which would give satisfactory optical performance at
all times during the extreme thermal conditions encouptereé on the
moon's surface. The responsibility for this work was carried by the
University of Maryland as the institution of the Principal Investiga-
tor, C. 0. Alley. Other key persommel at Maryland who made major
contributions were participating scilentists P. G. Currie, Ren-Fang
Chang, 8. K. Poultney, and Project Engineer H. Kriemelmeyer. Among
the group of co-investigators, J. E. Faller of Wesley;n-University
conéributed importantly to early design concepts and thermal analyses
and participated in the supervision of contractors. The other co—
investigators were: P. L. Bender (National Burean of Standards and
. University of Colorado),.R. H. Dicke (Princeton University),'w. M. Kaula
(University of California at Los Angeles), G. J. F. ﬁacDonald (éouncil
on Environﬁental Quality), J. D. Mulholland (Jet Propulsion Laboratory),
H, H, Plotkin (Goddard Space Flight Center) and D. T. Wilkinson (Priqce~

-ton University).

~

We wish to acknowledge the excellent work of thg major industrigl
contractors who have participated in this program, -These‘include the
Perkin-Elmer Company, the Arthur D. Little Company, and the Bendix
Aerospace Corporation. Specific individuals and contributions are
discussed in the reﬁort and the appendixes. . .

The active support of many individuals of the National Aeronautics

and Space Administration has been essential to the successful completion

of this work. We wish to thank particularly Dr. Harvey Hall, scientific



adviser to the Manned Space Flight Experiments Board, Dr. Urner Liddel,
Mr. Richard Green and Mr. Edward Davin of the Lunar Exploration Office,
Mr. A, J. .Calio and Mr. Ausley Carraway of the Science and Applications
Directorate of the Manned Spacecraft Center, and in more reéent times,

Mr. Richard Johnstom of the Apollo Spacecraft Office.
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I. SUMMARY

This report describes the accomplishments of the University of
Maryland, as the principal investigator institution, énd its subcontrac-
tors 1in the research and deve}opment that has produced the successful
Apollo Laser Ranging Retro-Reflectors (LRBE). The place of this activity
in the overall development of the Apollo Lunar Laser Ranging Egpgriment
is also briefly presented. The performance of the LRB‘s in the lunar
environment can only be assessed through the ground instrumentation
part of the expéximent for which the University of Maryland also carried
a major initial design and development responsibility.

The performance of the Apollo 11 and Apollo 14 LR3's is entirely

'
satisfactory and seems to be in accordance with the design parameters

1

within the limits of the ability to measure their reflectivity (within

a factor of 2 or 3). There has as yet been no NASA support to develop

l

the instrumentation to measure the atmospheric seeing so as to provide
. ! . '
a more accurate monitoring of the yeflectivity. One camnot rule out a

possible degradation of reflector performance produced by dust and debris
generated during the lift-off of the LM ascent stage.

There ié some preliminary information that the Apollo 14 LR3 may
have been degraded during lift-off since i£ was possible tﬁ get laser
pulse returns from it both before‘and after this event. There is not
“'yet sufficient information from a seri;s of rénging operation to say
this with assurance, however.

There is no evidence that the reflectivity of the Apollo 11 LRB
is decreasing with time within the present limits of our ability to

measure it,



Following the Introduction, the report is divided into sectlons
on Optical Design, Thermal and Mechanical Design, Testing of Optical
Performance in Simulated Lunar Environment, and Performance on the

. . .
Moon. The detailed discussion of these topics is contained in published

papers, technical reports, and contractor reports which are included

with this final report as appendixes.



IT. INTRODUCTION

A, Background

To place the work performed under the present contract im proper
context a brief history of the development of the Lunar Laser Ranging
Experiment will be.given,

The coﬂcept of pl;cing optical corner reflectors on earth'satellites
was discussed shortly after the first Russian Sputnik among members of
the gravitational research group of Professor R. H. Dicke at Princeton
University. A péper showing the feasibility of observing such satellites
in near earth orbit with searchlight illumination was written for the
group by Hoffman, Krotkov, and Dicke.l When the Soviet Union succeeded
in impacting a rocket on the moon there were discussions within the above
group of the possibilities of providing an optical reference spot on the
moon. This possibility took on more reality in 1960 and 1961 with the
experimental realization of the laser and, in particular, the develop-
ment of the technique of "Q-switching” to provide very short bursts of
highly collimated light. The develoéﬁent ;f:the technique of laser rang-
ing to corner reflector equipped artificial satellites was underéaken
by H. H. Plotkin aad the Optical Systems Branch of tﬂe Goddard Spaée
Flight Center.”

In 1962 ﬁl;ns were made in several places to actually detect laser
pulses bounced off the surface of the moon.3 Successfdi detection was
achieved by groups in the U.S.4 and in the USSRs. In the summer of 1864

the development of space engineering and the planning for lunar missions

had reached such a stage that a paper was written pointing out the



desirability of placing a suitably designed optical corner reflector on
the moon.

;n the fall of 1964 discussions were held by some of the authors
of‘this paper with Mr, BenjaTin Milwitzky; director of the Surveyor
program, and with other NASA cfficials in an effort to have NASA develop
suitable reflectors for lunar emplacement by the Surveyors.

In the spring of 1965, it was suggested by Mr. Milwitzky that the
best way to procéed would be to'submit.a proposal from a group outside
NASA willing to accept responsibility for the development of a lgnar
laser beam reflector. At a meeting of the NASA %hysics Committee in
May, 1965 this approach was endorsed by Dr. Homer Newell, Associate
Administrator for Space Science and Applications, Dr. John Naugle, the
Deputy Associate Administrato; for Space Science, and by Dr. Urner Liddel,
Secretary of the Physiés Committeé.and Chairmén of the Lunar and Plane-

tology Subcommittee., The author of this report agreed to accept rvespon-

1 .
!

sibility as principal investigator and with the active help of the co-

investigators liséed in the Foreword and Prof. Dirk Brouwer of Yale

Universify, later deceasged, a detailed proposal was developed during

the summer and fall of 1965 on the scientific importance of precise point

to point earth-moon distance measurements. Specific experimental approaches

for both the lunar and ground instrumentation were also given. This pro-

ﬁosal was submitted from the University of Maryland in Decemberx, 1965.7
Following reviews by the Lunar and Planetology and by the Aséronomy

subcommittees, a grant of $60,000 was established at the University of

Maryland in July, 1966, This was used to test the optical performance

of solid fused silica corner reflectors in a simulated lunar enviromment



as had been proposed. The test facilities of the Goddard épacc Flight
Center were used and the assistance of the Perkin-Elmer Company was
obtained in-support of the experimental activity. The main features
of the proposed design were confirmed in October,. 1966 but significant
problems were exposea.8 These are discussed in later séctions.

In January, 1967, a éecoﬁd supplement fo the original proposal
was prepared, updating the entire discussion of the total experiment,

A brief First supplement had been preParéd in the summer of 1966, There
was further review of the proposal by NASA scientific subcommitiees,
with a resuliing assignment to Category I.

Duriﬁg the spring of 1967 whén an increment of $40,000 was pro-
vided for experiment definition, small study contracts wefe established
with industry. The Arthur D. Little Company was asked to provide
engineering assistance in the therﬁal—mechanical problem of mounting
the cormer reflectors so as to keep the temperature gradients suitably
small during sunlit conditions. The Bendix Aerospace Corporation was
asked to examine the problems of integ;ating the reflector package into
the Apollo Lunar Surface Experiments Package (ALSEP). The results of
these studies were used to prepare the NASA 1346 Form: E%periment Pro~
posal for Manned Space Flight. The Manned Spaceflight Experiments
Board approved the experiment in June, 1967 for the eariiest possible

Apollo moon landing.

B, Mzijor Contractual Activities

Interaction with personnel at the Manned Spacecraft Center began
in May, 1967 in anticipation of favorable action by the MSFEB. Discus—
sions continued during the summer and fall of 1967. Subsequent high-

lights are shown in the following tables.



Late 1967

Dec. 1967
Feb., 1967
May 17, 1968
Sept. - Oct.

1968

July 20, 1969

Feb. 5, 1971

Request for proposal received from
Manned Spacecraft Center. -

Proposal in response to RFP submitted.

Contract negotiation.

Contract awarded.

Final decision made by NASA to complete hardware
for Apollo 1l emplacement as part of Early
Apollo Scientific Experiments Package.

Laser Ranging Retro-Reflector placed'on moon by

Astronauts Neil Armstrong and Edwin Aldrin.
The LR3 is the only remaining operational

experiment from Apollo 11.

LR; placed on moon by A%ollo 14 Astronauts
A, Sheppard and E, Mitchell. Successful range

measurments before and after lift-off.

Principal University of Maryland Subcontracts:

Arthur D. Little

Aug, 6, 1968 .

Dec. 18, 1969

P.0. 210900

P.0. 240495

Perkin Elmer Company

Oct, 14, 1968

Nov. 14, 1968

Feb, 14, 1969

Nov. 11, 1969

Nov. 11, 1969

P.0. 217032

P.O., 218344

P.0. 218350

P.0. 238410

P.0. 238411

Wesleyan University

Nov. 18, 1968

P.0, 218996

$71,313

95,000

30,500

35,075

295,930

85,760

26,520

27,144

Analysis of Thermal Control Designs
for Retro-Reflector Array

Thermal-Optical Analysis and Testing )

Procurement of 95 blocks of Amersil

Supra Sil 1. Perform index of refraction
and homogeneity tests of samples of
Pynasil

Procuremeﬁt of‘66 each, 41 mm cubes of
Supra 8il I and 120 test retro-reflectors

Fabrication of 330 retro-reflectors
120 flight optical " v
100 test optical
110 residual retro-ref’ (flight quality)

. n 1"

Completion of fabrication of 80 filight
quality retro-reflectors

Manufacture 20 flight quality retro-
reflectors from residual material

Support of Co-investigator J. E. Faller



Arthur D. Little, Inc. was placed under contract to us Lo pro-
vide engineering studies of the performance of a retro-reflector in the
lunar enviromment, and to propoie designs which would allow continuous
use of a reflector placed on'the lunar surface. This effort resulted
in the general design of the array tray used in Apollo 11 and Apollo 14
and plamned for Apollo 15. Specific design was accomplished under a
program with Bendix Ae%ospace and under oﬁr continuing technical super-
vision.g The ADL 'subcontract under this contract was formally established
"August 16, 1968, bLut a large amount of work preceded this date.

The Perkin Elmer Comﬁény was gselected for the manufacture of
flight quality retro-reflectors. They had, over the several prior
years, provided technical informéti&n and assisted us in pfeliminary
teéts and analysis. They had confidence in tﬁeif own ability to produce
optical retro-refiectors of the required accuracy within the short peried
of time available becausc of a proprietiry manufacturing process developed
partly in anticipation of this program: The University of Maryland staff
WOFkEé in complete open exposure to Perkin Elmef and their problems. -

We contiﬁualiy monitored theitr progress and advised on their problems.
All goals were met, ana the large number of Apollo 11 flight reflectofs
were delivered in adeduate time, of higher than‘specified quality, and
undeyr budget. In order to expedite actions in the face of slow official
NASA decisions, it was necessary to award the series of subcontracts to
Perkin Elmer as listed ;boye. ?n some casges, earlier commitment was made
but late formal MSC approval delayed a-firm award until the date given.

An earnest compliment must be paid to the man;gcment and technical

gtaffs of both the Perkin Elmer Company and Arthur D. Little, Inc. Once
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a commitment was made to get the LRRR ready for the Apollo 11 £light,
the st?ingeng time schedule end date was readily apparent. Both
companies were responsive and began vigorous work based upon the assur-
ances of the University of Maryland that contractural coverage would
be forthcgming from MSC. Had this not been the case, several critical
months would have beeﬁ lost, and with that the ability to complete the
LRRR for Apollo 11 would have been sacrificed. -

The total cost of the above subcontracts, and including support
for Professcr Faller at Wesleyan University, was about $655,000. These
have been processed without a markup or loading of any type. This action
has saved the government the standard industrial loadings (187 G&A, 7%
profit) of about $163,000. Further, the University of Maryland has
coptributed significantly to the stability and successful conclusion
of this program by allowing deficit financing at its liability during
times of funding gaps. At times this liability exceeded $50,000. All
deficit costgs have been properiy recovered.

Certain personnel have been made available to this program in
proportion of time much greater than that directly charged. Additionally,
non-governmental facilities have been utilized during the application
of this program at no cost to WNASA, This benefit exceeded a total of

$45,000 during this period of performance.

C. Majoxr Scientific and Technical Activities

These have consisted of theoretical and experimental studies of
the optical properties of totally internally reflecting corner reflectors;

of the effects of fabrication errors and temperature gradients on these
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properties; and of methods of mounting the solid fused silica corner
reflectors to provide passive control of temperature gradients during
the periods when the reflector array is sunlit. The work has. been a
con;inuation of that described in section II A above.

New and firm knowledge has been developed in these areas which
has allowed the setting of realistic specifications of cornér reflector
properties for procurement, and a basis for selection and guidance of
the fabrication contractors. This knowledge has also been essential
to the gpidaﬁce of the engineéring design work on the m;unting of

t

individual cornefs and the construction of the entire array. It ;iso
provides a basis for assessment of the performance of the LR3 in the
lunar environment.

More detail about these activities is given in the remaining
sections of thié report.

It should be noted that the overall lunar ranging experiment was
.conceived from tﬁe outset as a unified combination of both the lunar
and ground instrﬁmentation. Work in the latter area -continted at Mary-
land under sﬁpport from NASA Headquarters and waé essential in specifying

the optical performance required of the LR3 for use by our own group

as well as by other groups.
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ITII. OPTICAL DESIGHN

In the summer of 1965 a number of possible design concepts were
examined by several of the investigators in cooperation with members of
the research and engineering groups of the Perkin Elmer Company. The
principal investigator had received the full an@ enthusiastic cooperation
of the Perkin Elmer Director of Research, John Atwood, who brought in Paul
Forman of the optical operations divis;on and Harold Hemstreet of the
space engineering division. The complete technical information on optical
properties of materials and fabrication techniques known to Perkin Llmer
was made available to ué. A number of specific approaches were developed
by both Perkin Elﬁer and the investigator gfoup; These were considered
and the most promising aesign consisting of small solid fused silica
reflectors was selected to be explicitly proposed to NASA. This was

n an appendix.to our original proposal by J. E. Faller who

Pr]
o
21
,..l
rt
rt
[0
[}
£d

o
SR

also made an important. initial thermal analysis based on optical data
on volume absorption of sunlight supplied by Perkin Elmer. This suggested
that small 'solid reflectors would not bé appreciably distorted optically
in direct sunlight.

An analygical study of the detailed diffraction patterns of cor-
ner refléctors was begun also in the summer of 1965 by R. F. Chang, D. G.
Currie, M. F. Pittman énd c. 0. Aliey. This considered the case of total
internal reflection which had never been carefully analyzed in the scien-
tific literature; This proved'iuvéluable when the test frogram conducted
during the summer of 1966 demonstrated that one could not use metallized

back surfaces due to their high absorption of sunlight and resulting
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iistortion of the optical diffraction pattern. This work, which was
extended during the course of this contract, appears here in Appendix 1.
-It will appear as a paper in the Journal of the Optical Society of
America in April, 1971.
Other studies of reflector properties conducted under this
contract are assembled in the appendixes. These é?e:

Appendix 2 Effects of Multiple Reflections on the Far Field Diffraction
. Pattern of a Corner Reflector, R. ¥. Chang

Appendix 3 Numerical Ray Trace Analysis for Diffraction Central
Irradiance of a Retroreflector for Off-Axis Incidence of
Light, R. F. Chang

Appendix 4 The Possible Failure of Total Reflection in an Uncoated Solid
Retroreflector — R, ¥, Chang

Appendix 5 Test Report on the Optical Quality of Three 1-~1/2" Retro-
Reflectors, R. F. Chang and W. J. Scott

Append? on

racti
Light,

' /
% & Experimental Studies on the Ceniral Irradiaace of Diff
Pattern of Retro-Reflectors for Off-Axis Incidence of
R. ¥. Chang and W. J. Scott

Appendix 7 Effects of Small Angular Evrrors in Retro~reflectors on the
Far Field Diffraction Pattern, R. F. Chang

All of these studies are available separately as Technical Reports
and the material will be published in severai papers: Nb’suﬁmary will
be given here since each app&ndix'contains an abstract to which the
interested reader is referred,

Attention is called to the discovery of the extreme sensitivity

of the central irradiance to the éngle between the electric. vector and
the corner edge for corners with small angular errors discussed in
Appendizes 6 and 7. However, since the effect is sinusoidal in this

. angle, and since the lunar corners are arranged randomly (module 120°}

w
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the effect will average out over the 100 corner reflectors in the Apolle 11
- and 14 packages.

There has been full confirmation in the laborator? of the
theoretical analyses. However, due to slow funding of the-program as
discussed in section II B gbove, much of the explicit design of the lunar
package for Apollo 11 was based on the analytical work, Because of the
neéd t; proceed rapidly with the development of the Apollo 11 hardware
éue to the late decision to fiy the LR3, it was ﬁot pogsible to take
advantage of all of the knowiedge availaﬁle. For example, the rapid
off-axis fall off Pf recessed circular cornmer reflectors as calculated
in Appendix 3, showed the desirability of increasing the flé?e of the
retainer ring to allow for unvignetted use of fhe reflectors out to the
most frequent libration.angle. The stringent fabrication schedule did
not.allow this to be done, However, the sockets for the Apollo 14 and
15 had the flare increased to 7.5° as contrasted with the flare of 1.5°
for Apollo 11.

Thg vastly improved off-axis performance for triangular front
face reflectors was also known but because of the more difficult mount-—
ing and thermal control problems this geometé& was not used.

. It is of interest to contrast our approach to the optical &esién
of the LR3 with that of the French, since a French ?gge array of 14 corner

reflectors was attached to the Soviet Lunokhod on Luna 17. They designed

" their reflector to perform only during lunar night. Consequently the diffi-
cult thermal problems of assuring performance during sunlit periods were
not addressed. They were thus able to use metallized back surfaces,; with

the accompanying increase in central irradiance of about a factor of 4 over



15

.the uncoated case, to make the reflectors' somewhat larger and with
triangular frqnt faces, and to mount them without recessing. This
produces an on-axis performance about 2 1}2 times greater than our
design and an off—axis performance several times greater as can be
seen from Figures 19 and 20 in Appendix 3. However the sacrifice of
range data during lunar days is a major scientific loss.

The central irradiance in the far field from a corner reflector
is proportiomnal to the square bf its area, or.to the fourth power of
lits diameter as shown in Appendix 1 and Appendix 3, Therefore a small
increase in size can have a-léfge effect. Due to the intermittent fund-
ing of the development of the LR3 expériment as ﬁiscussed in section IT
above it was not possible to deéign and test mountings to exploré the use
Of larger c;rner reflectors while still keeping the Femperature gradients
suffiéiently small to allow adequate optical pérformance during lunar day.-
The design sent t; the moon was based on éhe corner size which had been
experimentaily tested and shown to perform'adequately under on-axis
simulated sqlar radiation., It seems 1;kely that suitable mountings for

larger reflectors could be developed,
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IV, TIHERMAL-~MECHANICAL DESIGN

The major problem-that had to be solved in ordex to allow
nearly diffraction limited performan?e of the reflector array at ;11
times in the lunar enviromment was the following. The tests done in
the summer of 1966 showed that one ;ould not use a metal coating on
the back planes of the solid reflectors becazuse of thermally induced
-disfortions as discuséed in section IIL above. It was therefore
Piecessary to use total internal reflection. Howevér for off-axis
angleg of incidence beyond a certain value (which depends on the
azimuth angle of the cotner reflector - see Appendix 4) total internal
reflection fails. The solar radiation can then be transmitted through
the refleqtor and will be deposited behind the fused silica reflectors.
This energy must be reradiated from the array structure without produc—
ing temperature gradients of mo%e than a few degrees across the corner
reflectors., Otherﬁise, even with'the low temperature coefficient of
expansion of fused silica, unacceptable oética; distortions will result.
The scientifig Qesults from the experiment depend on there being no
systematic géps gn the range data associated with the phase of the moon,
since an qnalyéis is made of the range time series for various frequencj
components in the earth-moon system.

The need té solve this problem of mounting if one were to con-
tinue to use gmgli solid reflectors, which had been shown to work for
sun angles mear normal incidence, becsme clear in the fall of 1966.
Because of the outstanding reputation of the engineering physics divi-
sion at Arxthur De.Little, Inc., under Peter Glasexr, for coupled thermal-

mechanical design accomplisbments in space instrumentation, we selected
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them to provide engineering help in solving the problem. The successful
outcome of the design effort is demonstrated by the performance.of the
LRB's on the moon. The studies done at A. D. Little,‘Inc. under our
!

guidance that led to this resuit are assembled in Appendix 8 and will
not be summarized here,

Some material on the successful final design is given in.tpe
Apolio 11 Science Report which is repr;duCed in Appendix 10. Thelapproach
was to lightly mount the refléctors between teflon rings acting on
tapered tabs projecting from the reflectors, each corner being recessed
by about one-half of its 3.8 cm diameter in a cylindrical cavity in an
aluminum block., In providing the actual.lunar hardware, A, D. Little,

Inc. was under contract to the Bendix Aerospace Company, and reference

is made to the report, Laser Ranging Retro-Reflector Array for the Early

Apollo Scientific Experiments Paékage made by A. D, Little to Bendix,

Juna 30, 1969, for details on the fabrication.
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" y. OPTICAL TESTING OF RETRO-REFLECTORS IN A SIMULATED LUNAR
ENVIRONMENT

~ Althougﬂ Ehe University of Maryland group and the co-investiga-
tors strongly repcommended that an active experimental optical testing
program accompany the thermai-hechanical mouéting design séudies, this
was not alloved by NASA in time to influence the design of the Apollo 11
‘LR3. However such studies were authorized in the fall of 1969 and a
subcontract was establi;hed with A. D. Little, Inc. The experimental
techniques were based on those developed by us in the initial test pro-
gram during the summer of 1966 and much equipment was lent to A. D. Little.

The purpose of undertaking a new test program was to examine the

performance of the actuai mounting -used on the moon (a flare of 6° was
adopted) to substantiate the analytical methods used to predict the
.optical perform;;ce'(see Appendix 8) during the failure of total internal
reflection. Although the real test of the design has been its success-
fdl performance in the actual lunar environment, mo provision has been
made as yvel for monitoring the reflecéivity to better than a factor of
2 or 3 using the ground-ranging equipment. (To do better will require
the measurement of the atmospheric "seeing' and other parameters not
needed for time of flight measuremeﬁts.) Thus careful simulated labora-—
tory measurements are important in checking on the design methods to
2id in optimization of future designs and to alilow a better assessment
. 6f.performance when the "seeing" and other parameters are measured.
Such measurements could provide iﬁformation on long term degradation

of the reflectors in the lunar environment,
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The results of the test program and the description of the
instrumentation and procedures are presented in Appendix 9. The
general conclusion is that of-¥easonab1e agreement with the analysis
although there ére some disturbfng discrepancies between predicted and
measured temperatures and between predicted and measured central
irradiances in the total internal reflection breakthrough-region of
off—axis angles. The situation is further complicated by the polafiza—
tion effec£s in corners with $mé1l errors discussed in Appendix 5. TFor

the details, the reader is referred to the report from A, D. Little

in Appendix 9.
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VI. PERFORMANCE ON THE MOON

This topic requires a discussion of the.ground station instru-

mentation and of the scientific aimg of the experiment. Such a discus-

kS
.

sion was given in the Apollo 11 Preliminary Science Report:which is
included in this report as Appendix 10. Also included is the report

to the Apollo 11 Lunar Scieﬂcé Conference in January 1970‘(1ater
published in Science) on Apollo 11 and the report to the Second Apollo
Lunar Science Conference in January 1971 as Appendix 12. These show
that the Apollo 11 LR? is performing in agreement with its design within
cur present ability to measuré and that the scientific aims of the ex-
.periment are being rezlized.

The Apollo 14 LR3 which was deployed on February 5, 1971 is
also_performing well. In this case it was possible to obtéin reflected
siénals at the McDonald Observatory before the lift—off of the LM from
. the lunax suFface. (In the case of Apollo 11, the moon was low in the
sky at the time of deployment for the contiu:lental U. 8. and there was
no subsequent 'opportunity for ranging beforé.iift—off. A strenuous
effort was made to acquire the LR3 from the Mt. Haleakala Observatory
of the University of Michigan in Hawaii but this was not successful.)
This early acquisition of the Apollo 14 LRS has provided a calibration
point as to possible degradation by dust or debris during lift-off,
and information on such possible degradation of the Apollo 11 LR3 since
the predicted optical performance of the two LR3‘s-is similar. Let us
qﬁote,from the monthly report of Exric Silverberg, Project Séientiét for
the ranging operations of the Lunar Laser Ranging Experiment Team at

the McDonald Observatory:
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Apollo 14 Acquisition: The minute that the 107" teles-
cope cleared the obstruction created by its piers, (5:45 PM)
we began to range on the Apollo 14 site. About 600 shots
and 75 minutes later we had acquired about 25 photoelectrons
and had the situation well in hand. (The acquition could
have been made considetrably sooner but a slip-up in crater
identification by the project scientist caused the reticle
to be drawn about 2 arc seconds out of position.) During
the last 100 shots we had 17 returms. Since we were
defocussed to about 4 arc seconds at the time and the
corner reflector was supposedly 9 degrees off axis, that
represents a better return than we have ever had on the
Apolio 11 corner: About 3 hours later we repeated that
performance, getting 26 returns in 150 shots with the same
system paraneters. Lven though I can probably only say )
with great surety that the beam divergence was greaterx

than 3 but less than 5 arc seconds, there is no escaping
the fact that on Feb. 5 the A. 14 corner had a better
performance than ever observed for the A. 11 corner.

Since Feb. 6 when the lunar ‘module tifted off, we have
had about 8 acquisitions on that LR3. MNone of these are
cf the quality seen on February 5th., I would be willing
to say that this is indicative of some dust coverage but
for some extenuating circumstances. TFebruary 5th was an
exceptionally good night. Even though we diverged the
beam, the person guiding had a considerable advantage
over his usual fare. Secondly, we have now switched to
the upstairs guider., The latter has resulted in spotty
performance to date. It will take at least another month
to determine the state of the Apollo 14 corner.

Although the case for degradation is not yet established, it is
perhaps appropriate to review the arguments for a protective cover on
the Lﬁ3, to be removed by a thermally activated switch during the first
lunar night after lift-off. Such a cover was strongly urged by the
principal investigator and the co-investigators for Apolle 11 and a
satisfactory design was démoﬂstrated by A. D. Little, Ihc. It con-

sisted of a piece of light sailcloth spring loaded at the sides with

flat springs which would rxoll up like a window shade when a thermal switch
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relying on differential expansion was released during the lunar night.
The developmenf of this concept for flight was not approveé by NASA on
the grounds that the risk of its not working were greater than the risks
of degradation. If the degradgtion'of the Apollo 14 LR3 is confirmed
by continuing measurements, the case for a protective cover on future
LR3’5 will need to be examined. Factors of 2 or 3 in optical perfor-

mance are significant for the development of small ground stations. -
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ABSTRACT

The far field diffraction pattern of a geometrically perfect
corner reflector is examined analytically for normally -incident
monochromatic light, The states of polarization and the com?lex
amplitudes of the emerging light are expressed through transforma-

tion matrices in terms ‘of those of the original incident light for

each sextant of the face in a single coordinate system. The ana-

lytie expression of the total diffraction pattern is obtained for
a_circular face. This expression consists of three component func-—
tions in addition to the basie Airy fupction. The coefficient of
each function is expressed in terms of.complex coefficients of
reflectance of the reflecting éurface. .Some numerical results for
different reflecting surfaces,‘including tgtal intemal ;eflection,
are presented, The iso-intensity contours of the diffraction pattern
evaluated from the analytical expressions for an uncoated solid
corner reflector are also presented along with the photographs of

the pattern.

INDEX HEADINGS: Diffraction, Corner Reflector.
Total Internal Reflection.

Polarization Erffects.
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I. INTRODUCTION

Tt is known that a monochomatic plane wa@e of light falling
normally upon a f;at circular mirror produces in the far field, upon
reflection, the well~known Airy diffraction pattern. When the flat
mirror is replaced by a corner reflector of the same circular aperture
the far field pattern is no longer the Airy patterm. We will comsider,
in this report, the far field diffraction pattern of a corner reflector
with special emphasis on the effects of the relative phase shifts
" between orthogonal polarizations caused by total internal reflection.
Mahan1 has reported a simiiar comprehensive study on the polarization
effects from a roof prism.

E. R. Peck2 has studled the resultant state 9f polarization of
the reflected liéht when a-pencil of light falls upon' one sector of a
corner reflector. M. M. Raog, following the method of Peck; has made
a numerical study oﬁ the state of polarization for a corner reflectox
* constructed of a paéticular type of glass. The eigen states of
polarization predicted by Peck have been experimeﬁtally verifieﬁ by
Rabinowitz, et alh. A study, in terms of geometric opties, of the effects
of angular errors in the prism on the return image has been made by
P. R. Yoder, Jr.S, and also by R. C. Spencerﬁ. However, our presént
+ discussion shall assume that the corner is geometrically perfect; i.e.
there are no angular errvos -in the corner reflector.

In the following we cons?der the far field pattern produced by
combining the beams of different polavization which emerge from the six
sectors of the corner reflector. The polarization and amplitude of each
of these six beams is determined by the optical properties of the reflec-
tion surface. The reflectién surface can be one of many forms, such as

air to metal, glass to metal and glass to air for the case of an open

corner, a solid corner wlith metal coating, and an uncoated solid corner,
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respectively., 1In géneral, this patteyrn has more structure and angular
divergence than the pattern which would be obtained if the corner
reflector acted in the same manner as a flat mirror of the same diameter.

In more detail, each ray which "composes" the incident plane
wave falling on a corner reflector is followed through the corner
reflector in the manner of Peck, and the phase and émplitude of the ray
emerging from the face of the corner reflector are determined. We thus
neglect diffraction effects which occur inside the corner reflector.

The phase shift and amplitude are determined by the optical properties

of the rear surface; i.e,, the glass-metal, glass—air, or air-metal
interface. Each of these rear interfaces causes a relative phase shift
between the components polarized parallel and perpendicular to the plane
of incidence. An intérface wigh a metal component also introduces a
change in the amplitude of the light wdve. Our results will be compared
to those for a "perfect' metal éoating at the rear interface by which we
mean an interface with the ideal properéies.of no change in amplitude and
a relative change of phase between the parallel and perpendicular compon-
ents of polarization of -w. (A material with infinité c6£ductivity at
optical frequencies would satisfy this criterion of 'perfection.™)

The amplit;de and phase-or, equivalently, the complex amplitudes
thus determined have different valueg on the different sextants. 1In thisl
computation, it has been assumed that the incident plane wave is perpen-
dicular to the front face. Tilting the corner reflector by an angle ¢
would have two effects: (1) an overall change in the apparent shape of
the front face (or the aperture) which would expand one axis of the
resultant diffraction pattern, and (2) a change in the angles of reffac—
tion at the rear interface, which would involve the change of relative

phase shifts with angle. The latter effect is second order in the angle
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¢ and thus small for smzll angles. TFor a larger angle, the. analytic
expression of the complex amplitude of the emerging beam cannot be
obtained gimply. We have, utilizing a computer, adopted the ray trace
technique and we will report the results separately.

The face of 'the corner reflector is assumed to be circular.
Scalar diffraction theory is used to determine the far field pattern
which results from all sextants with different complex amplitudes. The
diffraction is calculated first for an érbitraty complex amplitude for
each sector, and later the complex amplitudes are given the values which
would result from a particular rear interface., The Fresnel reflection
from the front face has been neglected at present as-we may assume an
anti-reflection coating on the front face of a corner reflector. The
pfésence of the Fresnel reflection at the front face causes multiple
reflections which interfere with the original retro beam. We will
present a detailed discussion of this aspect separately.

The properties of specific-interfabes are considered in
Section V, and the diffraction patterns for silver, aluminum and total
internal reflection are discugged. The metals have diffraction patterns
rather similar to that of a "perfecg" metal, and total internal reflec-—
tion produces marked diffraction effects. The iso-intensity contours,
which are evaluated from the analytic expressions, of the diffraction
pattern for an uncoated solid corner reflector are presented along with
the photographs of the pattern.

The analysis was undertaken to provide a thorough understanding
of the diffraction pattern of corner reflectors in commection with the
design and testing of the Apollo 11 Laser Ranging Retro-Reflector. This
uses total internal reflection to allow near diffraction limited opera-

tion in the lunar thermal environment.7
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II. POLARIZATION AND INTENSITY EFFECTS OF A CORNER REFLECTOR ON A

PENCIL OF LIGHT

The front face of a corner reflector is divided into six equal
sections, when viewed from the front, by the projections of the three real
back edges and their images. We define a coordinate system in the face
of the corner reflector by a pair of mutually orthogonal unit véctors

~ ~

1 and j with the j-axis coincident with the projection of one of the

real back edges in the face as shown in Fig,.l., The six sections are
labeled by numbers 1 through 6. A beam of light entering the corner
reflector through one of the sections always emerges from the opposite
section.

If we consider a pencil of light which enters axially into the sextant
labeled by 4 then the unit vectors £ and 3 are perpendicular and
parallel respectively to this plane of incidence. We assume here
the light to be monochromatic and of single polarization. The amp-
zlitude of the light entering the 4th sextant can then be represented
by u which has two complex components uy and u, in the directions ;
and 3. This light beam, after being reflected consecutively from three
pack surfaces, emerges from the sextant labeled by 1 with amplitude v

which is different from u. By tracing the light through each reflectiom,

it has been foundl that u and v can be related by a 2 x 2 matrix C, such

2 -~ £
that v, = Z C.., u, i=1,2 or v = Cu.
i . i 7§ . -
j=1
The matrix C has the form
= .]_‘. r z -7 (la)
Ci1 =% %% L(rS + rp) + ﬁrp (rS lp)]
_ 3 ’ (1b)
Cip =g rp (rs + rp)
2
= lﬁi . : (1e)
CZl 5 s (rs + rp)
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I 2
Chy =3 T, [érS (rs - rp) - (rS + rp) 1.

f

where T, and rp are complex coefficients of reflectance which may be

(1d)

written as rs = ps exp (iGS) and rP = pp exp (i&p). Yor lossless
reflection Py and pp have unit magnitude. In general, however, the
magnitudes of Pg and pp are less than unity, representing the losses
in veflection. This is the matrix for light emerging from the first
sextant and the matrix in Eq. (1) could be labeled Cl. In general,
the tramsformation matrix or the rglation between incident intensity
and polarization is different for each sextant, so we have

n !

n
v = (Cu

where n = 1, 2, 3, 4, 5, and 6.[ The superscript n of the complex

i

amplitude v and the matrix C° is assoc?ated with the light emerging
from the nth sextant. The matrix in Eq. (1), now identified as C1
can be re—-expressed in terms of Pauli's spin matrices, for the con-
venience of the following calculation, in the form

¢t = £1 + V3/2 no,. -+ Coy + V172 no,

where
(10 _fo1 _fo - _ {10
}S[O 1]"}: '“‘[10]"5-‘(1 o] > 9 (0 —1]
and
- L z
£z271g (., - rp) [3(ls + rp) - 2(rs - rp) ]’ (22)
_ V7 3
n = 1E (rs + ] , (2b)
. .3 2
R [rS + rp] [rs - rp) . (2c)



The 3rd and-the 5th sextants transform into the first sextant if we
rotate the coordinates by +120°, therefore one can obtain the matrices C3
and C5 through the rotation of the coordinate system. Such a rotation may
be accomplished by gt C R, where R = ~% (1-v31 cy) for + 120° and R

- -—% (1+/31 gy) for -~ 120°, yielding
c” =gl - 1/3/2ncx + coy + VlIZnUZ s

9 = g% t ng - /Ehgz '

Matrices Cz, CA, and C6 can be obtained by inverting CS, C3, and C1

-~ - -~

respectively with g, because they are mirror image pairs and we obtain

= oG O,s M = 2, 4, and 6 ,

4
?
¢4
¢

This equation, because of the anticommutation relation of ¢'s, results in

simply changing of signs of the coefficients of Gx_and Gy components., Con-—

. n ',
sequently we can write C in a general form as

~n = &L+ fnJ§7§hgx * &x%y * hnﬁ“/—fhcjz (3)
The coefficients fn’ &, and hn are tabulated ig Table I for all sextants.

As indicated by the form of the transformation matrices ¢”  the
polarization and amplitude of the entering light is in general not
preserved. One can, however, use projéction opérators to decompose the
emerging beéﬁ into two polarization components along directions other than

i and j. In particular we will consider one component parallel to the

incident polarization and the other perpendicular to it. Assume the
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incident light to be linearly polarized with the direction of the electric

cosB
sind

~

field at an angle & to the i1-axis so it has the form u = ug ( )where u

is the amplitude of the field., The eigenvectors of these projection opera-
tors are,
v ={%9% o and v_ = | o o
p \sin 8 s —cos ©
respectively for the components parallel and perpendicular to the incident

polarization., Thus the normalized complex amplitudes cof the emerging light

from nth sextant for these two components are,

1
vy = v O
=g+ £ /320 sin(20) + b /I]Zn cos (26) (4a)
: L
vy O u/
= —gnic -+ hn#l/2n sin (28) - fn¢3/2n cos (26) . (4b)

It is now clear that the polarization and intensity of the emerging light
are different from one. sextant to the other and are also determined by the

magnitudes and relative phase of Y; and YZ
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ILI. DIFFRACTION PATTERN FOR A SIX-SECTORED CLRCLE WITH ARBITRARY PHASES

AND AMPLITUDES

For a single polarization the integral governing Fraunhofer diffrac~

tion for circular aperture of radius a is given, in polar coordinates, by

uE) = B [2 (27 gTHkew cos(d W) 40q, (5)

where U(P) is tﬁe amplitude at the far field point P, and (p,@)-is the.
polar coordinate at the aperture whereas (w,¥) is the polar coordinate of
. the point P, and k¥ = 2w/)A. However, w is the sine of the angle“between the
direction of the light beam and the direction of point P, The constant B
is the complex amplitude of the light in the aperture.

Now consider a circular aperture of radius a with imaginary lines
dividing the aperture inte six sextants. SLppose the linearly polarized
light emerging from the aperture has different Phases and amplitudes at

different sextants but with uniform phase and amplitude over a given sextant.

Then the diffraction integral should become

6 a
up) = Bn(

J
o}

nw/3 .
J o ~ikpw cos (¢_¢)pdpd¢ . 6)

n=1 (n-1)7/3

where Bn describes tﬁe phase and the amplitude.of the light emerging from
the n—-th sextant. The poiar angles ¢ and ¢ are both measured counter-
clockwise frowm j—axis wher we are facing the emerging beam.
In order to consider the problem Of the corner reéflector we
ﬁay agsume the aperture to be a certain reflector and the emerging beam
to be the reflection of the incident beam impinging normally on the reflector.
Since our interest is in the distribution of thé energy, we can norm-

1

alize the amplitude such that in the case of a circulay "perfect' mirror
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2
the central intengity IO = |U(0,0)] dis unity. This yields
1 6 nramn/3 ~ikpw cos (¢-P) :
A(P) = - R [ J e odpdd ;
wa n=1 o) (n=1)1/3 (7

where A(P) is.-the normalized complex amplitude of the diffraction and Yn is
the normalized complex amplitude of the n~th sextant.

To evaluate the integral in Eq. (7), we use the formulas9

k

J (2) + 2 PG J2k(z5 cos (2k8)

k=1

cos {(z cos B)

]

2§ (0 3, (2 cos [k +1)0],

k=0

sin (z cos 8)

where JZk(z) are the Bessel functions, to separate the radial and angular

parts in the integralju)After evaluating the angular part, we obtain

&

1 n [¥ Ll
mx° n=1 o
I (-—i)E Lw i - W
ta 1T ) sin T e Gy -y - 9N @
where x £ kaw, v = kpw.
It is known that
: ' 9)
J y I, (y) dy = %3, (x),

o}

and the second integral which involves higher orders of the Bessel functions
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can be expressed in terms of the Bessel functions or in a power series of

%. In either case the series converges rather gquickly, and has the forn?

x oo
_ (¢ + 2m + 1) )
JOY Ty (y) dy = 28x mzo(z T om ¥ 2) L om) 2+ 2m + 1) (10)
or
o) dy = 4[E 142 7 CWDN (D
M A A ¥ (2 ¥ 2m + 2) (mt) (& + m) !
o m=0
Since the integral is well-determined, we can, for short, define a new
function Fﬁ(x) for £ >1 as:
- 1 b'e -
F,(x) = — | oy A (12)
A o j v Jz\y) dy . )
O -
"Then Eq. ( 3) can be rewritten as:
27, (x) 6 n w0 6
AR) = ——— 7 L4+ & 7 P R0 sin 2T 4" cos2@F —p- D1 an
b4 Nt 6 @ o1 L 6 21 3 6

In the case of a "perfect" mirror, all Yn's are equal to unity (omitting .

the common pbase)}, Then % yn/6 = 1 plus the indentity
n=1

6 .
sin %1 Z cos [2(%5'— ayl =0
=1

1]

for all & and «, reduces Eq.(13) to the well-known diffraction pattern
resulting from a circular aperture,

A
2.}1(1‘(8?} J

AP ) = kaw
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This discussion has been for a single polarization. In general, (and
for the corner reflector in particular) the polarization from each of the
sextants may not be the same. 'Sidce beams of orthogonal polarization do not
interfere, we may calculate the diffraction pattern due to each polarization,
calculate the intensities due to each polarization, and then add the inten-
sities. Although this may be done for a resolution into any pair of ortho-
gonal polariz;tion states, we will find it convenient to considgr orthogonal

linear polarizations.



- 14 -

IV. DIFFRACTION PATTERNS AS A FUNCTION OF THE REFLECTING SURFACE

In Section IT we have derived the expressions of the normalized complex
amplitudes for two orthogonal polarization states resulting from an incident
linearly polarized plane wavé with uniform intensity. The coeffi-
cients £, n and 7, first defined in Eq. (2) are ;ndeed determined by the
properties of the reflecting surfaces; and the reflecting surfaces may be,
as far as the corner reflector is concerned, glass-metal, glassfair or
éir~meta1 interface. .

Since the light in orthogonal ﬁolarization states do not interfere,
'ge will treat each of the outgoing polarizations geparately. First we
substitute the value of Y; and Y: obtained from Eq. (4) into Eq. (13) and
then sum over n from 1 to 6. After somewhat lengthy algebraic calculationg

we obtain the expression of the normalized amplitude for both polarizatioms

AP(X,IIJ,B) £6,(x) + nGl(x,dJ;{il) _ (14)

AS(X,I!’;B) = CG?_(X,IP) -+ ilGB(Xs‘P;e)s

(15)
where
ZJl(x)

GO(X) s T (16)

3
6 Crus0) = S8 § T (™ () cos{(2etémy + ()% 26]
PV, = T Cebi aZn 29+6m T ©0° LA (17)
G, (x,0) = 2% E )™ g (x) sin(3+6m)y 18
2" T 0 3+6m (18)

3

)2 20T me-l 3

G3(x,w;e) = - Z Z () F2£+6m(x)sin[(22+6m)¢ + (=)7 28). (9

2=1 m=0

It is interesting to note that the basic diffraction pattern of a corner

reflector depends solely on four functions regardless of the property of the
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surface. The difference in the properties of the reflectihg surfaces affects
only'the strengths and the relative phases of these four functioms.

Now we consider the energy which lies within a given angular radius from
the center of the beam. Let L(WO) denote the fraction of thé total energy

which lies within an angular radius W Then we obtain il
ﬁaz , 2w v
L(WO) == J J I{w,¥;8) w dw dp (20)

A (v} o}

where A = 2w/k is the wavelength of the light. The intemsity is given by
2 2
T 930) = |4 Gwse) | + A Gous0)] 21

where % = kaw as before. Using Eqs. (14) and (15), we get

[

2
1w, $;6) lEfGoz(X) + (En*+E%n)G_(x) G (x,¥56) +|n]2G1:.l (x,130).
2 2 R 2.2
+ le] 6, G, 0+ En*+Tin)G, (2, 1)6 5 (x, 03 00+ n [ 76,7 (x,930) . (22)

Noting that the cross terms in I(w,y¥;8) vanish after the angular integration

over i, we may-évaluate the angular part for each term and obtain

2 * le(x) 108 2 2 T [°,
L(wo)= 2|gl” Io'“-;“~* dx + —;E'lnl 221 mZo fo F 2£+6m(X)x dx
1446 1 42 ¢ (%o _ 2
+ = ICI Z f ° F3 + 6m(x)x dx. (23)
m m:O e}

The energy within the first zexo of the Airy pattern is given by L(wo)
vhen X, = 3.83 (or v 3.83/ka) where the first zero of the Airy pattern

occurs. BEvaluating Eg. (23) numerically with that argument we obtain

2 2 - 2
L(z ) = 0.840 |g]- + 0.415 [n| + 0.056 [z] . (243
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If we also congider the effect of absorption by the back surfaces

we can denote the ratio of the total output energy to the total input energy by R

and we have

2 2 2
le] + 2|n] + lg| . (25)

As a simple illustration, let us consider the values of the coeffi-
cients £, n and é when the reflecting surface of a corner reflector acts as
a "perfect" mirror. This ideal condition can be sufficiently described
.physically by the condition that the electric field which is parallel to the
mirror surface vanishes, but the eléctric field which is perpendicular to
the mirror surface remains unchanged. Then, it follows that pp =pg = 1
and 6P = Q, és = wor in other words r -+ rsl= 0 and rp -r = 2

Substituting these values into Eq. (2 ), we obtain

E=1landn=2¢=0,

This result reduces Egqs. (14) and (15) to what we expect from a circular
aperture, that is

2J1(x)

Ap(x,wge) = and'As(x,¢;8) =0,

Thus a corner reflector whose back surfaces act as a "perfect' mirror

has the same diffraction pattern as a "perfect" flat circular mirror.
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V. EXPECTED PATTERNS FROM CORNER REFLECTORS COATED WITH ALUMINUM,
SILVER, UNCOATED, AND OPEN CORNER REFLECTORS

. 5ince the diffraction pattern of a corner reflector is.a linear
combination of the four G-functions, we need oniy evaluate the coefficients
£, n and ¢ of different reflecting surfaces. We assume the wavelength of
the light to ge 6943 ; which is the valuefor a ruby laser. We have con-
sidered the cases of (1) an open cornmer reflector using thé silvér or the
aluminum as the reflecting surfaces, (2) a solid corner reflector coated

‘with the silver or the aluminum, and (3) aﬁ uncoated solid corner reflector.
In all cases the index of refraction of the solid corner is assumed to be
1.45. The complex index of refraction of the metals was taken from Schulz
and‘Tangherlinle.

Wz have found that !n|2 and !g!z fér_the cases (1) and (2) are
negligibly small (less than 17 of |£[2); The energy ratios R are 95% and
70% for silver and alumihum, respec;ively, in case (1) and 92% and 61% in
case (2).

. 2 2 ’ 2

For an uncoated solid corner [n[ and [€| are comparable with |£| .
Although the emergy ratio R is 100% in this case, the energy within the first
zero of Airy pattern is about 36%.

The diffraction pattern for the case of (1) or (2) is approximately
an Airy pattern. The diffraction pattern of an uncoated corner reflector
is; however, quite different. We have evaluated the analytic expressions in
Egas. (4), (15) and (22) for © = 0° and plotted the iso-intensity contours at

different intensities in Figs. 2, 3 and 4. The total pattern as well
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as the two components of the mutually orthogonal polavization states are

-

shown separately.

The contours show certain symmetries, such as Ip(x,w;ﬂ} =T (x,-9:0)
P

Ip(x, m-P30), Is(x,w;O) = Is(x,~¢;0) for two orthogonal polarizations, and
I{x,9;0) = I(x,~¢;0) for the over all pattern. These symmetries are quite
obvious in Eqs. (1), (Q7), (18) and (19).

The photographs of the diffraction pattern are shown in Figs. 5; 6y
and 7 for comparison with the plotg. The corner reflector has an aperture
of one inch in diameter. The entrance face contrary to the assumption in
this report, did not have an anti~reflection coating. However, one notices

a striking resemblance between the photographs and the plots.
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VI, CONCLUSION AND THE COMMENT

In this study of the far field diffraction pattern of a corner
reflector, we considered, among Ather things, mainly the energy concen-
tration at the central region.

The purpose of this particular consideration was to investigate the
possibility of ranging to the moon with an optical radar system on the ground
and the corﬁer reflectors on the moon13. Thus quantitative information on
éhe concentration of the returning signal was the primary interest. °

The diffraction pattern from a circular aperture illuminated uni-
'formly'by a plane wave contains about 84% of its energy within the apgular
radius of 1.22 A/d, where 4 is thg diameter of the apertﬁre. The diffraction
pattern from a corner réflector utilizing total internal reflection contains
slightly less than half of the en?rgy from a circular aperture within éhat
angular radius. The central irraéiance is, for the case of a comer reflector,

1
about omne-fourth of that from a circular aperture. It is because the polari-
zation effect manifests itself to a greater extent in the total internal
ref}ection. There is little tendency that the field at points far away from
the central region would be cancelled as it would be in the case of circular
apertures. The consequence is a greater spread of emnergy. Coating the back
surfaces of the corner reflector with metals would generally improve the
performance in the sense that more energy would tend to concentrate in the
central region. But the absoxption of the light by the metal would reduce the
returning intensity. The light entering a corner reflector has to be reflected
three times before emerging, thus the desirability of high reflectance at the

'

reflecting interface is greatly increased. -
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The particular geometry of the corner reflector predetermines the
basic structure of its diffraction pattern as a combination of four functions,
The different optical constants of the different reflecting interfaces provide
merely the different coefficients for each of these four functions, namely &, n;
and g.

Higher wvalues of n and ¢ would cause a wider spread of optical
energy because the functions of which n and ¢ ave the coefficients consigt
of Bessel functions of higher order divided by their argument. A Bessel
function reaches its largest value when the argument is roughly equal to

'its oréer; therefore, under the condition that IE[ = lnl'= Izl the diffraction
field does not become small compared to the field strength at the central
direction except when the angular direction is some distance éway from the
central direction. It is necessary that |n| << |g| and |z| << |g| in order
to reduce the spread of energy by diffraction.

A corner reflector whosé back surfaces are coated with metal such as
silver or aluminum satisfies the condition ghat ln] and |z] are much smaller
than |£]. Although it appears that such a corner reflector behaves roughly
as an ideal reflector, its application to the optimization of return signal for
the lunar ranging experiment is not straight forward. The extreme temperature
gradients and the di%ect exposure to solar radiation in the actual lunar
environment make the optimization of return signal a problem of a differen£

nature which will not 'be discussed dn thig report.
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FLGURE CAPTIONS

Front view of a corner reflector with a circular face
is divided into six sections labeled by numbers 1
through 6. The projections of the real back edges and

their images are indicated by the solid and dashed

"lines, respectively. The coordinate system is defined

~ ~

by the unit vectors i and j.

The iso-intensity contours of the total diffraction

pattern are shown at three different intensities for

6 = 0° in the polar coordinate, A quartz solid corner
reflector (n=1.43) is assumed in the calculation. The

contours at 50%, 10Z, and 2% of the center intensity

I(0,9;0°) are shdwn by . -, and

—+—e—e—. , respectively. "The contour of the first
zero of The Airy pattern is shown by the dotted line

sessasees, fOX comparisomn.

.

The igso—intensity contours of the diffraction pattern
whose polarization is the same as that of the incident

light,

The iso-intemnsity contours of the orthogonal polarizaticn.
Notice that the 50%Z line is not present.

The photograph of the total diffragtion pattern from

a quartz solid corner reflector without an anti-

reflection coating.
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FIGURE CAPTIONS

Fig. 6. The photograph of the component of the pattern having

the original polarization.

Fig. 7 The photograph of the component of the pattern having

the orthogonal peolarization,
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Figufe 1
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Figure 2
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Figure 4
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TABLE CAPTIONS

Table I: The Coefficients of the Transformation Matrices

For the Six Sectors.
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ABSTRACT

We have studied the multiple reflections in a solid corner
reflector. We have also calculated in detail the effects of multiple
reflection on the Far field diffraction pattern for the case of
normal incidence of light, We have especially evaluated the ce1:1t3:al
irradiance of the diffraction pattern as a function of the optical
path difference between the primary and the secondary reflected beams.
The variation of the central irradiance is also observed experi-

mentally when the optical path difference is wvaried.



EFFECTS OF MULTIPLE REFLECTIONS ON THE FAR FIELD

i
DIFFRACTION PATTERN OF A CORNER RETFLECTOR

I, INTRODUCTION

We have reported fhe far field diffraction pattern of a corner
refleeéor illuminated by a monochromatic plane polarized light.l In
that report we assumed, in the case of a solid reflector, that the
reflector2 was coated with an antireflection film on its front face to
eliminate the interference caused by the multiple reflections.

For a reflector without an antireflection. coating on its entrance
face the Fresnel reflection occu;s every time the light hits the surface,
either from the inside or from the outside of-thé reflector. Some amount
of light is always reflecteé back into the reflector as it attempts to
emerge from the reflector similar to whaé occurs where light is trapped
in a glass plate between the parallel surfaces. The attenuation rate of the
amplitude of the trapped light upon each Fresnel reflection is typically
about 20%. All reflections should be taken into account to obtain an
exact expreésion for the far field diffraction pattern.

We will discuss in the sectior II the geometry of multiple reflections

in a reflector. In section III, we will present the mathematical equivalences

of physical operations in the form of matrices and will then reduce the

-
"

summation over all multiple reflections to a summation over a power series

of a matrix. The analytical expression of the overall transformation matrix is



then presented in section IV and the resulting far field amplitude is
discussed in section V along with a photograph of an oscilloscope trace
showing the varying central irradiance of the far field diffraction
pattern. Conclusions are given in section VI.

IT. MULTIPLE REFLECTIONS IN A CORNER REFLECTOR

A ray of light entering a reflector emerges from the reflector
after it has been reflected three times by the back surfaces., This emerging
ray, however, is reflected partially by the front face,. back into the
reflector. After being reflected three more times by the back surfaces
another emerging attempt is. made and again partially reflected back into
the reflector. This seemingly perpetuating reflection by the front face
is what we call the multiple reflections in a reflector. " An analogue to
this is a ray ofilight passing through a piece‘of glass plate with two
parallel surfaces.

The path o% a ray in a reflector ig three-dimensional in general. To
illustrate its geometry in a simple fashign without losing its generality
we chose a special crosé section of a reflectoxr where the path of a ray is
in a'plane. Such a cross section is showﬁ in'ﬁig. 1 wvhere OX is one of the
real back edges, bY is its image in the opposite surface and XY is the
front face,

Consider a ray of light entering the reflector at a point denoted
by A in Fig. 1. We have chosen a small incident angle for the ray in order
to avoid overlapping of the rays in the illustration. The ray is partiall§
‘reflected at A and the xest is transmitted into the reflector. The reflected

light at A is denoted by T The transmitted ray proceeds to points B, C,

1
and exits at D. The emergent beam is denoted by R

1° which is a retro beam.

The partially reflected ray at D proceeds to the points E, F, and exits at’

G. The emergent beam is denoted by T, which has the same direction as that

2



4

of Fl'

proceed as before. Similarly we obtain R,, and so on.

A partial reflection will occur at the point G and the ray will

On examining the graph in Fig. 1, one notices that there are two
distinect directions for the returning beams. One group of rays-which
coisists of Rl’ RZ’ etc., is in thé retro direction and we shall pall this
group R~rays. The other group of rays, which consists of Fl’ FZ’ ete., ig
in the reflected direction and we shall call this group F-rays. Here we
have particularly pointed out the difference in the directions of the
returning beams for the foliowing reason. .

In considering the effect of the multiple reflections on the far field
we take into account only éhe beams which are in the retro direction. Yor
all practical purposes, for instance, a slight misalignment of the incident
ray of abgut 100 seconds of arc from the normal direction would throw the

F-rays sufficiently far away from the R-rays. Thus we consider only the

R-rays.



ITI. TRANSFORMATION MATRICES
When a plane wave of light enters normally a corner reflector the

retro beam is shownl’3

to be related to the incident beam by a transformation
matrix. The front face is divided into six sections by the projection of the
back edges and their imageé. Each section represents a unique sequence

in which the entering beam hits the back surfaces. Therefore the trans-
formation matrix is different for light entéring different sections. If

we denote the tramsformation matrix by C%, where the subscript n=1 to 6 is

the section identification, the incident light amplitude by £=(1“;) and the
emerging beam Sy Bn=(]*:) then we have gﬁ=§?g when we ignore the front face
reflection. The fielégcomponents u and Vv, which are generally complex
amplitudes, are t;ken in the directions perpendicular and parallel, respect-
ively, to tﬁe projection of one of the real back edges in the fromnt face.

The matrix is given asl . !
9n=5%+(ﬁ/ﬁ)fnnfx+gnc‘fy+(l/ﬁ?hn”fz f . _ ¢D)
for n=1 to 6, with f1=gl=h1=g3=h3=f4=h4=gsfh6=l, f2=f5=0:

~

g2=f3=g4=f6=g6=—1 and h2=h =2, The constants are given as

5
e=(r - ) (3 (e gte )2 (r ~x )%1/16, ‘ (2a)
n=@(rs+rp)3/16, . (2b)
C=—i/§(rs+rp)2(rg—rp)/16, - ‘ (2¢)

where iZv-1 is the imaginary number, ¥ and r, are the coefficients of

p

reflectance of the back surfaces for the parallel (p) and perpendicular (s)

components, respectively, in respect to the plane of incidence, the o's are

. . . . b . R
Pauli's spin matrices and 1 is the unit matrix’ . The matrix C% is in fact a

-~

equivalent matrix of the physical operation that a ray bf light goes

through a reflector except that a common phase factor of optical path, exp(i¢),

is omitted.
In order to sum up, in the case of multiple reflections, all the beams

in the retro direction we shall represent every physical operation on the



ray of light in a reflector by an equivalent matrix. For the
transmission of, light at the entrance face into a reflector we haves’6
-( )1 where ng is the index of refraction of the glass of which the
reflector is made. The Fresnel reflectlion inside the reflector is represented
by7 %={(ng-l)/(ﬂg+l)}%- The transmission of light from inside the reflector
to the air is represented by_§E=[2ng/(ng+l)]%. Then_the first retro beam is
given by R§= exp(i¢)(?EgF¥I)g, as the consequence of the physical operations
that the light first enters the reflector, then goes through the reflector
and then leaves the reflector. If we refer back to Fig. 1, T, and Tp occur at
points A and D, respectively, while exp(i¢)§n describes the overall effects of
the path ABCD.
Similarly, the second retro beam is given by8 Rg=exp(i3¢)(§E§n§§n+3RCnT Ju
Here 21 and the first exp(i¢)9 are just as in Rl’ the first E occurs at
n, exp(i¢)§n+3 describes the effects of the path DEFG the second R occurs at G,
another exp(i¢)§n describes the effects of the path GHLJ, and finally ?E
occurs at J. We shall mention, in order to gvoid misleading the reader with
the figure, tha£ for normal incidence of the fﬁy, the point A coincides witﬁ G,
D with J and therefore three seemingly different paths are in fact the same one,
We can.generate the remaining retro beams in tﬂe fashion of the second
retro beam. Noticing that the matrices gI, ?E’ and B are represenied by the

unit matrix which commutes with all other matyxices, and that the m—th retro

beam equals the {m~1)-th retro beam operated on by (CnRCn+3R), we can write

~ sy ~

the total sum of all retro beams as
(3)

Ry = exp(if) [on /(a S0% T exp(i2u) [ (n D/ @D

=0
Cn nt3 - i
where D C . The power series converges and we can use the formula as in

@)

[~=]
the case of a scalar that z x" = (:L-—x)"l for |x[< 1 and obtain
u=0 ) .
R; = exp(i¢)[4ng/(ng+l) ](l—agn)mlgng = Eng, (4)



where msexp(12¢)[(ng—l)/(ng+l)]2.

The overall transformation matrix En can be expressed explicitly in

-~

terms of Pauli's spin matrices and unit matrix as in the case of ¢, The
P

~

detailed calculation and the final expressions are presented in the next

section,



TV. ANALYTICAL EXPRESSIONS

The task of expressing E® in terms of Pauli's spin matrices and
: . n )
the unity matrix involves: a) finding the matrices D, which are the

product of ¢ and Cn+

3

~

, b) Finding the inverse of (l—aDn), and ¢) finding

-1 z , .
the product-of (1-aD) ~ and c®. Since each matrix is expressed in terms

of Pauli's spin matrices, the multiplication of two such matrices can be

evaluated by using the following properties of Pauli's spin matrices:

2

c =0

~¥

properties, we obtain o

Using similar’

2
where.Q = 1 - 20 (& + 2n

multiplying (1 - an)dl with Cn, we obtain the expression of the total

2

Il

o

L
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[

[ 5]

1]

fay

1

- f
a-whtonra- ad]) 1+ ad

=1, 060 +ad
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~

Using these operational

=0 and 0. ¢ = ig .
XLy 2
_ D n 1n n
= dl % + dzgx + d3 gy + dégz where

2 2

2
E + 2n - E 3

/2

0,

Y2 n (h & -i/3 £ g L)

Q

n(¥3 £ ¢+ig k2,

algebraic¢ procedure, we obtain

n
2

2 2 2

. . n
transformation matrix E @

where

gn = gl } + (V3 /V7) fnn'gx + gnc‘gy + (1/ 2) hnn‘gz] (7)

B = hng exp(i¢)/[(ng + 1)2],

i

tl1ma (£ - 20 - D 1/q,
Nl + o (& - 2% - DI,

L L=« (& - 20% - £ 1/0.

2 2 2
~t)y+tadld -2n -1z)

(5a)

(5b)

(5¢)

(54)

¢ +adt o 1
K ~&

2

(6)

Finally,

2
o
x



V. THE DIFFRACTION PATTERN

In our previous reportl, we have presented the far field of a reflector
when plane polarized monochromatic light is used. In that report we
ignored the effects of the multiple reflections from the front face. In
fact, ﬁe tock only the matrix ¢" into account in obtaining the analytical
expressions of the far field. To take into account the effects of multiple
reflections all we have to do is to carry out the same calculation as before
but use E” in the calculation instead of.Cn. However, comparing EY to ¢® we
notice that the only differences between them are that £, n, and £ are replaced
by £', n', and ', apd a reduction in the amplitude by the factor of B. There-
fore, we come to the conclusion that the far field pattern with the multiple

reflection effects can be readily written as

2 o m+1
6v6 (=) 2
.8y = 1 . 12¥39 T
U Ge,w38) = B2 (20, (/X1 + ' ) L ey /9
: 2=1 m=o
= 4 yAoat1
X {L yJ22+6m(y;ay1 cos [(2&+6m)y + ()28} (8a)

. © jul X
0,60050) = 88 ] ey U 533y 00e51 sin [(Gromy]

~

m=0

. __6_____‘/6- 2 @ (“)m+£—l 1 2 X

L L e &

) 9,040, 0ay] sin [Qeteme + (-)'201)
o}

(8b)

where the subscript p denotes the component whose polarization is parallel

+ n

to that of incident light whereas s denotes the orthogonal polarization
component. The observation point is expressed by the polar coordinates x

and ¥. The radial coordinate x is G%E)aw where A is the wavelength of the
light, a is the radius of the circular aperture and w is the sine of the
angle between the direction of the field point and the retro direction. The
angle 8 is the angle between the direction of the polarization of the incident

light relative to the orientation of the reflector.



Although we can express the analytical form of the far field, the
real difficulty in evaluatipg the expressions lies in the fact that the optical
path is too uncertain to determine the phase factor, exp(i2¢}, in a. For
example, for a reflector with an optical path of about 10 em, it requires
that the physical ﬁimension as well as the index of refraction is known
within one part in a million te determine the phase angle within thirty
degrees. Such a requirement is impractical. However, joa] is on the oxrdexr of
0.04, the effects of the phase factor, exp(i2é), on £', n', and Z' are

relatively small. _As an example, we have calculated &, and 2,, which are

1 2?

defined as

¢/t = f1-a(€ = 2% - £)1/0 = W exp (i)

]
0l

L= E/E

it

at/n =T+ a (2 - 2% - cz)}/Q = W, exp(i2,)

0
1t

2

in terms of the angle ¢ for the case of a reflector made of fused silica

(ng = 1.4571 at A = 6328 A).

-

The absolute values, Wl and WZ’ and the phase angles, o

o)
1 and ®,, are

plotted in Fig. 2. As we see in the figure that the effects of ¢ on &', n'
and ;' are indeed small, especiall§ on n'. Theféfore, the effects on the
total diffraction pattern is smell as well. However, we shall point out
that it is not ﬁégligible. For example, the central irradiance of the
diffraction pattern is directly proportional to ]£‘|2. It means that the
centralirradiancé varieg approximately 2107 when ¢ varies ffom 0 to w.

To observe this effect experimentally, we have to vary the optical
path within the reflector while we simultaneously monitor the central irradiance
of the diffraction pattern withla photc-~detector. One way to vary the
optical path is to vary the temperature of the refleetor. Because of the

long thermal time constant of the reflector it is impractical to use this

method. Another method is to rotate a reflector in the vicinity of the normal

10



direction, typically within a couple of degrees. Although the previous
calculation does not apply to a non-normal (off axis) incident beam, it
is still a good approximation within a small angle of rotation. This is
g0 bécause the off axis effect is,a second order effect in éhe vicinity of
the qormal direction.

A photograph of a scope trace of the output from a photo detector is
shown in Fig. 3. The full trace covers about =#3° from the normal direction
of incidence. The base line is indicated b§ a straight line on the upper
portion of the photograph. Notice the intemsity modulation in the vicinity
6f the normal direction. The modulation is about %x5%. The discrepency from
the analytical prediction of #10% can be explained by the fact that the
wave front .of all beams other than tﬁe direct retugn was degraded by the
front face which is not "perfectly' flat. A flatness figure of about A/10 ,
that is the manufacture's specification of the reflector used, would

decrease the modulation by .approximately one-half.

[

11



VI.  CONCLUSIONS

We have found that the effects of multiple reflections do not alter
the basic structure of the pattern. As previously reportedl, the éiffraction
pattern is still determined by the four functions which we call G-functions.
The optical parameters such as the index of refraction of the material of
which the reflector is ma@e and thé optical constant of the back reflecting
surfaces, (e.g. aluminized or silvered), only appear in the coefficients
of these basic‘four functions. The multiple reflections only alter the

way these parameters enter the coefficients. Although it is small, the

effect of the multiple reflections still cause approximately 10% uncertainty

in the central irradiance of the diffraction pattern.
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R. ¥, Chang, D. G. Curxie, C, O, Alley, and M. E. Pittman, to be

_published in J. Opt. Soc. Am. April (1971); University of Maryland,

Department of Physics and Astronomy, Technical Report 70-104 (1970).
We will use '"reflector" in this as an abbreviation of "corner
reflector™.

E. R. Peck, J. Opt. Soc. Am. 52, 253 (1862).

For detailed discussion see ref., 1.

Born & Wolf, Principles of Optics, 2nd revised edition (Macmillan
Co., New York), 1964, p. 40.

Neote that no physicalidistinction can be made for p~ or $~ component
for normal incidence.

ﬁote that the coordinates are mnot chosen the same way as in vef. 5.
The superscript of the transformation matrix is associated with the
sextant from which the lighr emerges. The light entering the n-th
sextant would emerge from the dpposite sextant which is (n+3)-th

sextant in the modulo of 6.
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FIGURE CAPTIONS

A beam of light is traced through a corner reflector to illustrate
the multiple reflections which occur at the front surface, A special

s
cross section of the corner is so chosen that the ray lies din a plane.

The directions of the light are indicated by the arrows.
The absolute values as well as the phase angles of Ql and 92 are
plotted as functions of the optical path in a reflector. The optical’

path is expressed by  the phase angle ¢.

The modulation on the central irradiance of the diffraction pattern

is traced on an oscilloscope screen when a corner reflector is rotated

-

+3° from normal directiomn. & photeomultiplier is used as a detector

whose output is negative in polarity. The straight line on the upper

part of the photograph is the base line. The signal trace is

broadened slightly because of the shot noise in the weak light signal.

14
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A beam of light is traced through a corner reflector to illustrate

[

the multiple reflections which occcur at the front surface. A special

cross section of the corner is so chosen that the ray lies in & plane.

The directions of the light is indicated by the arrows.
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The absolute wvalues as well as the phase angles of Ql and 92 are

plotted as functions of the optical path in a2 reflector. The optical

path is expressed by the phase angle ¢.
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Fig. 3
The modulation on the central irradiance of the diffraction pattern
is traced on an oscilloscope screen when a corner reflector is rotated + 33
from normal direction. A photomultiplier is used as a detector whose output
is negative in polarity. The straight line on the upper part of the photo-
graph is the base line. The signal trace is broadened slightly because of

the shot noise in the weak light signal.
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ABSTRACT

We have developed a ray tracing technique designed to
provide the amplitudes of light reflected by a retroreflector
for arbitrary direction of incidence., The area of the sub-
apertures is also calculated. A computer is needed for the ray-
trace as well as for éhe area calculation, Combining the ampli-
tudes with the areas, we obtain the central irradiance of the

diffraction pattern of a retroreflector. The emphasis of the

report is on the method used in obtaining the results.



NUMERICAL RAY TRACE ANALYSIS FOR DIFFRACTYON CENTRAL IRRADIANCE OF A
RETROREFLECTOR FOR OFF-AXIS INCIDENCE OF LIGHT.

1. INTRODUCTION,

In connection with the design and testing of the Apollo 11 Laser
Ranging Retroreflector1~3, analysis was undertaken to provide a
thorough understanding of the diffractlon pattern of retroreflectors.
Because of the libration effect, the laser beam which is transmitted
from the earth must assume different angles of incidence on different
‘days. We were able to analyze thoroughly for various refiecting sur-
faces and -express the diffraction pattern in an analytical form for
normal incidence.of light because of the symmetry in the geometrya.
Nowaver, for cff-axis incidence of light the symmetry disappears. The
lack of symmetry imposes difficulties in analysis. As as alternative,

a numerical ray tracing methcd was developed starting the summer of 1968
to aid in pracical design questions.

The far field diffraction pattern of light is essentially a two- ~
dimensional Fourier transform of the complex amplitude of Light at the
aperture. If the complex amplitude of light is known over the en£ire
aperture the diffraction pattern can be obtained either by analytical or
by numerical methods. The latter is more convenient for an aperture of
irregular shape.

In éhis report we will present the ray trace technique for obtaining
the complex amplitude of light refiected by a retroreflector for off-axis

angles of incidence with the emphasis on technique. We consider



. ﬁainly the case of a solid retreoreflector, made of fuéed silica or glass,
utilizing total internai reflection. The retrorefleétor_is assumed to
be geometrically and optically perfect. We also present the analysis on
the effective aperture of a retroreflector for off-axis angles of

incidence,

1T, GENERAL DESCRIPTIONS OF A RETROREFLECTOR.

A solid retroreflector can be most easily represented by the por-
tion of a pglass cube sliced off by a plane determined by the diagonals of
three planes forming a corner as shown in Figure 1(2). In this case the .
triangle ABC is the front face of the retroreflector. ?he shape of the
front face may be an inscribed cirele as shown in Figure 1l{b} instead of
a triangle,

' We define the normal direction of incidence to be the direction
which is perpendicular to the front face; and the axis of symmetry of a
retroreflector is the line which passes through the vertex of the corner in
the direction of normal incidence.

The entrance-éperture of light is the front face whereas the exit
aperture is the image of the front face produced by Fhe retroreflector
itself. These twe apertures do not coincide in general and the effective

"aperture depends not only on the shape of the front face but alsoc on the
angle of incidence of light,.

A unique direction of incidence relative to the retroreflector can

be defined by two angles. The first one is the angle of incidence 8 and



the other is the azimuth angle ¢. Since the incident light is assumed
to be collimated we can definé the plane of incidence to be the plane
which is parallel to the direction of incidence and contains the axis

of symmetry of the retroreflector iuhthe plane. A reference plane is
defined by the axis of symmetry and one of the back edges of the retro-—
reflecto;. Eth of thg three back edges can be used because of the
threefold symmetry in the geometry. The angle of incidence, &, is the
énglé between the axis of symmetry and the light ray in the plane‘sf
incidence; the azimuth angle, ¢, is the angle between the plane of ineci-
dence .and the referencé planéz The definitions of both 8 and ¢ are
illustrated graphically in Figure 2. The azimuth angle ¢ is confined to

\

between 0° and 120° because oq the threefold symmetry around the axis of

symmetry.

III. RAY TRACE.

The direction of an incident ray is defined by 8 and $ as discussed
previously. However, after the ray enters a retroreflector the angle of
incidence becomes 6i because of the refraction at the front face; th;
angle of incidence before and after the refraction is related by‘

Snell's law, sin 6 = N sin Bi, where N is the inde? of refraction of the
glass. In order to trace the ray through a retroreflector the direction of
incidence needs to be expressed in terms of more fundamental quantities,

such as direction cosines, rather than 0 and ¢. We choose to define a



rectangular coordinate system by the three back edges 0of a retroreflector
and designate 0A, 0B, and OC as X“; y-, and z—~axis, respectively. Then

we ;an express the unit vector of the axis of symmetry of the retroreflector
in £he outward direction as & = (& + ¢ + 2)/V3, where %, §, and % are the

unit vectors along the x-, y-, and z-axis, respectively. In order to

obtain the expressions of the direction cosines in terms of Gi and ¢ ,
¢

we choose the following approach.

Assuming the dirvection cosines of the unit vector £ in the direc-
tion of the incident ray within the retroreflector is (-%, -m, -n}, where
£, m, and n are non-negative numbers, we can relate the angle of incidence

to the direction cosines by the scaler product

cos 05 = () * (A) == (L +m+n). - )
EY '
The unit vector of the normal of the plane of incidence is given by
fi, = k x a/|k x 3| whereas the unit vector of the normal of the reference

plane is given by fiy = & x 2/|a x &|. Then the azimuth angle can be

related to the direction cosines by the scaler product np-nr and we have

) cos ¢ = (28 - m - n) V6 sin 91). (2)

Rewriting Eq. (1) and Eq. (2), we have, along with the constraint

en the direction cosines,

2 - m -n = /6 sin 8, cos ¢, (3)
L+m+n =3 cos-Bi s (&)
22 + n? + 1 = 1. (5)

Solving these three equations we obtain

. 1 ) .
[ ng (cos 8; + Y2 sin 6.i cos ¢) (6}

m = *l-(ff‘cos 6; - sin 8; cos ¢ + Y3 sin 6; sin $) (1)
"3 T

n = ~l-(¢§-cos 0; - sin 6, cos ¢- V3 sin 8; sin &y. {8
3



Since our convention on ¢ requires that men when ¢>o0 we have chosen the
solutions accordingly.

Now we assume that the incident light is polarized. The state of
polarization of light is expressed in terms of two mutually orthogonal
linear polarizations p—- and s~components in the plane of incidence. The
unit vectors of thespolarization satisfy the relation that & = P x 8§,
where P and 8§ are the unit vectors in p and s directions, respectively.
Furthermore, we can choose & in the same direction as ﬁp since ﬁp is the
normal of the plane of incidence;‘then’we have

.é =//% [(-V2 sin ¢) & + sin (¢ + 60°) ¢ + sin (¢ - 60°)2]. %9)
It follows that p = & x k and we have

~ _ cos 0.

p = —=—i {(tan 9; - V2 cos $) % + [tan Gi + V2 cos (¢ + 60°) 1y

s}
-

+ {tan ei + V2 cos (b - 60°)121. (10)
Now suppose that the complex amplitude of the incident light before

entering the retroreflector is expressed by
. K ] ) ) .
0= Bop Po T hos S » : (1D
where ﬁo and §o are the unit polarization vectors prior to entering the
retroreflector, then after entering the retroreflector the amplitude is5

—‘ Y
A—App-l-ASQ (12)

whére

— ' 2 cos @ A
AP N cos 6 + cos 8; “op’

- 2 cos B A
s cos B + N cos Bi 0s




The ray, after having entered a retroreflector, will be reflected
consecutively by the three b?ck surfaces before emerging from the retro-
reflector. fhere are six different sequences of the surfaces by which
the ray is reflected; The choice depends upon the entering point on the
front face and upon the direction of the incidence. These six different
sequences are represented by the fact that the effective aperture is
divided into six subapertures.

The front view, shown in Figure 3, of a retroreflector shows the ~
effective aperture is the common area shared by ABC and its image A'B'C';
the edges OA, 0B, and 0OC along with theixAimages divide the aperture into
six subapertures which can b'e labeled b}} the numbers 1 through 6. We can
also label the planes OBC, OCA, and OAB whose normals are in the direc-
tion of %, ¥, and 2 as I, II, and IITI, respectively.

A ray that enters the retroreglector through subaperture ﬁ will
emerge from the retroreflector through subaperture 1 after having been
reflected consecutively by plane I, IT, and IIT. The sequence can be
written symbolically as 4(I) - IL » 1(III). Similarly, the rest of the
sequences can be written as 5(IT) -+ I - 2(ITI), 6(II) - III » 3(I),
1{III) = II - 4(I), 2(III) - I + 5(I1), and 3(I) » LIT » &6(IL).

At every plane of reflection the process of reflection is the same
in general. The state of light is characterized by the propagation -
vector (ﬁ), the polarization vectors (p and s) and the amplitude compon-~
ents Ap and AS. A1l one has to do is to relate the state of light after

the reflection to the state before the reflection.



Let us name the unit vector of the normal of the reflecting sur-

face to be v, the unit vectors of the directions of propagation before

-~

and after the reflection to be kl and k? respectively, the polarization

~ A

vectors of the incident light to be p and s, and the polarization vectors

in the plane of incidence before and after the réflection to be ;l’ ;1’
and ;2, ;2, respectively, as shown in Figure 4, The amplitude gf the
incident light is expressed in the form of Eq.(12), then, because the
reflection coefficients are different for p— and s-poliarization com-
ponents with respect to the plane of incidence, we rewrite the light

amplitude in terms of the polarization components appropriate to the

plane of incidence as

__)_‘ ~ ~

A= Bp Py + BS Sy - (13)
where

BP = AP (p - pl) + A, (s Pl)_ _

BS = AP {p * sl) + AS (s * sl).

The unit vectors Pys S35 Pos Sy and k2 are expressed in terms

A

of the known vectors v and kl:

Py T f-(v - kl) kl + v]/[v X kl,,

(l, x v)/lk1 x v|,

s =

p, = {(v e k) k + [1-2 (v + kDT WM/ x k],
b ~

ky = kg -2 (v - k).

After the reflection, the amplitudes are given as

“}' _ Fal -~
A' =R B p, + R B s,

where Rp and RS are the reflection coefficients for p- and s—-components.



; . 5
When we assume internal total reflection, we have

_cos a~-3iN ¢§2 sin2 o — 1

P
cos.oo + 1 N /%2 sin2 ¢ - 1

_ N cos o ~ 1 féz sin2 a -1

N cos o + i /§2 sin2 o -1

s ~

where 1 is the imaginary number v-1l and -cos o = *kl o v, But when internal

total reflection fails we have5

Rp = tan (¢ -~ a')/tan (a + &)
RS = - gin (¢ - a')/sin (a + a').

. —1 . <> L .
where a' = sin (N sin o)., Now A' becomes the new incident light for
the next surface and the whole procedure may repeat again,
In a retroreflector, the procedure repeats three times because there

are three back surfaces. The polarization components after the third re-

~ ~ ~ ~ ~ A

.flection are again rearranged into Py and Sg where Py =P and $4 = -8 prior

to the emergence of light from the retroreflector. If we write the ampli-

~ ~

tude prior to the emergence to be K3 = Cp p3‘+ Cs 835 then the amplitude

~ ~ A ~ ~
>

after the emergence is Af = Afp Pe + Afs Se where Pe = P> 5S¢ = ~8,5
2 N coé ei .
Afp ~ Cos Gi + N cos © QP’
2 N cos 0,
A, = te €

fs N cos ei 4+ cos 8 s

> -+
The complete process of reflections which transforms AO to Af can

be repeated siz times for six different sequences of reflecticen. In this

way we obtain the final state of light emerging from each subaperture,
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1V, SUBAPERTURES.,

H -
The diffraction integral for multiple~aperture configuration can

T

be written as

U = ZC.!J‘.
(psq) 295775
whére U(p,q) is the amplitude at the diffraction field point (p,q), x

exp [ - ik (px + qy)] dxdy,

and y are the coordinates in the aperture plane, k is the wave number
of the light, and C, is the amplitude of the light field in the j-th
aperture. The light field at the center (p = ¢ = o) of the diffraction
pattern becémes

U(o,o) = ?ijfj dxdy = ?CjAj,
where Aj is the area of tbe j—-th subaperture. Because we are only
cencerned with the central irr%&iance of the diffraction pattern in
our application we will consider only the calculation of the area of
@ach subaperture.

The shape of the subaperture depends on the shape of the front
. face of the retroreflector. We will present the retroreflector whose
front face is an inscribed cirele to the triangle.r Oghér:geometrical
shapes are certainly permissible. The general approach employed

here can be applied to all shapes of the front face.

The formation of the subapertures can be' explained in the follow-

ing way. The retroreflector and its image constitute a cylinder which
is shown in Figure 5. By inspection, it is clear that the process of
reflection of a ray by a retroreflector is equivalent to the process
whereby a ray passes through a cylinder and emerges from the other end.

The effective aperture is the intersection, along the direction of the



1L

fay, of the fromt face and its image, as shown in Figure 6(a). The
effective aperture is divided into six subapertures by the projections,
along the direction of the ray on the effective aperture, of the back
edges and their images as illustrated in Figure 6(b) for ¢ = 15°,
8 = 20°. These dividing lines are the lines which connect the vertices
of the triangular face to their corresponding vertices of the image.
The inscribed circle becomes elliptical because of the cost effect.

If we ignore the cos® effect for now because we can always
take care of that effect late;, then wé will be dealing with a circle
and the chords iﬁ the circle. Basically a subaperture is the intersection
of two overlapping segments of a circle,

Let us denote the distances to two intersectiong chords from the

center of the circie to be %, and £,, 2s shown in Figure 7, and the

1 2!
angle between 21 and 22 to be ﬂizz, then the area A can be expressed
&
as a function of 21, 22 and 2122. If we present the formula in a

normalized form so that the area of the circle is unity, then we have

A (Ll,’ Ly, 458,) = =15 £ g sin 938, + sin G- 1-w/2°1 (142

where Ll = El/R ) ) (iéb)
L, = ,/R ' (14c)

£ = /(1-12) - (L, - L, cos 2}2,)/sin 252, ' (14d)

g = /(-1 = (L - L, cos 831,)/sin 230, . (14e)

ho= V(£ + g° + 2£g cos 230,), : (14£)

and R is the radius of the circle.


http:because.of

The typical geometyrical cénfigurations of subapertures are shown
in Figure 8 and Figure 9 for the case of ¥>¢ and ¥<4, rgspective}y. The
definition of § is self-evident in the figure;. It is necessary to '
separate. these two cases because in the case of ¥>¢ we can evaluate the
area of the subaperture 1 and 6 but not 2 by using the formﬁla Eq.(14)
whereas in the case of U< we can evaluate the area of ghe subapertures
1 and 2 but not 6. Since the area of the subapertures opposite of
each other is th? sam;, we evaluate only the area of thrée SUbapértures.

In order to evaluate the area of the third subaperture, we
evaluate the total area of the effective aperture, divide this area by
two, and-théqfsubtract the 'area of the other two subapertures. If we
designate the displacement of the center of the image from that of the
front face by d, then, after normalizing the area of the total effective
aperture to unity at 8 = 0°, £he area of one-half of the effective
aperture is

A = %‘[cosul (5_5) - 28 /(1—462},
where § E.d/D} The displacement d is exgressed as a function of-the
angle of inéidence as

d sin 0

= D.
Y12 (N2-5in8)]

We can also express the appropriate parsmeters which are suitable for

Eq.(14) ihdirectly as a function of 6 and ¢ and we have

12

(15)

(16)
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Ll = 2 sin ¥, (17a)
L, = 2 sin ¥,, (l_7b)
Ly =2 sin Vs -(17¢)
2i23 = 2r/3 - wl + ¢3, (18a)
25384 = /3 + by + U, (18b)
zilz = 7/3 - ¥, - wz, (18¢)
where ‘
b = tan b SRty (18d)
b, = P (%J“_zz‘sﬁcgjn"’d)) - w/6, — (18e)
by = tan T c%*fzaacgifd)) - /6. | - (18£)
Applying Ea.(17) and Eq.(18) to Eq.(14), we have symbolically the
area of the n~ih subaperture, in, where n = 1 te 6, zs in the following:
If y>¢, we have i A
A=A, = A (Ll, Lgss 9,:123)_, _ (19a)
Ay = Bp = A (Ly, Ly, £58,) = Ags (19b)
Ay = A=A~ A (Ly, Ly, 252, (19¢)
and if y<¢, we have |
A=A, =A (Ll, Las 9,323), (19d)
sz = A5 = A (L, Ly 27%,) ~ Ay, (19e)
Ay = A =8 = A (L), Ly, 23800 Q9D
The formulae ;bove were derived with an implicit assumption that
¢ is less than 60°, However, there is no need to modify the formulae for
$>60° but only to relabel the indices., It can be shown that
An (¢ = 60° + 8) = AL 3 (¢ = 60° + 8) = A (¢ = 60° ~ B) (20)
for n = l; 2 and 3.
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V. EFFECIS OF RECESSED MOUNTING.

iz R G R e

The purpose of recesséd mounting of a retroreflector is to protect
the retroreflector partially from the sunlight in the lﬁnar environment
and to reduce the thermal gradients in the retroreflectors.

The recessed mounting of a retroreflector alsc reduces the
effective aperture for off-axis incidence of light, becau;e the effective
aperture is now determined by the opening of the cavity and its image.
Modifications are necessary in the formulation of the area of subapertures.
The new parameter is the distance between the center of the opening of
the cavity and its displaced image when viewed along the direction of
light as shown in Figure 10. TIf we denote the displacement by t, then

t =d-+ D' tan 8 (21) .

where D' is twice the depth of the depression. The half area for effective

aperture in Eq.(15) is modified to be

Ah = }'[cosml (27) - 21 ¥l *.4T2] _ (22)‘

™

where T = t/D.

The geometrical configuration of subaperture for the case of the
recessed mounting is shown in Figure 11. A new set of angles, ¢i, wé

and $3 are also created,

The equations derived in the previous section are still valid

except Bg.(17) which is modified to be ~

Ll = 2/£-+ éz + 2g cos ¢ sin (wl + wi) ) (23a)
L2 = 2¢£-+ 52 - 2¢ cos (n/3 + ¢} sin (wz - wé) (23b)
L3 = ZJE + 52 - 2¢ cos (/3 - &) sin ($3 -+ ¢5) (23¢)

e R eaeeTTY
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where
wi - coswl [ 1+ & cos ¢ 1,
Ji + 52 + 2e cos ¢
¢£ _ cos_l [ 1~ € cos (/3 + ¢) 1,
A—+ e? ~ 2¢ cos (u/3 + ¢)
0! = cos -1 [ 1L~ ¢ cos (/3 ~ @) 1
3 L]

Yl + 32 - 2e cos (w/3 - %)
and € = D' tanm 6/D."
Notice that when the depth of the depression becomes zexo,

Eq.{23) reduces to Eq.(1l7) as expected.

Vi. COMPUTER PROGRAMS,

There are three programs and two plot routines written in Forxtran
IV, The first cne, called CORISD, is the program designed to yield the
complex amplitudes of the six subapertures for all ¢ and 6, The second
one, called AREANA, has two tasks, The first task is to evaluate the
 areas of the subapertures. The second task is to yield thé central
irradiance of the diffraction pattern by summing over the 'products
of the areas of the subapertures with the corresponding complex
amplitudes. It also takes care of the cos® effect. The third program,
called AREANB, evaluates the area of subapertures for the case of
recessed mounting.

The first plot routine, called PLOTND, plots the central
irradiance versuvs ¢ with 6 as a parameter, whereas the other one,

called LR3INT, plots the central irradiance versus 0 with ¢ as a

parameter. ALl programs are presented in the Appendix.
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VII. RESULTS .

The results are Shown{in Figure 12 to Figure 19. We assumed an
index of refraction of 1.4554 which is the index of fused silica at 6943;.
Various polarizations are assumed for the incident light.

The results for a depth of depression of 0.5, which is measured
by_takiﬁg the ratio of the depth to the diameter, are presented
along with those of the non-recessed mounting. Depths of depression of
0.3 and 0.4 are also considered for ¢ = 0° and 60°; these results are
compared with others,

As an extra compariso?, the results from a retroreflector with

a full triangular face are also presented for ¢ = 0°

/

VIII. CONCLUSION AND DISCUSSION,

and 60° in Figure 20,

|

We have developed a computer program that is capable of calculating
the central irradiance of the difféactizn pattern of retroreflecters for all
¢ and 6. This program can be expanded to evaluate the detailed diffraction
pattern instead of only the central-irradiance,

: The detailed diffraction pattern can be evaluated either numeriu
cally (fast Fourier transform) or analytically. The task is a large.

project in itself, We do not plan to undertake the task until a specific

need arises.
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FIGURE CAPTIONS

Figure

1. Representative views of a retroreflector.

2., Illustration of the angle of incidence 9 and the azimuth angle ¢,

3. The effective aperture and the subapertures of a retroreflector
for normal incidence of light.

4, Unit vectoxrs inveolved in the reflection of a ray by a plane,

5. Three-~dimensional illustration of ray-trace in a retroreflector.

6. The effective aperture and the subapertures of a retroreflector
for off-axis incidence of light,

7. A subaperture in its basic form,

8. A typical geometrical configuration of subapertures for ¥>¢.

9. A typical geometrical configuration of subapertures for ¥<¢.

10. The effect of the recessed mounting of a retroreflector on the
effective aperture.

11l. A typical geometrical configuration of subapertures of a retro-
reflector mounted in a cavity.

12, HNermalized central irradlance plotted versus azimuth angle for
various angles of incidence of light which is linearly polarized
in p~ direction.

13. The same as Figure 12 except the polarizatiom of light is in s~
direction,

14, The same as Figure 12 except the polarization of light is circulax.

15, The same as Figure 12 except the retroreflector is mounted in a
cavity. The depth of the depression is one~half of the diameter
of the front face. )

16. The same as Figure 15 except the polarization of light is in s~-
direction. .

17. The same as Figure 15 except the polarization of light is circular.

18. Normalized central irradiance is plotted versus 0 for ¢ = 0°. The

depth of the depression is expressed in the unit of the diameter
of the front fact.



Filgure
19. The same as Figure 18 except ¢ = 60°,
20. Normalized central irradiance from a retroreflector with full

triangular face is plotted versus © for ¢ = 0° and 60°. The
internal total reflection fails at ¢ = 16.6° for ¢ = 0°,

19
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$EXECUTE iRJOB
$ID CHANG#208 /705 /15 74#3M2009P X6 NO0CHRT
$IBJOB GO s MAP :
$IBFTC CORISD LISTsNODECK
COMMON XN{31sXKK(3)sPP{3),85(3})
COMMON BRPsBBS -
COMPLEY BBP+BBSsCPsCSsAPsASsBP+BS
REAL JPHT
DIMENSION XK(3)sP{331,:5(3)
11 FORMAT{IOHIAZIMUTH =3F641:2Xs7HDEGRFES)
13 FORMAT (1H 972:5X92F14e555%92F14,5)
14 FORMAT(FS.1sF3.051154E1769)
15 FORMAT(IH s1X51HI 20X+ 2HCP 331X s 2HCS)
21 FORMATIBHOTHETA =3F7,2sTHDFGRFESY
YIN=1:4554
SQ2=SQRT (2% )
S03=SART (30}
Pi=3,141593
THIRTY=P1 /6.
RAC=PI/180,
DO 40 1S=1s.2
AP=(10:06)
AS={0, 915)
P1S=15-1
§15=p=15
AP=AP%#PIS&.-
AS=AS*SIS
DO 10 IPHI=1,17
JPHI=(T1PYTI~1}%75
JPHI=UPH1 /10,
PHI=JPHI
PHI=PHI*RAC ~
WRITE{6+11) JPHI
COP=COS(PHI}
SIP=SIN{PHI}
PTD=PHT=THIRTY
PTS=PHI+THIRTY
COSDh=C0S(PTD}
SIND=SIN{PTD}
COSS5=COS{PTS)
SINS=SIN(PTS)
DO 20 MAN=1s41+2
DAN=MAN~1
RAN=DAN¥RAC
WRITE{(6s21) DAN
WRITE (6415)
COEX=COS({RAN)
STEX=STN(RAN}
STIN=SIEX/YIN
COTN=SORT(1,~STIN®¥ST TN}
FITO =YIN2COIN/COFX
TF{MAN=-T) 204937 430
30 TINP=2.¥COEX/ (YIN#COCX+COIN)
TOUP=TIiNPxFTTO :
TINS=24%COEX/ (COEX+YTN*¥COIN}
TOUS=TINS*FITO
GO TG 35
31 TINP=2./(1a+YIN}
TINS=TINP
TOUP=TIiNP%xYIN



35

200

210

250

ann

350

400

450

CONTINUFE

CONRIA=COTN/SR3
SIDR3=SITN/S23

ROTOT=5Q2/503
XK(1)==(CODR3+SINRI%FOP®5Q77
XK({23==({CODR3+SINR3*<IND®SQ2}
XK(3)=~{CODR3~SIDRIXCINS*#502)
P{1)=SIDR3-S02*¥CODR3xCOP
P({2}=STDR3~-SQ2%CODR3I%SIND
P(31=5TDR2R+5Q2*¥CODR3I%SING
S{1}=—ROTOT*SIP
S{2)1=ROTOT*COSD
${3)1==ROTOT#COSS

RP=AP*TTMP

BS=ASETINS

1G=0

DO 210 L=1s3

XKKA{LY=XK (L}

PP{LY=P (L}

SSLY=S{L}

CONTINUF

RBP=RP

BBS=RS

1G=1G+1

GO TO 1250530035040 0:4650,5005550)41G
CONTINUE - '

¥ (1i=1e

XN(2Yy=0,
XMI(31=0,
CALL RFF
XN(2¥=1e
CALL RFF
KH{3i=1.
CALL RFF
GO TO 70N
CONT INIIF
XN(23=1a
CALL RFF
XN(11=1,
CALL RFF
KN{3)=1,6
CALL RFF
GO TO 700

"CONTINUE

XN{Z2Y=1e
CALL RFF
XN{3)=14
CALL RFF
KN(Ii=1,
CALL RFF
GO To 70n
CONT INUF
XN{3)Y=1e
CALY RFF
EN{2Y=1.
CALL. RFF
N(1¥=1s
CALL RFF
GO TO 700
CONT TNUF

iy

R s e

SEAR A RS

22



CALY RFF
AN{1Y=1oe
CALL RFF
XN(2)Y=1.
CALL RFF
G0 TO 70n
500 CONTINUE
XN{1Y=1s
CALt, RFF
XH(3)=1a
CALL REF
XN(2y=1,
CALL .REF
GO TO 70n
700 CONTINUE
QC=PP {1 %P (1}+PP[21*¥p ([ 2)4+PD(3)}#P(3)
QS=55{11#P(11+SS5(2)1#p{2}+S5(3)*P(3)
CP=(BBP*QC+BRS*QSY*TOUP
CS=(BRS*QC-BRP*QSI#TNUS
WRITE(60213) IGeCPs(CS
WRITE {7:14) JPHTsDANSIG:(CPsCS
a0 TOo 200
550 CONTINUE
20 CONTINHE
10 CONTINUE
40 CONTINUE
STop
‘END
$IBFTC REFLE NODECK
SUBROUTINE REF
COMMON XN({31+XKK({3):PP(3)¢55(3)
COMMON BR" ¢ RBS
COMPLEX RHP98859CP9C<9DEP9NOP90F59N05
DIMENSTONM PNI(3)GN(3}
YiN=loc&4554
ZiIN=1e/YIN
ZINZ=ZIN®ZIN
COAL=0,
DO 600 L=142
: COAL=COAL+XN{LI=XKK(L)
600 CONTINUE
: COAL=—COAL
STAL=SQRT(1.~-COAL¥COAL)
DO 601 L=1+73
. PN{LY=COALEXKK(LI+XnM(LY § /STAL
601 CONTTINUE
SNIL1Y=(XKEKI2}Y#XNE3 Y~ XKK(B)%XN(23)/SIAL
SNI21={XEEI3I#XNI1)-XKKIT)%XN(3))/5TIAL
SNE3Y=(XKK (L) ¥XN{2)~-xKK(2)=#XN({1)})/STAL
QC=PN{1)#PP({1}4+PN(2)xPP(2)4+PN(31%PP(3!
QS=PN{11#SS{1)4+PN(2)%S5S(21+PN{3}%55(3)
CP=BBP*QC+BRS*QS
CS=RBS*QC~-RRP®QNS .
. IF(STIAL-ZIN} 602:602,:607
602 CONTINUE
ALPHA=ARCOS{COALS
BATA=ARSINISTAL2YINY
STH=AL.PHALRBRATA
DTH=ALPHA-BATA
RP=TAN(DTH} /TANTIATH)




607

603

611
610

609

BRP=RPELD

BRS=RS5%#(CS

GO TO 603
COM=SQRT{STAL¥STAL-ZTNZ}
ZINC=ZIN?2%COAL
DEP=CMPLX {Z INC s COM)
DES=CMPLX (COAL s COM)
NOS=CONJGIDFS)
NOP=CONJIG{NFPY
BRP=CP=NNP/DEP
BRS=CS*NAS/DES
CONTTNUE

DO 6N9 L=1+¢3

N=XN{L}

IF (N=0) 61046106611
XKE (L ) ==—XKK (L)
SS{L=5N(LY’

PPILY={XN(L)-COAL®XKK (L)) /STAL

XN(L1=0,
CONTINUE
RETURN
END

24



$SEXECUTE 18.J0R

$1D

$1.RJOB

CHANG%208 /05 /15 7%3M#500P%909C#R$
GO MAR

SIRFTC ARFANA L 1STsNORECK

12
13
‘14
15
16
17

- 10
20
30

31
32

COMPLEY CP{&)¢CR(H)oAPAS

REAL JPH?I

DIMENSTOR AR({6}

FORMAT(10HIAZIMUTH =3F 612X THDIGREES)
FORMAT(IH oF46132E20,994F140533F1065)
FORMAT(FB8,1sF3a 0§I194E17 94
FORMAT(4F20,9)

FORMAT(1H. 936HDAN)TEMN9TEN9AP$A59AR(l)9AR[¢}9AR(3))
FORMAT{ I 145X eFSo1eF4e00I2v4F17.9)
YINS=1,45584%#42

502=50RT{2.)

SQ3=50RT (3.}

P1=3,141693

RAC=PI /190N,

THIRTY=P1 /A

SIXTY=P1/3.

no 20 L=1.6

READ(5414) JPHIsDANeIGsfpiL)9C5(L1
CONTINUE

IF161a—JPHIY 303131

PHI=120,=JPHI

GO TO 32

PHI=JPHI

CONTINUE

RAN=DAN%RAC.

. PHI=PHI*RAC

SINAN=STN{RAN)

COSAN=COS{RAN)
D=SINAN/{SQ2¥SORT(YINS—-STNAN#%%2))
DD=2.%#D -

AHALF= {ARCOSfDD)mDD*CQRTflo‘DD*DD))/PI
DCOP=COS{PHIY*D

DSIP=SIN{PHI)}*D

A=o54+DCOP

- B=SQ3%,5-NSIP

C=R+2:.%DSTP

ADR=A/R

ADC=A/C
UNIQ=DSIP /(1. ~NCOPY

"PSI=ATAN{AOR)

PST1=ATAN(UNTQ)
PS12=PST~-THIRTY
PSI3=ATAN(AOC)Y~THIRTY
EL1=2%STN(PST1}
EL2=2,#SIN(PSI2)

CEL3=2.%SIN(PST3)

110

100

ANGL=SIXTY+PSI1-DS513
ANG?3=PI=~ANG1
AR{I}=ARFA(ELLsFL3sANG23]
IF{PST=-PKI) 100,100,110
ANGZ2=S5TXTY+PSI?4+pPS13
ARFAIZ=AREA{FL2oFL3¢aNG2)
AR(2)=AHAL F~ARFAIL3
AR(3Y=ARFAT3~-AR( 1)

GO To 120
ANG3=SIXTY~PSTI1~PST2
AREATI2=ARFA(ELT+FL2¢ANG3} -

25



120

40

41

déo
i31
140

160

150

AR{2Y=ARFALZ2-AR(1)
AR{3}=AHALF-AREAI2
CONTINUE

IF{61e—JPHTY 40541479
CONTINUE

AR(5¥=AR(1)

TAR(&Y=AR(Z)

AR{EY=AR(3)
AR(11=AR(4)
AR(Z2}=ARI(5)
GO TO 131
CONTINUE

DO 130 L=1+3

M=3+L

AR(MY=AR{ L)

CONT TNUF

CORTTNUE

Ap'—'-(Oo 900§

AS=(05¢04)

DO 140 L=146
AP=AP+CP{L ) #AR{L Y#COSAN
AS=ASHCS L I¥AR(L)Y*COSAN
CONTINUE
TEN=CABS(AP )} ¥¥24CABS{ASI%¥%)
IFIDAN=D,5) 16051505150
CEN=TEN .
WRITE (6,12% JPHI
WRITE(6516).

TEMN=TEN/CEN

WRITF(6s13) DANSTENN,TENsAPsASsAR{1)sAR(2) sAR( 3}
WRITE(T7s157 JPHI«DAN.TENNSTEN
GO TO 10

sSTOP

END

$IBFTC SUBA NODECK

FUNCTION ARFA{XsYsANG)

P1=3,1415893

CAN=COS({ANG)

SAN=STN{ANG)

C=SQRT (14 -X#¥X)=(Y=X#*¥rAN)/SaN

D=SQART (14=Y*Y )~ {X=Y#*cAN) /SAN

E=SQRT {CxCH+D*¥D4+ 2 ¥ D% ¥ CANY /20 .
AREA= { CENESAN/2 o +ARSTN(E ) ~E*SQRT I 1.—-E*E) )} /PT
RETURN

FND
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SEXECUTF 1RJOB ' -

$10

$IBJSOR

CHANG# 205 /05 /157%#3M%500P*999C#B%
GO:MAP

$IBFTC AREANB LISTsNODECK

iz
13
14
15
16
a7

io
20
30

31

COMPLEX CP({6)YsCS(6)+APsAS

REAL JPHT

DIMENSTON AR(6)

FORMAT (10H1AZIMUTH =4F6.192Xs THDEGREES)
FORMAT(1H sF4c1932E20,9+4E14c5:3F1005)
FORMAT(F561¢F300s1154E1769)
FORMAT(4F20.9)

FORMAT{1H +36HDAN> TENMNsTENsAP,ASoAR(1YsARIZ)sAR(3))

EORMAT (1K 945X0F 50195405 1734F17,9)
YINS=1,L554%%2

SO2=SQRT (P} -

SO3=SQRT( 3, )

Pi{=3,141593

RAC=PT /1806

THIRTY=P1 /6o

SIXTY=PI/3o

DO 20 L=1+6 ,
READ(S+14) JPHI sDANTGsCPILYSCSIL)
CONTINUF

TFE61le~JPHT} 30+31437% .
PHI=120s~JPHI '
GO TO 32

PHI=JPHT

> CONTINUF

RAN=DAN¥*RAC

PHI=PHI%RAC

STNAN=STN(RANS

COSAN=COS{RAN) .o i
D=STNAN/{SO2%SQRT{YIMS~STNAN®%2) )
EP=TAN(RAN) /2,

DD=2,%(D+EP)

IF(DD-1e} 545410

CONTTNUE
AHALF=(ARCOS (DD} =DD#*SQRT{1,~DN*NDI I /P1
DCOP=COS(PHI} %D

DSIP=SIN{PHI)I*D

A=,54+DC0OD

B=5Q3%,5-pSiP

C=R42,%¥DSTP

AOB=A/B

AQC=A/C

UNIQ=DSIP/(1.,-DCOP)

PST=ATAN(AOR)

PSTI=ATAN{UNIO}

- PSI2=PSTI~THIRTY

PSI3=ATAN{AOC}~THIRTY

C1=8SQRT (1. 4+EP*EP+2 o ¥EPXCOS{PHI } Y
SPS=SIXTY+PHI

C2=S0RT (1 +EPXEP~2 . #FP#COS{SPS) )
SPD=SIXTY~PHI
C3=SORT(1.+EP*¥EP~2 . #FP¥COS(SPDI )
PPI1={1.+FPRCOS{PHIY}/CY
PPI1=ARCOS(PPIL) ..
PPI2=(1a~FP*COS(SPS)IY/C2
PPIZ=ARCOS(PPI2)
PPI3={1:-FP#COS{SPD}/C3
PPI3=ARCOHSIPPIZY
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FLI=Z¥CI#S5TN(PSTI+PpT )
EL2=2%C2%SIN(PSI2+PDI2)
FL3=P o #CARSIN(PSTI3I+PDI )
ANGI=STIXTY+PSTI1~P513
ANGZ23=P1-ANG1
AR{1)=AREA(ELLI-EL3sANG23}
IF(PSI-PHIY 1004100110
1310 ANG2=SIXTY+PSI2+PSI3
AREA13=ARFA(ELZ+sFL39ANG2}
AR{29=AHALF-ARFA1%
AR{3Y=ARFAI3~-AR(1)
GO TO 120
100 ANG3=SIXTY-PSI1~-PSI2
AREA12=AREA(EL1;FL2sANG3)
AR(ZY=ARFAI2-AR(1)
AR(3)=AHALF-AREAIZ
120 CONTINUE .
IF(6le~JPHI)} 40941041
£0 CONTINUE '
AR(S1=AR{1)
© AR(4Y=AR(Z)
AR(61=AR(3)
AR(1Y=AR(4)
AR{21=AR(%Y
GO TO 131
41 CONTINUE
DO 130 L=1,o3
M=3+L
ARIMI=AR(L}
CONTINUE
CONTINU
Apa(Oo qu)
TAS={0e 905}
DO 140 L=1+6 -
AP=AP+CP{L 1 ¥AR(LY*CNGAN
AS=ASH+CS{LY#AR(LY#COSAN
140 CONTINUE
"TEN=CABS (AP ) #%2+CARS{AS)#¥D
IF(DAN~045) .160:15045150
160 CEN=TEN
WRITE (6912) JPHI
WRITE{G6s18)
150 TENN=TFN/CEN
WRITE(63513) DANSTENN,TENsAPsASsAR(1IIsAR(2)5AR(3)
WRITE{ 7515} JPHTIDANGTFNNSTEN
GO TO 10
STOP
FND
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SEXECUTE 1BJOB
$ID CHANG®2 .5 ,/25/15T#3MeaGoPS 29
$% PLOT TAPE = BS .
&% PLOT AFTER RUN
$% RELFASE AFTFR PLOT
$PAUSE
$1BJ0OB ’ "GO oMAP
$IBFTC PLOTND
DIMENSION X{20)<DAN{25)sTENN(20:25)sY{20)
DIMENSTON D{10QN0Y
10 FORMAT (4F20.9)
N=17
M=10 .
CALL PLOTS{Ds1NQ0Y
CALL pI-OTC(Oo9"119 9=}
CALL PLOTC{0cse5s—3)
X(N'*'l}:oo
¥IN+22Y=20,
Y{N+1)1=0,
YEN+21=0,1
DO 104 K=142
KK=28~73%K
Fake1
F=F/2s
DO 105 Kp=l1,2
DO 100 I=1:N
DO 101 J=1oKK
READ {5¢10) XU{T)sDARtJYsTENN{T«JYSTEN
101 CONTINUE
100 CONTINUE
BO 10Z J=ish
THE=DAN{JY - -
DO 103 I=1sN
Y(TI=TENN({Ts+J}
103 CONTINUE
CCALL LINF (KoY eNsls0o0)
CALL WHERF(AsB}
A=655
CALL. NUMRFR(A9B;¢19THF90091}
102 CONTINUE
CALL AXIS(0,50,922HAZIMUTH ANGL E(DEGREES}9—229609099XCN+1}9X(N+23J
CALL AXTS({0e900sOHINTENSITYs9610,3906sYIN+L)sYN+2))
CALL AXIS{8690691H s=13104590csY(N+1 oY {N+2]1

‘ GO TO (1101111 4KP .
110 CALL SYMROL{0599559-6?913HAP = OSAS = 1900913)
GO TO 112 '
CALL SYMROL(3559¢5962913HAP = 16AS = T50s913}
111 CALL SYMROL(.5:9, 5909913HAP = 1¢AS = 050,913}

112 CONTTHUE
CALL SYMROL({3.,5:9, 599298HL0UVFR =240c98)
CALL WHERFE(ASR)
Ax=A+c3
CALL NUMRER(A39.5:a24F20ss11}
CALL PLOTC(104a:s00s~3)
105 CONTINUE
104 CONTINUE
_ CALL PLOTC{0s0+599}
STOR
ERD



SEXECUTE 1BJOB
$ID CHANG®205/05/157#5MS%
$# PLOT TAPE = RS 30
$#% PLOT AFTER RUN .
$% RFLEASE AFTFR PLOT
$PAUSE
$IB8J0OB GO s MADP
SIBRFTC LRAINT
. DIMENSION D{1000Ys X({100}s Y(100}
15 FORMAT(LE20N,9)
REAL JPHT *
L=17
C L IS THE NO. OF JPHI,
CALL PLOTS (Ds1000)
CALL PLOTC(O0p9=11s5~3}
CALL PLOTC(0o92:9—3)
DO 40 M=1.2 .
N=21-T#(M~1}
AM=M
AM=(AM—-1,Y/2¢
XL=80-4e*AM
YL=XL+35
DO 20 J=1,42
C J IS THE POLARTIZATION fNDEX, J=1 FOR {AP=0sAS=1)sJ=2 FOR (AP=1sA5=0)
DO 30 Ti=1sL
DO 10 1=1sN .
READ{(5:157 JPHIsX{I1}4Y{I1sTEN
10 CONTINUE"
XE{N+1)=0,
X{N+2)1=5,
- Y(N+131=0,
Y{N+2)=a? .
CALL AXIS - {0430,5 14HTHETA(DEGREES o~14sXL o0 s XIN+L) s X{N+2Z M
CALL AXIS (Oeo0cs IHINTEMSITY$5945,5900sYIN+1)sYI{N+2))
CALL ‘SYMROL {(1659745,253s20HPOLARIZATION AP/AS =30,520)
CALL WHERF (AoB}
A=A+05
IF(J.EQs?)Y GO TO 50 .
CALL SYMBOL (As7e3562583H0/150.93)
: G0 TO 51
50 CALL SYMBOL (AsTc9e2593H1/000:353)
51 CONTINUE
CALL SYMBROL (165576500259 9HAZTMUTH =30.59)
CALL WHERF (AsB)
A=A+0e 3
F=JPHT
CALE NUMRER {(AsT7659.259F 00,451
CALL SYMROL (105960550253 8HLOUVER =:0,58)
CALL WHERE (A,RB) )
A=A+0,3 . '
CALL NUMRBER (As6e¢59e950AMsNos 1)
CALL LINF [(XsYoeNs1s0,0)
CALL PLOTC(YLs0s9~3}%
30 COMTINUE :
20 CONTINUE
0 CONTINUE -
CALL PLOTC(0:00999
STOP
" END
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Representative views of a retroreflector.
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Plane of Incidence

Axis of Symmeiry
//_——Ligh? Ray
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Fig. 2

I1lustration of the 'angle of incidence 8 and the azimuth angle ¢.
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Fig. 3

The effective aperture and the subapertures of
a retroreflector for normal incidence of light.
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Incident Ray

Reflecied Ray

\—‘Plane of Reflection

Fig. 4

Unit vectors involwved in the reflection of a ray by a plane.
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Fig. 5

- Three-dimensional illustration of ray~trace in a retroreflector.
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Fig. &

The effective aperture and the subapertures ofr a -
retroreflector for off-axis incidence of light.
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Fig. 7

A subaperture in its basic form.
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Fig. 8

A typical geometrical configuration of subapertures for Y>¢.
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A typical geometrical configuration of subapertures for Y<é.
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Fig. IC

The effect of the recessed mounting of a retroreflector on the effective aperture.



Fig. 11

A typical geometrical configuration of subapertures
of a retroreflector mounted in a cavity.
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NORMALIZED CENTRAL IRRADIANCE

1 ! 5Io° l T
N=14554 - - ,
POLARIZATION: p  geg®

.O

Fig. 12

Mormalized central irradiance plotied veisus azinuth anele for various angles
of incidence of light whica as lineari: polarized in p- direction.
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NORMALIZED CENTRAL IRRADIANCE

0° ; l

i I g

N=l4554 .
POLARIZATION : s

Fig. 13

The sanz as Figure 12 excopt the polarization of light is im s— direction,
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NORMALIZED CENTRAL [RRADIANCE

LO l I RIS ]
N=1.4554 POLARIZATION : CIRCULAR
g=2°
0.9F ]
§=4°

Fig. {4

The same as Figure 12 except the polarizatios of light is exrcular,
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. NORMALIZED CENTRAL IRRADIANCE

1 ] 6=0° ] I
N=1.4554 |

POLARIZATION: p
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Fig. 15

The same as Figure 12 excepr the retroreflector is nouttted in a caviey.
The depth of the depressien s one~half of the diamerer of the {ront face.
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Fig. I6

The same as Figure 15 except the polarizatien of light is in s- direction.
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Fig. 17

The same as Figure 15 except the polariiation of light is circular,
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Fig. 18

Normalized central irradinnce is plotted versus § for ¢ = 0°. The depth of
the depression is expressed in the wnit of the diameter of the front face.
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Fig. 12

The same as Figure 18 except ¢ = 60°.
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Fig. 20

Normalized centrazl irradiance from a retroreflector with full
triangular face is plotted versus & foxr § = 0° and 60°, The
internal total reflection fails at' 8 = 16.6° for ¢ = 0°.
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ABSTRACT

A limit on the angle of incidence is imposed on a solid retro-
reflector with uncoated back surfaces because of the possible failure
of total reflection. An expression is derived for the critical angle
of incidence‘as a function of the index of refraction and the azimuth

_angle. The critical angle is the angle at which the total reflection
initially fails.

The index of refraction must be greater than V372 = 1,23 if
we intend to utilize the total reflection in a retroreflector. On
the other extreme, if the index of refraction is greater than
V(3 + V3) = 2.18 the retroreflector will retain its reflecting

property at all angles of incidence.



THE POSSIBLE FAILURE OF TOTAL REFLECTION
T AN UNCOATED SOLID RETROREFLECTOR

I. INTRODUCTION.

In this report we will present the analysis on the conditions
of the ang;e Of incidence of a ligh£ ray when the internal total re-
flection fails in an uncoated solid rétroéeflector. When a retro-
reflector is used, especially for off-axis incidence of light, the
failure of total reflection will limit the angle of incidence of
light,

Intuitively, we know th?t the higher index of refraction of
the glass would reduce the likelihood ;f the failure of the total re-

!
flection; consequently a larger angle of incidence i1s attained before

the retroreflector loses its reflectiné groperties. Rityne has pre-
sented a figureJof maximum permissiﬁle angle at which a retroreflector
retains its reflecting propertiesl. However, he has not reported any
details beyond that single figure.

We have studied the same éubject independéntly, in connection
with the LR3 experiment 2_5. We will discuss in detail how the
failure occurs and how the index of refraction affects the largest

T

permissible angle.

L. ANALYSIS,

A retroreflector can be basically represented by three mutually

perpendicular refleeting planes. Let us consider a retroreflector as



shown in Figure 1(a); we can designate the back edges OA, 0B, and "0C
as-the x~, y-, and 'z—axis of a rectangular coordinate system.

The. angles of incidence at the plane I, IX, and III aré coshlg,
cos—lm, and cos—ln, respectively, for the incident raﬁs whose direction

cosines are (~%, -m, -n) within the glass. If the ray, which arrives

at plane I fails intermal total reflection, then,

gin (cos-lﬂ,) = \/1?_5_%, ) . 1)
where'N-is the index of refraction of the glasg. The anéle of incidence
at the plane T is always cosulﬂ,even though the ray has been reflected
previously by other plaqes; the process of reflection only alters the
sién of an appropriate component of the direction cosines because the
lnormals of the planes are in x~, y-, and z-direction.

A1l rays satisfying the condition in Eq,{l) would lie in a cone
whsée half-angle is

1,1
@, )

B = sin
c
around x—~axis. Similar cones can be constructed around y- and z—-axis.
With the cone of failure defined as above, we can evaluate the largest
angle of incidence allowed, which we will call critical angle of inci-
dence from here on, outside the glass before the failure of internal
total reflection occurs. The angle of incidence of the ray relative to a

retroreflector is measured from the axis of symmetry., (4 detailed

definition .of the angle of incidence can be found in reference 6.)

It has been shown that within the glass the x-component of the
- direction cosines is expressed in terms of the angle of incidence g and

the azimuth angle ¢ a36

§ = fl (cos 0.+ VZ cos ¢ sin 8), (3)
3



Here we restrict the azimuth angle ¢ to be between -60° and 60°; be-
cause we can always reduce any azimuth angle into that region if we
choose the cone of failure around an\appropriate axis,
Combining Eq. (1), Eq.(3) and Snell's law,
sin 6, = N sin 0, (4)

we can solve for sin 8, and obtain

sin 80> —t (/EEVNﬁdl cos ¢ % V3-2stin2¢). (5)
2c052¢+1 )

The problem of dual sign in Eq.(5) can be resolved by consldering the
special case when ¢ = 0°,
For the case of ¢ = 0°, we can analyze the conditions on the angle

of incidence directly as shown in Figure 1(b)., Substituting cos—ll with

a-f in Eq.(l) we obtain !
L (V2 cos 8 — sin 8) 5_%Ff (6)
/3 .

since sin o =/r§ and cos ¢ =/f§Tin é fétforeflector. Soiving Eq.(6) for
sin 6, we obtain '

sin 8, Z_% (/6 WZ-1 - ¥3). 7
Comparing Eq.(7) with Egq.(5) when ¢ = q°, we come to the conclusion th;t
the negative sign is the proper sign in Eq.(5) and we can express the
critical angle of incidence as a function of ¢ and N:

sin 8, = EEE&EEii'(JE Yi2-1 cos ¢ - /3 2N28inZé) . (8)

The limit on the angle of incidence of a retroreflector is imposed
not only by the failure of the total reflection but also by the vanishing

of the effective aperture. If we consider a retroreflector with a circular



face, especially when the circle is an inscribed circle to the triangular
face, the angle at which the effective aperture vanishes is

sin BL = N/V3, (9)
as shown in Figure 1(c). The smaller of the two angles, eIJand Bc, is the

real limit to the angle of incidence.

I1T, DISCUSSIOHN.

An examination of Eg.(2) reveals that Be < 5/4 1if N > VE} physi~
cally speaking, the cones of failuredo not intersect each other when
N > ¥2 as shown in Figure 2(a). When N = JE; Be = /4 and the cones are
tangent to each other as shown in Figure 2(b). When N = Y372, Bc = cos~1(1/3)
and the cones are intersecting each Ather at the axis of symmetry of a
retrorveflector as the common line of intersection as shown in Figure 2(c).

In other words, the éotal reflection will not fail for all 9 in a
certain range of ¢ when N > V2 because there is a region in which the plane
of incidence is between the cones of failure whereas the total reflection
fails for all 8 when N < V3/2 because there is no region which does not
belong to at least one of the cones of fajilure.

Let us now consider Eq.(8) and Eq.(9) for the range of N when
J§7§.i N < /2, Wﬂen N = J§7§ in Eq.(8) sin Bc = 0 for all ¢; this result
Is consistent with the early analysis on the cones of failure that the total
Yeflection faills at all 8, The index of refraction must be greater than
V3/2 if the retéoreflector is to be used as a reflecror with uncoated

back surfaces.
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In the range v¥3/2 < N < v2, the expression under the radical
sign in Eq. (8) is always non-negative therefore sin BC is always real,

which is a fact supported by the geometrical analysis that the cones

intersect each other.

A geometrical inspection on the cones of failure reveals that
sin Bc is a monoéonic functioq_of ¢ with its smallest value at ¢ = Q°
and its largest at ¢ = 60°, Now we shall prove that 6. is always less
than 8; in the range /575-< N < ¥2; the failure of total reflection
occurs before the effective aperture vanishes and the Iimit on the angle
of in;idence is 0, alone.

The largest 6, is given by‘Eq.(B) as L _

i sin 0 (¢ = 60°) = V373 (A@:I- Hn?). a0
Comparing Eq.(10) -with Eq.(9), we obtain
r = sin Bc(¢=60°) / sin BL.= f%-(Véz—l - 2-N2). (11)
Since Eq.(1l) indicates that r = 1 when N = Y2 and dr/dN¥ > 0, it is cer-
tainly true that r < 1 if N < ¥2. Consequently, 6, < 6y for Y372 < N < V2
and 6, = 0 at $ = 60° when N = VZ.

The earlier geometrical analysis indicated £hat there should be a
certain range in ¢ where no failure of total reflection can occur. The
mathematical manifestati&ﬁ of the situation in Eq.(8) is that sin Gc'
becomes complex’because the eikpression under the radical sign becomes
negative when 60° > ¢ 2 ¢, where ¢5 = sin_1(¢§7§7N).

.Comparing sin O with sin Bc at ¢ = ¢, for the case of N > V2, we
find that gy is less than pé at ¢ = ¢,. -The implication is that the angle

6 becomes the limit even before ¢ reaches &,. The exact angle ¢ at which



8y = 6 can be evaluated by equating Eq.(8) to Eq.(9) and solving
for ¢.

If N > /g, Eq. (9) indicates that the effective aperture does not
vanish, therefore the limit on the angle of incidence is imposed by the

ultimate limit of 90°-or 6.~

The condition that a retroreflector retains its reflecting prop-.
erties at all times is N 3‘/317§. The condition is obtained froﬁ Eq. (8)
by setting ¢ to 0° and sin 6, = 1.

The critical anglé 6, combined with ®y as the overall limit on the
angle of incidence is plottea as a function of ¢ for various W in Figure 3.
The region below the curve is the region in which a retroreflector rerains

ite veflecting properties.

IV. CONCLUSIONS.

We have obtained the critical angle of incidence as a function of W
and ¢. The critical angle increases monotonically for increasing ¢ and N.
The minimum value necessary for the index of refraction is JE?E_if a retro-
reflector with uncoated back surfaces is to retaiﬁ its reflecting properties
The internal total reflection fails at all times when N < v3/2.

We also found that there was a range of ¢ where the intermal reflec-
tion does not fail if N > ¥2; the limit on the angle of incidence is then
the vanishing of the effective aperture. A retroreflector can be used even

for the 90° angle of incidence for a certain range of ¢ if N > Y3 and for

all ¢ if N > /3+/3.
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A geometrical representation of a retroreflector.
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The limit on the angle of incidence plotted as a
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values of the index of refractiomn.



il

0 B
]
1t Y
(a)

Ray

v 2a

P Reiroreflector

_—Image

(c)

Fig. |

(a).
(b).

(c).

(b)

¥

A geometrical representation of a retroreflectér.
Cross—section of a retroreflector illﬁstrating the
failure of total reflection at some angle of
incidence.

Illustration showing the disapvearance of the

effective aperture.

0T



~3/2

N

u

N>./2Z N :

B

" e

(a) (b) (c)

Fig. 2

1T

The~cones of rfailure. for.various values of .the.index of rxefraction.,



The Limit on the Angle of Incidence

'OO f 1 3 i 1

o L4 < @

0 i0 20 30 40 50
Azimuth Angle

Fig. 3

The limit on the angle of incidence plotted as a function of azimuth

(Al

“angle for differént values of the index of refraction.



APPENDIX 5

Test Report on the Optical Quality .of

Three 1-1/2" Retroreflectors

W. J. Scott


http:Quality.of

TEST REPORT ON THE OPTICAL QUALITY

OF THREE 1~-1/2" RETROREFLECTORS*

R. ¥, Chang and W. J. Scott}

Technical Report 70-132

June 1970

. University of Maryland
Department of Physics and Astronomy
College Park, Maryland
20742

#This work was supported by NASA Contract NAS 9-7809 and Natiocnal Science
Foundation Grant GY-5461, -
+t0n leave from Gettysburg-College, Gettysburg, Pennsylvania,



ABSTRACT

Three aluminized 1-1/2" retroreflectors have been tested in the
laboratory for their optical quality. The diffraction patterns from
the retroreflectors are presented in comparison with the Airy pattern_
from a flat ﬁirror. These retroreflectors are now in current use in
the 107" te]escoperor the purpose of pointing the telescope pre-

cigsely at the laser ranging retroreflector array on the moon.
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TEST REPORT ON THE OPTICAL,QUALITY OF THREE 1-172" RETROREFLECTORS

I. INTRODUCTION

After a successful deployment of a laser ranging retro-

reflectoxr érray on the Moon by the Apollo 11 astronauts,

continuing measurements of the round-trip travel time of 1ight1

are being made from the McDonald Observatory, University of

Texas, at Mount Lock, Texas. * A short laser light pulse is
transmitted through the 107" telescope pointed at the laser ranging
retroreflector array on the Moon and the reflected light -pulse
‘from the array is ccllected by the same telescope. The trans—
*mitted laser beam is very narrow sosthat precise pointing of the
telescope is essential,

Techniques for this purpose were developed during the

Surveyor 7 laser—beam-pointing te-.st.5 Applying the techniques

to the Apollo laser ranging experiment involves mounting
%etroreflectors on the secondary mirror~support structure of the
telescope. These retroreflectors intercept a very small portion of
the outgoing beam and return it back into the‘telescope in such a
way that the light is brought to focus, superimposed on the

image of the.Moon at the spot to which the beam is being sent.

The precise coincidence of the focused light spot and the location
of the reflectors on the Moon assures a proper pointing of the

telescope,



In practice, because of the diffraction effects in light,
the size of the spot is not infinitely small when the light is
brought to focus, The spot size is determined exactly by the theory
of far field diffraction. In the process of reflection, the incident
plane wave may be degraded by imperfections in the reflector.
However, the degradation of the wave front becomes insignificant if
it does mot contribulte appreciably te the divergence of the light
beam, Since the accuracy of pointing depends on the smallness of
the focused light spot it is essential that high quality retroreflectors
be used,

It has been shown that even a retroreflector of perfect geometrical
~configuration may degrade the wave front of light significantly
because of- the polarization effects6. It is also found that when its
back surfaces are coated with metals such as aluminum or silver
the polarization effects ‘are minimized to such an extent that the
retroreflector acts almost like a flat mirror. But in practice
unavoidable flaws exist. A laboratory test program was therefore
initiated to determine the optical quality of a retroreflector.

Tour retroreflectors were selected to bg mounted in the 107"
‘telescope at the McDonald Observatory. These retroreflectors were
manufactured by the Perkin Elmer Corporation. They are madé to
the same specificationé required for the retroreflectorsrdeployed
on the Moon. The reflectors are made of fused silica. Their

front face is 2 circle of 1,35" dizmeter.

[F%)
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Three of these four are coated in the back with aluminum.
The ID numbers are 1904, 191B, and 208A. The fourth one (ID number
181A) is being studied separately for extensive analysis,

In this report we will present only the studies for the case
of normal incldence of light., The diffraction patterns of the
returning iight beam from the retroreflectors are compared to
that from a flat mirror of the same aéerture. We also present an
abnormality of the central irradiance of the diffraction pattern
which depends on the polarization orientation of the incident
light beam,

We will start in section IT with the description of the test
procedures and results and follow rhat with a discussion in

Section IIT., A brief conclusion is in Section IV,



II TEST PROCEDURES AND RESULTS

The test apparatus basically consists of a He-Ne laser, a
spatial filter, a collimator, and a two-meter opticél bench. The
arrangement is shown in Fig. 1. The light beam from a 15 mW He-Ne
laser passes initially through a spatial filter consisting of a
20X microscope objective and 12 p pinhole. The widely diverging
light after the spatial filter is collimated first to a beam of
roughly one-half inch diameter. This beam then passes through
a beam splitter and goes into a large collimator. The final
collimated beam is 10 em in diameter.

The -first stage beam expansion is to serve the purpose of
making the laser light intensity Profile at the retroreflector as
uniform as possible. It also enables us to reduce the area of

the beam splitter in a collimated portion of the light beam ‘to

minimize possible wavefront distortio%.

The returning beam from the retroreflector forms a diffraction
pattern at the focal point of the large collimator lens and the pattern is
enlarged by the focusing lens of the collimator. "The pattern can
be further enlarged with ‘an additional lens system.

Photographs of the diffraction pattern of reflected light from'
each retroreflector were taken with the diffraction pattern
focused on the camera film. The laser light was linearly
polarized. Its direction was always made parallel to one of the

projections of the rear edges on the front face of the retroreflector.



Because of the three-~fold symmetry of a retroreflector we expect
a repetition of the same pattern every time it is rotated 120°,

The photographs of the diffraction pattern are shown in Fig. 2
for 191B at all three orientations. Notice that the pattern rotates
120° counter-clockwise following the rotation of the retroreflector
but does not repeat the same pattern at every 120° of rotationm.
Typical diffraction patterns produced by 190A and 208A are shown
in Fig. 3 along with the Airy pattern from a flat mirroxr with i.S"
circular aperture.

The investigation on the central irradiance of the diffra;tion
pattern from a retroreflector was prompted by the observation that

A

the irradiance is z sensitive fundtion c¢f the relative orientation

’

b

between the direction of t@e polarization of light and the direction
of the projection of ome particular back edge, which is arbitrarily
chosen, on its front face. In other words, for fixed, linearly
polarized incident light the central irradiance of the diffraection
pattern varies when the retroreflector is rotated around a symmepric
axis perpendicular to the front face. A large variation in central
irradiance upon rotation has been cobserved in some uncoated retro-
reflectors7. Such a measurement was made on 1ng.retroreflector.
For this measurement, a photomultiplier_tube and a pinhole
were used in place of a camera. The diameter of the pinhole was
less that 1/10 of the diameter of the Airy disc from a flat circular

mirror of 1.5" diameter. The pinhole allows only the central



irradiance of the diffraction pattern to be measured by a photo-
multiplier tube.

The DC output from the photomultiplier tube was read with a
digital voltmeter when the retroreflector was rotated in steps of
7.5% through one complete revolution. A photodiode was used
simultanedusly on the off~side of the beam splitter in the system
to menitor the laser output intensity because it fluctuated a few
percent over the experiméntal time., The readings were first
corrected for monitor intensities and then the mean was normalized
to 100. |

- Figure 4 shows the nommalized central irradiance plotted against
¢, the azimuth angle. The angle ¢ is measured clockwise from a
reference direction to fhe_arbitrary back edge projection mentioned

above, This reference direction is taken from the direction of

polarization, shown in the figure as a thick solid line.



ITI DISCUSSION

The diffraction patterns are expected to be virtually the same
as thg Airy pattern as indicated by analysis . The patterns show
deviations from such expectations. Comparison between the pattern
from a retroreflector and the Airy pattern indicates that the central
lobe of the former is consistent with that of the latter in size.
The apparent deviation seems to be the failure of the formation
of the rings surrounding the Airy disc in the former case, especially
the first ring. Either two sidelobes (190A) or four sidelobes (191B
and 208A) are present instead of a ring.

The patterns produced by 191B and 208A are very similar to
each other. A close inspection of the pattern produced by 190A
indicates that the orientation of the sidelobes matches one pair
of the sidelobes from 191B. However, it is not clear %hich pair from
iQIB matches the pair from i9OA because Fig. 3(b) qualitatively
matches either Fig. 2(a) or Fig. 2{(c) as far as one pair
of the sidelobes is concerned.‘ '

The cause of this deviation is unknown at presént time.  However,
one may speculate that the flaw is fixed geometrically on the regro—
reflector because the pattern rotates with the reflector when it is
rotated. Especially the fact that the pattern fails to repeat itself
for every 120° rotation suggests that the flaw has broken the three-

fold symmetry of the retroreflector.



The variation of the central irradiance, when the retroreflector
.(191B) was rotated, alsoc indicated the lack of three-fold symmetry.
The small variation can be easily differentiated from fluctuations
in our system because of its repetiti&n after 180° of rotatiom.

The repetition is expected because the rotation corresponds to
adding a phase angle of w to the incident light; this additional
phase angle should have no effect on the intensity measurement. The
contradiction of the early analysi36 to the observed variation in
the central drradiance is consistent with the observation on the
diffraction pattern., From the comparison between the experiment

and the anaiysis we have come to believe that the flaw is small enough
to retain the over—;ll pattern but sufficiently sensitive to
‘polarization-to redistribute the energy within the pattern as
manifested in the variation of central irradiance.

The éimilarity of the diffraction patterns from three different
retroreflectors indicates that the flaw is the same kind in all of
the retroreflectors. Possible sources of the flaw may be angular
errors, departure from the surface flatness, and the inhomogeneities,

The retroreflectors are quoted to have the effective flatness of
about A /17 by the manufacturer. The figure is based on the computer
analysié o£ the interferggrams of the retroreflectors, Since the
central irradiance is directly related to the flatness figﬁre,
in its first order approximation, by the equation

_ L2
I=X (1 _ <6°>)



10

where <62> is the‘variance of the flatness in terms of phase angle,
the variation on the central irradiance implies a different flatness
figure for different orientations of the retroreflector, Unfortunately,
comparisons of flatness figure for dﬁfferent orientations have not
been made.

A-study is still underway to understand the cause of this

imperfection in a retroreflector. Further results will be reported

later.



11

-1V CONMCLUSION

The optical quality of the retroreflectors under examination
is sligﬁtly less than “diffraction 1imi§ed.“ The statement is
supported by the qualitative presentation of the diffraction
pattern in Fig. 2 and ?ig. 3. The origin of the flaw is unknown

at this time but a study is being conducted on the subject.
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FIGURE CAPTIONS

Experimental arrangement.
Diffraction patterns from 191B at three orientations.

(a) Diffraction pattern from 208A.

(b) Diffraction pattern from 190A.

(¢} The Airy pattern from a flat mirror with 1.5" circular
aperture.

Normalized cenfral irradiance of the diffraction pattern
from 1918 as function of the azimuth angle ¢.
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ABSTRACT

Experimental measurements were made on the central irradiance
of the diffraction pattern of a solid fused silica retrvo-reflector as
a function of the incident angle 6 at azimuth angles $ = 0° and 60°.

We also observed a sinusoidal depgndence of the central
irradiance of the diffraction.pattern on the polarization orientation
of the incident light contrary to an early analysis that the centra}
irradiance was independent of &he polarization orientation. We
believe; at this time, that the abnormality was caused by some flaws
in the retro-reflector. TFurther study is underway to understand this

phenomenon,



EXPERIMENTAL STUDIES ON THE GENTRAL IRRADIANCE
OF DIFFRACTION PATTERN OF RETRO~REFLECTORS
FOR OFF-AXIS INCIDERCE OF LIGHT

I. Introduction.

Comprehensive analyses concerning the far field diffraction pattern
of reflected light from a retro-reflector have been made.l’2 The anal-
yses were undertaken to provide a thoroégh ﬂnderstanding of the diffrac-
tion pattern of retro-reflectors in connection with the design and
testing of the Apollo 11 lLaser Ranging Retro~Ref1ectof.3-6

Because of the libration pattern of the earth viewed from the
moon, the laser beam transmitted from the earth must assume different
anéles of incidence on different days. Therefore, one of the goals of
the analyses was to obtain information és to how the central irradiance
of the diffraction pattern varies for various angles of incidence. Such
information is crucial in estimating the inténsity of the returning
signal of transmitted laser light.

Experimental work was undertaken along with analyses intended
for comparison. We will present, in this report, the findings of the
experimental measurements on two retro-reflectors. Their ID numbers are
PEIOIB and BB30B. They are made of fused silica. The front face is a

circle of 1.5" diameter. Both are uncoated.

1T, Experimental Procedures.

The experimental apparatus basically consists of a He-Ne laser,

a spatial filter, a collimator, and a two-meter optical bench, The



arrangemént is shawn in ¥Figure 1, The light beam from a 15-mW He-Ne
laser passes initially through a spatial filter consisting of a 20¥°
microscope objective and 12 pinhole, The highly diverging- light
after the spatial filter is colliimated first &0 a beam of roughly
one-half inch diameter. This beam passes through a beam splitter

and goes into a large collimator. The final collimated beam is 10cm .
in diameter. A photodiode on the off-side of the beam splitter
monitors the laser light intensity during the experiment.

- The intensity profile across the laser beam is a Gaussian
distribution. In order to obtain a uniform intensity at the reflector
the laser beam is expanded twice so that only a small central pertion
of the Gaussian distribution is used. The wvariation in the intensity
p;dfile is reduced to 2 few percent, The first stage beam-expansion
also enables us to use a smaller_area of the beam splitter in a
collimated portion of the light beam to minim;ze possible wavgfront
disgortionn

The returning beam from the retro-reflector forms a diffraction
pattern at the f;cal point of the large collimator lens and this image
is enlarged by the focusing lens of the collimator. The pattern can
be further enlarged with an additional lens system.

A photomultiplier tube is used to measure the central irradiance
of the diffraction patéern. A,pinhole whose diameter is less than 1/10
of the diameter of the Airy disc of 1.,5" aperture is used to mask the
photomultiplier tube allowing only the central irradiance to be measured.

Two types of measurement were taken., The centyal irradiance was

measured as a function of the angle of incidence § at two azimuth angles, i.e.



¢= 0° and 60°. It was also measured as a function of ¢ at 6 = 0° in

Simple sketches are shown in Figure 2 to illustrate the defini--

steps of 7.5 degrees.’

tions of ¢ and 6. The azimuth angle ¢ is defined to be the angle be-
tween thé plane of incidence PP' and the plane determined by the back
édge AD and its image OA' as shown in Figure 2(a).

In the measurement of central irradiance as a function of 6,
the polarization of incident light was chosen to be parallel to thé
plane of incidence. For normal incidence (8 = 0°), the plane of
incidence was not defined., Therefore, the ézimuth anglé ¢ was better
interpreted as thé angle between the direction of the polarization of
light and the projection of one of the back edges on the front face of
the$ratro~reflector. | !

in the measurement of central iréadiance as a function of 8, the
angle 8 is swépt from one end (8 = 16°) to.the other end (B = 30°) on the
oéposite side in the plane of incidence. BRBecause the same plane of
incidence is shared by both ¢ = 0° and ¢ = 180° which is geometrically
equivalent to 60°, we can obtain the data in one run for both with

matched reading at 6 = 0°.

I¥Y, Results and Discussions.

According to analyses, the central irradiance of the diffracticn

pattern is independent of the direction of the polarization of the incident

light.l’2 But in the process of the experiment we found that this was not

the case. An unexpected polarization effect existed. Therefore, we



proceeded to measure the effect on the central irradiance as a function
of ¢: The results are shown in Figure 3. The solid dots are the data
from PELOLiB whereas the open circles are the data from BB30B.

Three runs were taken on each retro-reflector, Each run consists
of forty-nine readings for a complete revolution in steps on 7.5° in-
cluding overlapping end points. FEach reading was first corrected for
the monitor reading and all readings of eéch run were adjusted so that
the mean was 100. Then the mean and its standard deviation of the ad-
justed readings from three runs for a given ¢ was calculated. The exror
bars in the figure are the standard deviations of the means. When it is
smaller than the.dot size the errvor bar is not shown.

The variation in the central irradiance is large, especially so
for BB30B. The ratic of the maximum and minimum is more than five. The
cause of the variation is unknown at this time, It is suspected to be
something very'seﬁsitive to polarizatién effects.

Notice that the variation does not repeat itself every 120° although
in principle the retro-reflector has a threefold symmetry. It implies that
the flaw has broken such a symmetry in the retro-reflector. However, it
repeats itself after 180° of r;tation. The repetition is expected be-
cause such a rotation corresponds to adding a phase angle~of v to the
incident light; this addtional phase angle should have no effect on the
intensity measurement. In other words, twofold symmetry is manifested
here because of such symmetry in the linearly polarized incident light.

One might speculate that the variation in the central irradiance

could be caused by the tilt of the front face since we determine,



experimeqtally, the symmetric axls by the normal of the front face. A
simple measurement on BB30B showed that the front face was only about
0.1° off from its proper direction, A deviation of 0.1° is too small to
cause any significant vg;iation in {irradiance.

Another possible cause is the laminations in the fused silica.

The effect of laminations on the diffraction pattern is yet to be in-
vestigated. A study is under way to understand the cause of the abnormal
polarization efféct. .Further findings will be reported.

The measurement on the central irradiance as a function of the
incident angle 0 was complicated by the abnormal polarization effect,
especially in the case of BB30B. The inconsistency in readings caused
by lack of symmetry is demonstrated in Figure 4. Three sets of data are
présumably identical béﬁause evefy back edge can be used as the reference
for ¢. ALl readings were corrected for fluctuations in the laser oubput,
which was monitored by a photodiode.

In order to compare with analyéis;'the average values of feadings
taken at three supposedly-identical orientations are used. The average
values are normalized to unity at 8 = 0°. The result is shown in Figure 5
where the error bars aie the standard deviations of the means. The large
error bars are no surprise because of the large discrepancies in the read-
ings at three different orientations as shown in Figure 4. The curve is
the prediction of analysis.

A similar rESuit is shown in Figure 6 forxr PE101R. Because the ab-
normal polarizatibn effect is smaller in PE101B compared to BB30B, the
discrepancy between readings of different orientations is also smaller as

indicated by the error bars.



It is interesting to note that the éverage values in Figure 5
and Figure 6 agree with amalysis to a great extent .disregarding the
large discrepancies between the readings taken at different orientations.
It is possible that the averaging process canceled, to first order, the
abnormal polarizatién effect. The close agreement between the data from

PELQIB and BB30B seems to suggest such a possiblity.

iV. Conclusions.

Both retro-reflectors under study exhibited an abnormal polariza-—
tion effecp which is manifested by the dependence of the central irradiance
of the diffraction pattern on the orientation of the linear polarization of
incident light at normal incidence. The origin of this effect is unknown
at -this time. A study is underwa§ to understand such a phenomenon.

The central irradiance when measuréd as a function of the angle'
of incidence 8, the average of reédings over three theoretically identical
orientations is in agreement with analysis; th;ugh there are discrepancies

in readings among the different orilentations.
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Definitions of the angle of incidence 6 and the azimuth angle ¢.
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ABSTRACT

We have examined the effects of small erxrrors in a vretro-
reflector on the diffraction pattern with emphasis on erroneous
back angles,

The central irradiance of the diffraction pattern depends
upon the orientation of polarization relative to the retroreflectors
for a linearly polarized incident monochromatic light wave. This
effect is most prominent in an uncoaged retroreflector, A variation
of aboué +70% from the mean central irradiance may occur if the
error is about 1 second of arc in one of the back angles in a solid
uncoated quartz retroreflector whose front face i1s 38mm in diameter.

The unexpected side-lobes in the diffraction pattern of a
metalized retroreflector are alsa shown to be attributable to the
errors in the back angles.

The effects of other types of error are also discussed,

Index Headings: Diffraction, Retroreflectors.



1. Introduction

Because of the retrodirective nature, the applicaiions -of
¥etroréflectors can be found in a wide range of field from optical
interferometry 5,2 to highway marking, Especially in recent years,
in conjunction with lasers, retroreflectors a;e used in ranging of
the distance to far away points. The recent Apollo 11 Laser Ranging

3545356 easures earth-moon distances with

Retréreflectpr experiment
high precision,

The thorough understanding of the far field diffraction pattern
of a retroreflector becomes highly essential for applications in long-
distance ranging experiments. Ve havékpreviously analyzed effects of
the compiibated polarization properties of geometrically perfect retro-—
reflectors7 on the far field diffraction patterng. However, in practice,
geometrically perfec;\retroreflectors are not easy to obtain at the
present time,-and in some aﬁplicaﬁions deliberately introduced error
is desired, LTherefore, the understanding of the effects froﬁ various types
of error Secomes also important in system design.

In this report,we attempt to deal with the most common type of
error, which is the deviation from 90° of the angles between two reflect-
ing surfaces. The-geometry of this t&pe of error has been reported some
years agog’lo. We will now extend the examination of the effects of
small angular errors of about one second of arc to the far field

di ffraction pattern. In addition to the effects of erroneous angles, we

would also examine the effects of all types of error in retroreflectors.



Although our approach can be applied toc move general conditicns,
we will consider mainly a solid retrorefléctor with a c¢ircular front
face. The incident light ié assumed to be a linearly polarized mono-
chromatic plane wave which enters the reflector along the direction
parallel to the axis of symmetry. We will discuss in details the
case of a single erronecus angle as sp illustrationm.

. We wi}l start discussing in Section II the diffraction integral
which takes into account the additional phase factors resulting from
various errors. In Section IL1, we will consider the special case
when the retroreflector is coated with metal on the back surfaces
and present a qualitative comparison between the analysis and a photo-
graph of diffraction pattrern of an aluminized retroreflector. In
Section Iv; we will présentidiséussioms of the results with emphasis
on the comparison beéween tée experimental data and analysis. A

i

* summary and comment is in section V,



II. Diffraction Integral for Central Irradiance

Th; front view of a retroreflector is.divided into six equal
subapertures. Each subaperture represents an unique sequence of back
surfaces by which a ray is reflected as 1t travels tﬂrough the reflector.
In the case of a géometrically perfect retroreflector, the reflected
light is parallel to the axis of symmetyy when the incident light is
parallel to the axis of symmetry except the incldent light and the
reflected light are in opposite directions.

Let us now consider the case of only one erronecus angle in a
retroreflector. If we assume that the angle between the surfaces Il
and IIT (see Fig. 1) is 90°+6 where 6 1s the small error in the angle
along 0A. Then it has been shown9 that the reflected light emerging from
the subapeééures 1, 2, and 3 will deviate upward from the axial direction
by an angle of 1.63N8, where N is the index of refraction of the glass,
whereas the light emerging_from the subapertures 4, 5, and 6 will deviate
downward by the same émuuntl T -

Therefore, there is a systeﬁatic phase lag along the vertical axis
(q axis) in the wave front in the aperture plane which is taken just
outside the front face of the retroreflector. The phase factor can be

represented by elku|ql

where k 1s the %ave number and a = 1,63N8.
Because_of the complicated polarization properties of ret;ore—
flectoxs, the emerging light from different subapertures is in different
states. ;
The errors in the angles under consideration are on the order of

10_5 radians which is negligible as far as the polarization effects on the



5

state of emerging light is concerned. Therefore, the normalized complex
amplitudes derived for geometrically perfect retroreflectors are still
valid. It has been shown that when the incident light is linearly

poclarized the normalized complex amplitudes arell,

Yli = YE = § —'-fi/—Zn cos.(2¢) - V372 n sin (2¢), (l.é)
Y’; = "ﬁ =&+ /2 n cos (2¢),‘ (1.b)
Y0 = ¥® = £~ VI/Z n cos (29) + /372 n sin (20, (1.c)
Y? = -4z ~ VI/2 n sin (2¢) + ¥3/2 n cos (2-¢), .4
Yz = 17 + /2 n sin (2¢)., _' ' (1.e)
¥, =-it - /ITZ n sin (20) - /372 n cos (20), (1.£)
Yi = iz - /1J2 n sin (2¢) + mfn cos (2¢), (l.;g)
Y: = - 1 + v2 n sin (2¢), | | (1.h)
v® =ig ~ YIJ2Z n sin (2¢) - ¥3/2n cos (2¢), (1.1)

where the superscript p (or s) denotes component having the same (or cross)
polarization with respect to the pelarization of incident light, and the

polarization angle ¢ is the angle between the direction of the polarization

of incident light and the projection of OA on the front face in Fig. 1.

The coefficients &, n and ¢ are8



£ = (r, - x)I30, + 1% - 20, - 2% /16, 2.a)
n = vz (rs + rp)3/16, (2.1)
) r=-1 Jﬁ'(rs + rpiz (ré ~ rp)/l6, (2jc)

where T and rp are the conventional complex coefficients of réflectance
of the back surfaces,

The diffraction integral, which is normalized to unity at the
origin in the diffraction field for a circular aperture of radius a, can

-

. . . 12
be written for polarization p component in pelar corrdinates as

1 6 jm/3 - :
J odo Z Y? elyp[81neie~1xpcos(e—w)de’ (3)

o = G—ya/s

2 =

U (x,9) =
- P

where x = kaw, vy = Rqa, w ig’the sine of the angular radius and ¥ is
Ehe angular coordinaté. The diffraction integral for cross polarization
is the same as Eq. (3) exbep£ the index p is replaced by s.

- Although Eq. (3) can be evaluated to yield an analytical e%pression
of the diffraction pattern, we do not intend to do so. Experimental ob~—
servations indicated that within the range of angular'érrors under con-
sideration the pattern remains basically the same. The significant effect
was chserved in the sensitivify of the central irradiance on the polari- -
zation angle, ¢, of incident light in contrary to the conclusion for a‘
geometrically perfect retroreflector8 that the-céntral irradiance was not

a funetion of é.



The analytical expression of central irradiance of the

_diffraction pattern can be obtained from Eq. (3) for x = 0, and
Y !

we have
1 ¢ ju/3
5 o
@ =2 [ pdo L SLyesing 4, (%)
0 G-Dw/3 1
. P - P ) s
since Yj+3 = Yj for j =1, 2, and 3.

In order to evaluate Eq. (4), we can expand the exponential function

. . 1
in terms of Bessel functions, 3

oLz sin 8 T (z) + 2 Z J (z)cos2n6 + i2 z J
n‘l

on +1(z)sin(2n+1)6, (5)

and then expand each Bessel function into a power series,

‘ T (™ (g™
I, @ = ) o : (6)

=

After integrating Eq. (4), we obtain

U (0) gl23; N /y + 1A(y)] - n[B(y) + iC(y)] cos (2¢), (7
o0 ® ™y /2 2mrt2n
where A(y) =‘l%12 Elsin(va/S) ZO é!%migg){(2m+2n+2)(2n) , {8.a)
n= m=
_ L5 w0 ( /2)2m+2n+1
BGY = 555 L [ = 3 cos (ntDn/3) Z A TE T D) (8.5)
co -] 2m+2n+l :
_8 " (y/2) .
Cixy) = 7 n-Z-O m; m! (m+2n+1) | (2mt2n+3) (2ntl) (8.c



" The S component (cross polarization) can be obtained similarly,

US(O) = - n [B(y) + iC{y)] sin (24).

The total irradiance at the oxigin is then the sum of the individual

irradiance of each polarization component and we have

1,8 = [el* o &) + Inl® 0,

- [(E + En)D)(3) ~ A(En = En D,y cos (26)

dhere  Dy(y) = (23,5 y12 + £,
Di(y) = B%(y) + cA(y) ,
ﬁz(y)*= (23, &) /y1BGy) + A(IC(HY)
Dy () = AWBH) - 23, /y1e)

9

(10)

(11.a)
(11.b)
(11.¢)

(11.4d)

‘The functions A(y), B{(y), C(y) as well as 2J1(y)/y are plotted

in Fig. 2 and the functions Doﬁy); Dl(y), Dz(y) and D3(y) are plopted'

in Fig. 3 to illustrate how these functlons behave,

For the case of three erromneous angles, it has been shown that

the reflected .light breaks up into six different directions in general.

Because of the gymmetry in the process of reflection, rays from opposite

subapertures deviate from the axial direction alsc in opposite directions

?

with the same amount ? 10. Therefore the diffraction integral for the

1

central frradiance is, for the p component,
3. 1 ,jﬂ/3 ikaa.sin(6+5j)
LA | ede e ds,
j=1 -

0 (3-L/3

-2
UP(O) ==

(12)



where Gj is the angle between the direction of deviation and the
q axis, and aj is the angle of deviation for j-~th subaperture.
There are too many parameters in Eq. (12) to yield a compact

expression; yet the final form is still a linear combination of Yp

and it can be written as

UP(O} = ECl + nC, cos (2¢) + nC

where Cl, Cé and 03 are complex functions of.uj and Gj. Similarly,
for s component, we have

US(O) = QC

, sin (2¢) - nC, cos (24) . ) (14)

!
Then the total irradiance dis

T,($) = Hy + H, dos [2(4-b)] (15)

i
where Hy lE]lellz + Inlz(!cz|2 +||C3|2) ’

_ * % * %2 % % *  k 2.1/2,
H, = [CE n¢;C, + En CICZ> + (& nCiCy + &n ClCB) 1

and

S N % * % % %
A= 1/2 tan "[(§ nClC3 + En ClCB)/(E nClC2 4+ En clcz)l.

Except an extra residual phase angle A, Eq. (15) has the same basic

form as Eq. (10),
In general,-other than errors in the angles, there are different
types of error such as inhomogeneity in the material, departures from

flatness of surfaces, variations In the Index of refraction caused by

thermal gradients, and so on. We can describe the resulting wave-front



10-
distortion with an extra phase factor that is & functlon of positien
in the aperture plane, Under the conéitions that the flaws do not
affect the normalized complex amplitudes in Eq. (1) appreciably, we

can generalize Eq. {(12) and obtain
3 1 quwl3
2 if )
U@ == 7 4° [ pdp TG0 4 (16)
p Tk I J
0 (j-1)=/3
where £(p,0) is the phase error in the aperrure plane.
The central irradiance resuited from Eq. (16) has the same

form as Eq. (15) and its sinusoidal dependence on the polarization

angle still remains true. The constants Cl’ C2 and 03 can be eval-

vated if £(p,8) is either known analytically or numerically.
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IIT. Diffraction Incegral for Metalized Retroreflectors

As mentioned in a previous reports, the coefficients ]n| and
Igl are much less than IE[ for the case of silvered or aluminized
retroreflectors. Therefore, we can naglect n and ¢ in Eq. (1) and

the diffraction integral in Eq. (3) becomes

i
UGk, 9) = ':’_?J pdo If (1P s1n 6 mixe cos (8-4) 4
) 0 0
27
N ] o~iyo sin 6_~ixp cos (3“¢)d6]. -an
™

- By changing the variable and expanding exponential functions into

Bessel functions and then expanding each Bessel function into power

series as before we can evaluate Eq. (17) and obtainlé'

-

U GO = £ I Ged a3 () g+ AIE G0 E Gy, 3 (18)

il

where (x2 + 2xy sin ¢ + yz)'ljz,“

*1
X, = (x2 - 2xy sin ¢ + y2) 172,

tan_l [x sin ¢ + y ],

X cos ¥

<=
B
il

. tan_1 (x sin ¥ -y

X cos ¥ ]’ and

<=
%)
il

(_)ﬁ (x/2)2m+2n+1
mi (ot2ntl) | (2mb2n43) (2ndl) .

g

E (x,9) = %- ZO(-)n sin (2n+1)y E
n= . m=0

LX)

Eq. (18) can be readily evaluated for various error parameters y.

As an example, a contour plot of Eq. (18) is presented in Fig. & for y=1.

o



We also present, in Fig. 5, a photograph of diffraction pattern from
an aluminized retroreflector which is made of fused silica. The
circular front face of the reflector is 3.8 cm in diameter. There

is a strong agreement between the plot and the photograph.

12
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‘IV. Discussion

Let us first review Eg. (11) in Section II and examine the
‘dependence of functions DO’ Dl’ DZ’ and D3 on .the error parameter y.

Tor a small vy, the leading term in DO’ Dl and D, is quardratic in v

2

whereas it 1s linear in Dg‘ Therefore, in the case of an uncoated retro-
reflector where IE} = |n[ the effect of polarization angle on the central
irradiance becomes very significant. As an example, we have written

Eq. (10) in the form

cos 2¢) (183

0

I, = ~|s;|2 (1, +1,

and plottéd I, and I2 ag functions of y in Fig. 6. The index of refraction

1
is taken to be 1,4571, It is also worth mentioning that for uncoated refro-
reflectors £%n + En* = 0, and 12 is consequently Ds'with an appropriate
oefflicient, TFurthermore, DO’ Dl an DZ are even functions of y whereas

D3 is an odd function of y, the reversal of the sign of the ervor im the

angle would result in the reversal ‘of the sign of I,; therefore by ob-

o3

serving the sign of I, one can also determine the sign of error. The

2
error parameter itself can be extrac?ed from experimental measurements by
taking the ratio of the variational amplitude and the mean and comparing
that with szll’which is plotted as a function of y in Fig, .7.

The result from an experimental.measurement.on the central ix-
‘radiance as a function .of polarization angle ¢ %s_presented in Fig. 8.
The c¢ircular dots ;ie the experimental data whose standard deviation is

about the size of the dot. The best fit analytical expression, shown

as the solid curve, is


http:measurement.cn
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I, = 1. - 0.68 cos[2(¢+5.28%)] (20)

The retroreflector is made of fused silica and its circular front face
is 3.8 cm in diameter. The actual error parameters of the reflector
. are unknown because the errors under consideration are too small to

be resolved with' presently available technique. Approximaéing the
error to be a single angular error, the comparison between 0.68 in

Eq. (20) and ;he curve in Fig, 7 iIndicates that the error parameter

is about 2.2 which corresponds to about one second of arc of error in
one of the back angles.

For the case of a metalized retroreflector, the effect of polar-

ization angle on tﬁe central irradiancé is greatly reduced because
In|<<[£]. But on the other hand, the deviation of the ‘total diffraction

pattern from Airy pattern becomes obvious as indicated by the contour

.

of Fig. 4 for y=1. A photograph of the diffraction pattern of an alumi-
nized retroreflector is shown in Fig. 5. The error parameter of the
retrorefleétor‘is also unknown for the same reason as mentioned before,
but the résemblénce seems t; indicate a possihility that the error in
the reflector is predominantly in one of the angles.

Addiﬁionally,‘the best fit analytical expression of the experi-

mental measurement of the same retroreflector before aluminization is

IO-= 14 .39 cos 2(¢ - 7.7%). (21
. .
Intuitively one feels that:the small residual phase angle also seems

to indicate the consistency with the diffraction pattern analysis.
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For a general case as described in Eq. (16), when £(p,0) is
very small so that we can expand the exponential functionm into a
power series to second ordex, then the constants Ci’ G2 and C3 in

" Eq. (15) can be expressed as functions of means and mean squares of

£f(p,9) in the aperture plane and we have

c, = - <£25/2 ) + i<f> (22.a)
Cz'= Y(1/2) [ €<f2> - <f2>2)/2 - i(<f> - <f>2>] ’ (22.b)
Cy = V(1/6)[ (<f2>l - <f2>3)/2 -1 (<> - <], (22.¢)

where < > denotes the average over the whole aperture and < >j denotes the
average over the j—th subapertgre. Notice that |Cl[2 is equal to unity
less the variance of' £(p,0) ﬁn the aperture plane just as expected of‘a
single aperture c”l:'Lffrac:tion.'l ’

When H. and H, in Eq. (15) are expressed in terms of the means and

1 2

the mean squares of f£(p,6), the leading terms of the phase error in Hl

are quadratic {(mean squares and squares of mean) in f(p,0), whereas they

are linear (means) in H The results are consistent with Eq. (10) that

9
is the result of an error in one of the angles.

Also note that the depenéence of the central irradiance on the
polarization angle ¢ vanishes when the phase error is not a function of
6, and Eq. (16) reduces to the same expression derived for a single ap-
erture

1 . 5 .
I, = |€|2 ’ f e1f(p) d(pz) . (23)°
0
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V. Summary and Comment

~

We have examined in detail the effects of one angular error
in a retroreflector on the far field diffraction pattern. The Eentral
irradiance of the diffraction pattern has been shown to have cosine
dependence on twice the polarization angle in addition to a constant
term for a given angular error., The cosine dependence is also- true
for the more general case where all, possible errors are taken into
account. The variational effect in central irradiance is most
significant for uncoated retroreélectors and negligible for aluminized
or silvered ones.

The diffraction pattern of an aluminized retroreflector is
. bésically an Airy pattern except there are two additional side-—lobes
1océted on the opposite side of thg central disc for the case of -only
“one erroneous back angle,

Finally, for those wﬁo are interested In the design of a
reflector array for long-distance rangigg, we might comment that the
tatal return signal should not depend greatly on the orientation of
the polarization of the incident light when there are a large number of
retroreflectors in the array. Because each retroreflector maximizes its
central irradiance at a pola;ization orientation different from that
" of another retroreflector, there is a tendency that the additional
sinusoidal term to the mean in Eq. (15) will caﬁcel ou£ each other.
Therefore the performance of an array is mainly determined by the mean

performance of the individual retroreflector in the array.
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Figure Captions

f
The front view of a retroreflector with a circular front face.
The polarization angle ¢is the angle between the projection of
0A and the direction of polarization of the incident light.

Functions A(y), B(y), C(y) and ZJl(Y)/Y-
Functions Do(y), Dl(y), Dz(y) and D3(y).

Contour lines of the diffraction pattern of a metalized retro-—
reflector with one erroneous back angle. The error paramefer
is taken to be 1. )

Photograph of the diffraction pattern of ap aluminized retro-
reflector. .

The analytical expression of the mean, I7, and the variational
amplitude I, of the central irradiance of the diffraction
pattern of an uncoated solid retroreflector with single erroneous
angle are plotted as functions of error parameter y for o>0.

The index of refraction of the retroreflector is assumed to be
1.4571. ’ l

i

The ratio IZ/Il is plotted as a function of y for a>0.

Comparison between the best fit curve and the experimental data
of central irradiance as a function of polarization angle ¢,
The best fit expression is I0 = 1.0 - 0.68 cos 2(¢ + 5.28°),



Directiion of
Polarization

Fia. |

The front view of a retroreflector with a circular front face,
The polarization angle ¢ is the angle between the projection of
0A and the direction of polarization of the incident light.
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Punctions Do(y), Dl(y), Dz(y) and D3(y).
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Fig. 4

Contour lines of the diffraction pattern of a metalized retro-
reflector with one erroneous back angle. The error parameter

is taken to be 1.
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Photograph of the diffraction pattern of an aluminized retroreflector.
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Fig. &

The analytical expression of the mean, Ij, and the variational
amplitude I, of the central irradiance of the diffraction
pattern of an uncoated seolid retroreflector with single erroneous
angle are plotted as functions of error parameter y for a>0.

The index of refraction of the retroreflector is assumed to be
1.4571,
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Flg. 7

The ratio 12/11 is plotted as a function of y for a>0.
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Comparison between the best fit curve and the experimental data
of central irradiance as a function of polarization angle ¢.
The best fit espression is I, = 1.0 -~ 0.68 cos 2(¢ + 5.28°).



APPENDIX 8

Analysis of Thermal Control Designs ‘for

" Retro-Reflector Array



ANALYSIS OF THERMAL CONTROL DESIGNS
FOR RETRO-REFLECTOR ARRAY

Final Report

Prepared for

UNIVERSITY OF MARYLAND
DEPARTMENT OF PHYSICS AND ASTRONOMY
COLLEGE PARK, MARYLAND

Purchase Order No. 210900

C-70472

December 1968

Avthur B ALittle, Inc.



This report is rendered upon the condition
that it Is not to be reproduced in whole or
in part for advertising or other purposes
without the special permission in writing of

Arthur D. Litle, Inc.




TABLE OF CONTENTIS

Page
SUMMARY |
A.  PURPOSE AND SCOPE 1
B.  BACKGROUND ‘ 2
C. RESULTS | 4
D.  CONCLUSIONS AND RECOMMENDATIONS 9
" Figure 1. Influence of Louver Height on Vertical AT 5
Figure 2. Relative Central.Irradiance as a Function 7

of Temperature Difference

Technical Memorandum No. 1
Temperature Gradients Within a Single Retro-Reflector
Arising From Solar Heating - Preliminary Results
Technical Memorandum No, 2
Preliminary Thermal Analysis of Surface Radlator
Configuration
Technical Memorandum No. 3

|
Optical Distortion Caused by =& Vertical Temperature
Gradient in a Retro-Reflector

Technical- Memorandum No. &

Thermal Analysis of Lower Configuration

Technical Memorandum No. 5
Mechanical Design of Retro-Reflectoxr Array for
Mainline ALSEP Program

Technical Memorandum No. 6

The Influence of Retro-Reflector Shape and Cavity
(Louver) Height on Optical Performance

Dether M, Little, Hne.



SUMMARY

A PURPOSE AND SCOPE

The purpose of this study was to deféne the thermal performance

_of various a;ray thermal control systems as a necessary first step in
the development of an array design for the Laser Ranging Retro-Reflector
(LRRR) Experiment. Initially, the design requirements were based on

the LRRR Experiment being part of the Mainline ALSEP. However, in the
latter stages of the work (modification No. 2 to our contract) emphasis
was given to those tasks having applicability to the EASEP Program, as
well as the Mainline ALSEP.

The work discussed in this report includes thermal analysis and
associated tasks relative to the array‘thermal control system. The thermal
analysis tasks included development of a computer model and using it to
determine retro-reflector temperature distributions for louver and surface
radiator thermal control configurations. Various design parameters were
then investigated for both configurations for a range of sun angles. In
conjunction with the thermal analysis, preliminary ray-tracing work was
started to aséégsvthe effects of temperature gradients on optical per-
formance, Design studies were conducted to establish feasible control
configurations for analysis, to explore techniques of panel structural

design, and to evaluate surface coatings.

Zvthur A Hiwtle, Iue.



B. . BACKGROUND

Arthur D. Little, Inc. (ADL) has had a long association-with the
investigator group and Bendix Aerospace Systems Division on the Laser

Reneing Retro-Refleetor Experiment, dating back to earlv 1967. Two

contracts have béen funded through the University of Maryland in additionm

to a very substantial effort funded by ADL. .

Under contract ta the University of Maryland during the Spring of

1857 we conducted prelimiminary thermal amalysis and mechanical design of

the retro-reflector array for the Mainline ALSEP Program. Our final report

entitled, "Thermal Analysis and Preliminary‘Méchanical Design of Retro-

Reflector Array" (August 1967), contained predictions of retro-reflector

temperature gradients and included a preliminéry design concept incorporating

both thermal control and structural protection.
From nﬁq-l967 to mid-1968, under our owm funding, we participated in

an intvestigation of retro-refiector vendors, and liaison with the'investigatnf

groun. In this period we also submitted several proposals to the Bendix

Aerospace Systems-Division for the Mainline ALSEP:

. B August 1967 - for the design, development and fabrication of arravs
for the LRRR. (This proposal presenéed our plan for the overall
program and included preliminary design drawings of a baseline
array configuration meeting space limiQations for a selected ALSER

-lecation);

4 Januvary 1968 - for the design definition (Phase 1) of the arravs

for the LRRR Program;

& March 1268 - a budgetary cost proposal for a matching Phase TT
Program; 5 T~
6 April 1968 - a budgetary cost proposal for a reduced scope prograw.

(Major reductions in scope and cost were achieved by eliminating
all respoosibility for the selection, specification, and procurement
of flight quality retro-reflectors. In addition, solar-optical

testing was eliminated from the basic program and proposed asg an optron.)



In June of 1968 we were awarded the contract through the Universitwv
of Maryland to define the thermal performance of various arrav thermal
control systems for the LRRR. This work, primarily thermal analysis, was
consistent with the scope and funding of certain initial tasks described
in our April 1968 proposal to Bendix Aerospace Systems Division. Early
in October 1968, we received modification No. 2 to our contract which
enabled us to continue our work in thermal analysis, computation of optical
performance, and design support. In accomplishing modification No. 2, we
gave priority to those tasks having applicability to the EASEP Program, as
well as the Mainline ALSEP. This work was performed on an accelerated
schedule, and except for report preparation, was essentially completed in
October.

In mid-Qctober 1968, in anticipation of a contract from the Bendix
Aerospace Systems Division, we began an intensive effort to design, develop,
and test a retro-reflector array for the EASEP Program. Phase A of this
program, engineering design, terminates with a critical design review

scheduled for early January 1%685.

Fethur M. 3%ietle Ine,



€.  RESULTS °

1. Thermal Analvsis

Analvtical studies were performed to determine the temperature
gradients in a retro~reflector array located on the lunar surface. Comr
thernal models were used to predict the temperature distributions as a
function of time for two design confipurations. One utilized a surface
radiator of selected thermal properties to lower the structural temncra-
tures and gradiénts within the retro-reflector during the lunar dav. The
other utilized a louver (egg-crate) array’ to minimize the temperature
gradients during the lunar day.

The details of the thermal analysis work are presented in Technicai
\lemoranda Nos. 1, 2, and 4 of this report. A brief summary of the major
resuits is presented below.

Using a thermal model representing the retro-reflector, the
structure enclosing the retro-reflectotr, and a surface radiator, a number
of parametric c&mputer studies were completed to obtain temperature dis-
tributions as functions of time. The maximum vertical temperature differonc:
(~T) between the apex of the retro-reflector and the center of the front
(exposed) surface was computed fér a range of solar absorptance-to—-emittanc:
ratios (a/e) and surface areas for the radiator configuration. The most
effective surface radiator configuration examined utilizes a radiator
surface with a low solar absorptance-to-emittance ratio (a = 0.06, ¢ = .85,
With é radiator area of approximately 4.7 sq cm per reflector element (407
of the surface area of the retro-reflector) and an array with multilaver
insulation used to radiatively decouple the cylindrical structure from the
lunar surface, the maximum vertical AT in the retro-reflector (measured [ro
the apex to the center of the top surface) was'calculated to be 1.4°K. The
maximum AT occurs in ghe range of sun angles from 20° to 30° (measured fro~
the normal to the front surface of the retro~-reflector) and is a function
of the mounting conductance between the retro-reflector and structure. The
performance of this surface radiator confliguration, with zero mount conductance.

is shown by the "best radiator" curve in Figure 1.

Fethur B30k e,
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During the iunar night and at sunrise and sunset, the calculat.,
temperature differences in the retro-veflector were less than 0.25°F -er
the ;urface.radiator configuration. The maximum and minimum mean temperi-
tures of the retro-reflector were predicted to be 207°K and 46°K, respuot:n -

For the louver configuration, the computer studies showed thot -
the retro-reflector is most nearly isothermal when louver cells of larse
height—wi&th ratios- of high emittance are used. . The maximum temperature
gradients .in the retro-reflector occur with the sun nearly overhead for
large height-width ratios (>1.25) and at sun angles of approximatelv 16°
‘from the normal (when the retro-reflector undergoes ''breakthrough' or loss
‘of reflectance) for smaller height-width ratios of the louver. Fipure 1
shows the thermal performance, expressed as vertical temperature differénvo,
for "black" louvers with height-width ratios raneing from 0.3125 to 2.5.
The results are ‘based on zero m?unt conductance. As was the case for the
surface radiator, the thermal conductance between the structure and retro-

reflector at the mounting points was found to significantly influence the

temperature gradients in the re#ro—reflector.

'

2. COmputatién.of Optical Performance

A major portion of this task was concerned with estimating the
effects of thermal gradients on optical performance. Technical Memorandum
No. 3 in this report describes the analytical ray-tracing procedure which
was developed and apﬁlied-to a vertical temperature gradient in the retro-
reflector. The major iesult, shown in Figure 2, presents relative central
irradiance as a function of vertical temperature gradient. Tt is temptiﬂr
to combine the results of Figureg 1 and 2 to obtain relative central
irradiance for various configurations as a function of time. However, it
should be realized that products of such a coﬁbination can only result fn
a very gross performance estimate, not only because the Figure 1 temperaturc
results do not includé:certain real eéfects such as finite mount conductance.
but élso because radial as well as vertical gradients will influence optical

performance.

Arethur B Kitsle Bne,
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FIGURE 2 RELATIVE CENTRAL IRRADIANCE AS A FUNCTION
OF TEMPERATURE DIFFERENCE (LINEAR GRADIENT)



A second part of the task was concerned with determining the ef 7. .
of retro-reflector face shape, louver obscuration, and optical per{crman «
This work is discussed in Technical Memorandum No. 6. The results indic 1.
that no clear—cut perfofmance advantage is obtained with ratios of super-
scribed to inscribed circle greater than 1.0, Therefore, a round or
hexagonal face is preferable to a triangular face. Obscuration of off-aw::
laser beams by louvers was found to be a significant effect; for instance,
at an off-axis angle 'of 10°, a height—-width ratio of 0.5 results in an

obscuration loss of about 40%.

3. Design

The preliminary design of a brazed panel structure for the Mainlire
ALSEP Program was accomplished and a mock-up constructed to demonstrate
fabrication feasibility and to measure panel stiffness. Although the
fabrication technique was involved, it appeared to vield a satisfactorv
structure of near optimum strength per unit weight. This design is Jdes-
cribed in more detail in Technical Memorandum No. 5.

In the latter vart of this program, the desipgn effort was focus.
“on work which would be applicable to EASEP, as well as Mainline ALSEP.

Some of the results obtained were as follows:

) For louver height ratios in the general range of .3 to .3, and
if weight is not a paramount consideration, it is feasible tn

machine the array panel from a solid block of aluminum.

) A clear chromic or sulphuric acid anodize appears to be an
appropriate "high emittance' surface coating for 6061-Th

aluminumn.
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D. CONCLUSIONS AND RECOMMENDATIONS

1. The louver thermal control configuration appears to be the
best design for obtaining minimum optical distortion throughout the

lunar cycle consistent with practical surface coatings.

2. Large louver height—?o-width ratios favor thermal-control,
but at the expense of obscuration in off-axis operation. The optimum
louver height should be obtained by balancing thermal performance against
laser obscuration. In performing this optimization, a ray-tracing program
could be used to determine the overall effect of the actual temperature

distributions on optical performance.

3. To obtain the optimum thermal performance for a given louver

height, the array design should incorporate the following:

o Minimum conductance across the mounts between the retro-

reflectors and array,

e Maximum thermal conductance between the elements of the
array structure in front of and behind the retro-

reflectors,

6 A minimum emittance surface (i.e., polished aluminum) on
{

the canister behind the'retro-reflector,

¢ A high emittance surface (i.e., clear anodize) on the
"louver (or cavity) walls on the front of the retro-

reflector,

6 A low emittance, low solar absorptance surface, (i.e.,

polished aluminum) on the top of the array,

@ If the array is positioned above another surface, such
as the pallet, and conductively coupled to this surface,
the surfaces of the bottom of the array and the top of
the mounting pallet should have lo%‘emittance and low

solar absorptance,

Avthur D.4itle Inr.



TECHNICAL MEMORANDUM #1

‘Temperature Gradients Within A Single Retro-Reflector

Arising From Solar Heating - Preliminary Results

prepared for

University of Maryland
College Park
Maryland 20742

Richard L. Merriam
Arthur D, Little, Inc.
20 Acorn Park
Cambridge, Massachusetts 02140

July 22, 1968

C;70472



IT.

III.

TABLE QF CONTENTS

SUMMARY AND CONCLUSIONS

INTRODUCTION

ANALYTICAL MODELS FOR HEAT TRANSFER

1. Volumetric Heating in a Slab

2. Volumetric Heating of a Conical Segment of a Sphere

3. Volumetric Heating of a Cone

4, Volumetric Heating of a Pyramid

it

Srethur £ Hiu{ s



T.  SUMMARY AND CONCLUSIONS

A preliminary analytical study was made to determine the temporatu~e
gradients caused by solar heating in several geometric configurations repra-
sentative of the actual retro-reflector geometry. The configurations
studied were: 1) a parallel plane slab, 2} a conical segment of a sphere.
3) é right cone, and 4) a pyramid. In all cases, the altltudes (or
vertical heights) were chosen éo be equal (2.54 cm) and all faces-—with
the exception of the face noxmal to the incident solar flux--uere taken
to be adiapatic. The face normal to the incident flux was assumed to rad:-
ate to a 0°K sink. Thermophysical properties characteristic of fused si3i-

ca were used in the calculations.

With the 'assumptions of a uniform volumetric heating and the solar
flux incident normally on the reflector, the predicted temperature dif-
ferences across the slab, spherical segment, and pyramid were roughly 3/4°K.
For the same conditions, the temperature difference predicted for a cone
was approximately 3/5°K; calculations performéd for s slab with a non-
uniform distribution of volumetric heating yielded a temperature difference
slightly larger than 1/2°K. The exact numerical results are summarized in
Table 1. / ’

TAELE 1
1
I
- Temperature Difference Across Reflector
Caused by Solar Heating

Geometry (AT)uniform (AT)non—uniform
(AT)uniform
S1lab 0.733 . 0.766
Segment of sphere 0.733 =
Right cone 0.578 -
Pyramid 0.733 -

Several important conclusions can be drawn from the results cbtained:
« Calculations performed assuming a uniform heating will

be conserxvative. However, the assumption of a uniform

. ) Fethur B irtle .,



volumetric heating leads to a predicted temperature
difference only slightly larger than obtained with
the actual distribution of heating taken into ac-

count.

A simplified model such as a slab can be used to
estimate the thermal performance of the more com-~
plex retro-reflector configuration. In addition,
exact analytical solutions can be obtained for
comparison with results from a numerical solution.
This procedure will be adopted to determine the
number of subdivisions required for accurate com-

putations using a finite-difference technique.

¥

" II. INTRODUCTION

Detailed examinations of the temperature gradients caused by a volu-
metric heating have been performed for several simplified geometries. A
description of these geometries and the appropriate analytical expressions

for the temperature distribution will be given in the following secticn.

In order to highlight the importance of volumetric heating, the boun-
daries of the configurations representing the single retro-reflector were
taken to be adiabatic with the exception of éhe surface noxmal to the
incident solar energy. (It is expected that these faces will be nearly
adiabatic in the actual physical situation.) The face normal to the in-
cident radiation radiates energy to free space. The further assumption
was made that the solar radiation suffered complete intermal reflection
at the back face of the reflector arnd that the total path length within
the quartz is the same for any arbitrary ray of incident radiation,

&

ITT. ANALYTICAL MODELS FOR HEAT TRANSFER -

. 1 . .
In a previous report” some preliminary estimates were made of the

temperature gradients arising within a single retro-reflector Erom solar

1. "Thermal Analysis and éreliminary Mechanical Design of Retro-Reflector
Array," Arthur D. Little, Inc., 1967.
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|
heating. Values for the total absorptance versus path length of Englehard
"Suprasil" quartz for incident 5800°K blackbody radiation were illustrated
in Figure 16 of that report. For a reflector of altitude h = 2.54 cm, the
% . -
total absorptance was reported to be a (2h) = 0.047. With a solar flux |

incident on a surface area A,, the energy radiated to space in steady statv

S!
is simply
4

Ag oTg

eg = a* (2h) ASF (1)

where eg is the surface emittance and TS is the surface temperature; the

quantity o is the Stefan-Boltzmann constant. The value assumed for F was
the solar constantl; values used for the surface emittance and thermal

. s s L 3
conductivity were characteristic of fused silica™’7:

0.14 watts./cm2

F =
eg = 0.85
i k = 0.0114 watts/em-°K

Before discussing the individual heat transfer configurations, we
will consider the volumetric heat genmeration terms. If Kl'represents the

" spectral absorption coefficient within the quartz and F, is the spectral

A
incident solar flux, the heat generation term has the following form:

@ ]' _ _ _ )
Q""" (%) = S <, Fy Le KaX p o7y (Ghm®) g . {2)
o

Note that the second term within the integral accounts for the complete

internal reflection of the radiant energy at the back face x = h.

Defining - : o [T
& -
o (x) =1- S (ég e ka dx (3a)
O
where o
F = E_dA (3b)
ot

2. R. A. Breuch, G. A. Bell, N, J. Douglas, '"Temperature Control Ceatings
for Cryogenic Temperature Substrates," Air Force Materials Laboratory,
Report AFML-TR-66-10,, Part LI, 1967,

3. Thermophysical Properties Research Center, Purdue University, Lafayette,
Indiana, 1966.
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we find that

: .
gqur (n) dn=F{&* (;_;)4.0;* (Zh)-d* (2h - &)1} N )

o} .t

: |
In the formulation which follows, we will need to evaluate integrals of

£
the form S[S q''' (n} dn] dt. In eorder to compute these integrals, the
0

function a¥ (£) shown in Figure 16 of Reference (1) was fitted by a third-

IR

order polynomial:

% o ' e
o* (£) = 0.0274 £ ~ 0.0072 £2 + 0.0007 £ )

1. Volumetric Heating in a Slab

The physical situation and the coordinate system for a slab are il-

lustrated in Figure 1.

perfectly reflecting
back face.
FIGURE 1 PHYSICAL SITUATION — SLAB

The governing equations are

o=k LT,
2
dx .
. ’ x=h
and .
=k %'1_', + 80'1‘4(0) =0
X
»=0
4
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Solving these eguations, we obtain

%
T (x) = T(o) + %g [a* (2h - &) - a*(ﬁ):l dg (6)
where h
eoT? (o) = 5 q'''(g) dg . (7>
[8]

Therefore, for the general case of non-uniform heating,

Fh k3 x® 4 (8)
ATNU=T(h)-T(o)=-1;£ o (2h - £) - o (&) ]dg .

In the case of uniform volumetric heating

2

1 * X
TEY _ = ——
q"'"(n)dndg = 5 o (2h) F "

O Sw™y b
O = oy

and we obtaiﬁ
_1h # ;
ATU = 5% C (?2h) F . (9)

The ratio of these two temperature differences is simply

h
My 2 .i [a*(zh S - f(g)] dE

LI _ . Qo)
AT . ®
U h a (2h)
2. Volumetric Heating of a Conical Segment of a Sphere

Consider a sphere with a2 uniform volumetric heat generation rate and
which radiates freely to space. We may obtain the temperature distribution
in the conical segment illustrated in Figure 2 by computing the temperature

distribution within the sphere itself.

Qethur A Littde Fhar



FIGURE 2 PHYSICAL SITUATION — SEGMENT OF SPHERE

The governing equations for this geometry are

_k o d 24T L
0==33 (x dr) * 0
T
) 4
-% HRB g''' = 4nR2 eaT (R)
and aT A
-k — | = e0T(R)
dr
r=R
Solving these equations, we cbtain
1R * S
AT = T(0) ~ T(R) =5« F (11)

% % . )
If o = o (2R) and R = h, we obtain the same result that we found for a

slab.

3. Volumetric Heating of a Cone

No exact solutions are known for the temperature distribution in a

cone. The method used here is the so-called Method of Zones. °

This met@od_is baged on the use of an assumed functional form for
the temperature distxibution in a zone. Mean surface temperatures and a
mean zone temperature are determined in terms of the constants appearing
in the expression for the temperature distribution. Integrated surface
beat fluxes are then found in terms of the same constants and are written

in terms of the.mean surfacé and mean zone temperatures.

Aethur MB3Lstle Fnc



The conical geometry analyzed in this section is illustrated in

Figure 3. The radius p is taken to be 1.9 cm.

FIGURE 3  PHYSICAL SITUATION — RIGHT CONE

The temperature distribution for the cone is taken to be

2 2
T (r,'z) = o -+ 0,T 2 + Gy 2

where @ O and o, are constants to be determined from expressions for
the mean surface temperatures, TS and Tb’ and the mean zone temperature,
Tm. Using this functional .form for the temperature distribution, the

integrated surface fluxes in the direction of the outward drawn normals

are

10 x5 '
Q, = 17 (h)k (Tm + 6TS - 7Tb)
" and
20
Q, = 77 whk (5T -~ 4T - T)
10 7 2
+ -5—1-—1;’-1{ (15 T, - 8T - 7T)
In the present case,
%
Q. =20
*
Q, = (ﬂpz) a (2h) F

7 Zrethur B.%inle Jov



With these boundary conditions, the temperature difference across the cone
reduces to )
~ ® .
AT = T(0,0) - T(0,h) = 0.3% L&’ (20)F (12

4. Volumetric lieating of a Pyvramid

An approximate expression for the temperature drop across a pyramid
was also obtained using the Method of Zomes. The physical configuration

and coordinate systems are shown in Figure 4.

Y .
FIGURE 4  PHVSICAL SITUATION — PYRAMID

The functional form of the temperature distribution within a pyramid

was taken to be-

T(x,y,2z) = @ + o, x + @,y + o,z o, (x2 + y2 + 22)

1 3

Again solving for mean surface temperatures and the mean zone temperature,

the integrated surface heat fluxes become

s pal _ - 5T - 5T
Q = ka-g (20 T + 4T, 14Tl 5T, 5'1'3)
1w -
Q, = ka % (20 T+ 4T, = 5Ty - 141, - 5T3)
- 1 - - - 14T
Qy = 'ka = (20 T+ 4T, - 5T, - 5T, - 14T,)
and .
- ka +
Q, = ka 3 (10 T+ 2'1:l + 2T2 + 2T3 - 161‘4)

8 Arthur M. Litle Ine.



2
Since the surface area of the glanted face is 'fg-—a and the altitude of i

the pyramid is h = 3/1/1_3:' the heat transfer boundary conditions are

Q =0
Q, =0
Qy =0
Q = ‘%—az F oa*(Zh)

and the temperature drop across the pyramid becomes

AT = T(0,0,0) ~ T(a/3, a/3, a/3) = =2 "o 7 . (13)

ST
=

-
2
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I. SUMMARY AND CONCLUSIONS

Using a thermal model representing the retro-reflector, the gtructurc
enclosing the retro-reflector and a surface radiator, a number of paramatriv
computer studies were completed to obtain the temperature distributions as
a function of time. The maximum temperature difference (AT) between the
apex of the retro-reflector and the center of the front (exposed) surface
was computed for a range of solar absorptance-to-emittance ratios (a/e) for
the surface radiator. Parametrxic studies were completed to examine the
effects of the following variables on the AT in the retro-refiector; a) radi-
ator area, b) surface properties of the structure enclosing the retro-
reflector, ¢) the effectiveness of "super” insulation between the structure
and the lunar surface, d) sun—-angle limits for total internal reflection,

e) the absorption coefficient for volumetric heating in the retro-reflector,

and f} the orientation of the array, with respect to the lunar surface.

The most effective surface radiator configuration examined to date
utilizes a radiator surface with a lTow solar absorptance-to-emittance ratio
(@ = .06, ¢ = .85). With a radiator area of approximately 4.7 cm2 (40% of
the surface area of the retro-reflector) and an array with multilayer insula-
tion used to radiatively decouple the cylindrical structure from the lunar sur-
face, the maximum AT in the retro~reflector (measured from the apex to the
center of the top surface) was calculated to be 1.4°K. The maximum AT
occurs in the range of sun angle of from 20° to 30° (measured from the
normal to the front surface of the retro-reflector). For this case, at
angles greater than 20°, the solar energy is assumed to pass through the
retro-reflector without internal reflection, and is partially absorbed in
the cavity formed by the structure surrounding the retro-reflector. Be-
cause of the "greenhouse" effect that occurs, a portion of the solar flux
absorbed in the cavity must be reradiated by the retro-reflector thereby
increasing the AT. For a retro-reflector aligned so that total internal
reflection occurs for sun angles between +20 and -45 degrees, the maximum '
AT during the period of total internal reflection within the retro-reflector
‘is approximately 0.9°K., The maximum AT, during total internal reflection

occurs when the sun is directly overhead.

Arthur Zﬂ_ﬂittlnﬂnr.


http:s'tructl.rL

ﬁhring the lunar night énd at sunrise and sunset, the gradients in
the retro-reflector are less than 1/4°K. Over the entire lunar period of
approximately 29.5 days, the fraction of the time during which the tem-
peraturé difference in the retro-reflector exceeds 1°K is 17%. The maxi~
mum and minimum mean temperatures of the retro-reflector are 207 and 46°K,

respectively.

At the suggestion of the-priﬁcipal investigators, a calculation was
made for the above surface radiator configuraﬁion considering the retro-
reflectoxr to be préperly oéiented in a modified containing structure
(instead of é'cylindrical container) such that the effective solar absorp-
tance of the container was 0.1 and independent of sun angle. This modi-
fication reduced the maximum temperature difference in the retro-reflector

by 0.2K; the fraction of the lunar period where the vertical temperature

difference in the retro-reflector exceeded IK was reduced from 17% to.5Z.

As a result of the calculations completed with the cecmputer medel
of the retro-reflector and surface radiator, we have found that tempera-

-ture differences in the retro-reflector can be minimized by:

Y

“a) Using the largest possible surface radiator with the lowest

possible solar absorptance~to-emittance ratio.

b) . Thermally de-coupling the retro-reflector from the supporting
structure by use of a low-emittance surface (e.g., polished |
aluminum) -on the interior of the structure and a low thermal

conductance mounting arrangement.

q) Thermally de-coupling the structure from the lunar surface by

use of multilayer insulation.
1.
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In addition, we found that the AT was relatively insensitive to the orien-
tation of the array with respect to the lunar surface and to small varia-

tions in the effective path length or uncertainties in the total solar

absorptance of the retro-reflector.

The AT's in the reétro-reflector versus sun angle were computed for
both quasi-steady and transient conditions. The results showed that com-
putations for the AT based on the quasi-steady model gave accurate results
" when the AT was relatively large, i.e., during the lunar day. At low sun
angles, when the AT in the retro-reflector was relatively small, there
were differences in the AT's and the average temperatures of the retro-
reflector predicted for the two models. Since the fraction of the total
lunar period where the two models were not in agreement was small and the
AT in the retro-reflector was alsc small during the corresponding period,
we conclude that a quasi-steady model of the retro-reflector can be ef-

t
fectively utilized in parametric studies on the surface radiator configura-.
tion.

A high reflectance coating (e.g., vapor—deposited ajuminum) on the
back surfaces of the retro-reflector dées not appear promising from the
standpoint of reducing temperature differences in the retro-reflector.
With a coating having a solar absorptance of 0.06, the AT's in the retro-

reflector were computed to exceed 6°K.
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II. INTRODUCTION

During a meeting with the principal investigators on June 20, 1968,
it was agreed that an early study of the retro-reflector array with a
surface radiator configuration would provide useful design information.
Therefore, a simplified computer thermal model describing the retro-
reflector, the structure enclosing the retro-reflector and a surface rad-
iator was formulated prior to the completion of a detailed, mu;ti-zone

thermal model of the retro-reflector.

A description of the thermal model of the surface radiator config-
uration and the computed temperature differences in the retro-reflector

for various parametric studies are presented in this memorandum.

III, THERMAL MATHEMATICAL MODEL

A schematic drawing of the computer thermal model of the surface
radiator and a definition of the variables are shown in Figure 1. The
retro—-reflectaor is a regular tetraghedron with the front surface exposed
to space; the other three mutually perpendicular sides (equilateral tri-
angles) communicate with the structure enclosing the retro-~reflector via

radiation.

The heat flow in the retro-reflector and the boundary conditions are
despribed by five simultanecus heat~balance equations formulated using the
Method of Zonesl. TPis formulation is sufficient to compute the tempera-
tures at five locations in the retro-reflector and the temperature differ-

ence between the apex of and the center of the front {(exposed) suxrface.

1. R. Merriam, Technical Memorandum No. 1, "Preliminary Thermal Analysis
of Retro-reflector,” July 1908.
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AT

Definition of Variables

] 2
area of surface radiator (ecm™)
solar absorptance of surface radiator
total hemispherical emittance of surface radiator

total hemispherical emittance of internal surface o
the structure enclosing the retro-reflector

effective emittance of the multilayer insulation
(MLI) defined as follows:

g (q/A) -
4
oT

where (q/A) is the heat flux through the MLI and T
is the outer surface temperature of the MLI.

total absorption coefficient for volumetric heating
in the retro~reflector

sun angle, measured from the normal to the lunar
surface (deg.)

temperature difference between apex and center
of the front surface of the retro-~reflector (°XK)

SCHEMATIC REPRESENTATION OF THE THERMAL MODEL OF
TORRUP Al HATIATOR CONFIGURATION



The model representation of the structure enclosing the retro-
reflector was based on a preliminary design drawing of the "Reflectoxr
Mount Detail," Arthur D; Little, Inc., Drawing No. D-SK-71868~1 (July 18,
1968).' The retro-reflector is enclosed by a cylindrical structure, 1 1/2
inches in diameter and approximateay 1 inch in depth, with specularly re-—
flecting surfaces having a solar absorptance of 0.1. Since this structure
forms a cavity for incident collimated sunlight (which is assumed to pasé
thfough the retro~reflector when it is not totally internally reflécting),
the effective solar absorptande of the opening of the cavity changes with'

sun angle.

- Figure 2 illustrates the effective solar absorptance and the ab-
sorbed solar power of the cavity formed by the structure versus sun angle.
The sun angle in Figure 2 measured from the normal to the center-line of

the cavity, assuming that the axray is positioned at the equator.

In this formulation it was assumed that the aluminum structure of
high thermal conductance was isothermal and that the radiator was well
thermally coupled to the structure, Thus, the'structure and radiator were
represented as one isothermal zonerwhich was internally ccupled to the
three back surfaces of the retro—reflectorfbf radiation and externally
coupled to the lunar surface via multilayer insulation. In addition, it
is subject to the time-variant power éomprised of the absorption in the
cavity formed by the structure, for sun angles where soiar energy passes
through the retro-reflector without internal reflector, and the absoxp-

tion of solar energy on the surface radiator.

The solar abscrptance and emittance of the lunar surface were taken
as unity. The periodic variation of the temperature of the lunar surface
versus sun angle which was used in our studies, for a period of approxi-

mately 29.5 days, is described in Table I.

There were two areas which could not be meaningfully investigated with
the thermal model described above: 1) the effect of conductive couplings
via mounting points between the structure and the retro-reflector and
2) the transfer function relating a2 small axial temperature difference in
_'the structure surrounding the retro-reflector to the AT in the retro-

reflector. These considerations can, however; be effectively described

Arthur B0 I
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TABLE T

TEMPERATURE OF THE LUNAR
®
SURFACE VERSUS SUN ANGLE

Sun Angle (deg) Temperature {(°K)

0 394
15 389
30 375
45 372
60 333
75 - 289
G0 200
105 133
120 117
135 111
150 105
165 103
180 g7
195 97
210 94
225 92
240 89
255 -89
270 89
285 200
300 306
315 3ha
330 375
345 394

LEM Desipn Criteria and Environments, LED-520-1F,7 15 Mav oo,

8
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using a more detailed, subdivided thermal model of the retro-reflector.
Calculations of their effects on the AT in the retro-reflector are de-

scribed in Section V of this memorandum.

IV. VERTICAL TEMPERATURE DIFFERENCES IN RETRO~REFLECTOR

‘The temperatures at fiyve locations in the retro-reflector, the
temperature of the structure and radiator, and the temperature difference
between the apex of the retro-reflector and the center of the front (ex-
posed) surface were computed as a function of sun angle measured from the
normal to the lunar surface. Parametric computer studies were made Lo
:examiﬁe the effects of solar absorptance-to-emittance ratio of the surface
radiator area, surface properties of the structure enclosing the retro-
reflector, the effectiveness of "super" insulation between the structure
and the lunar surface, sun angle limits for total internal reflection, the
“total absorption coefficient for volumetric heating in the retro-reflector
.and the orientation of the a:ra& on the AT in the retro-reflector. Unless
otherwise noted, the array is positioned at the equator and the plane of

the array is parallel to the lunar surface.

A. Quagi-steady and Transient Models

The AT in the retro-reflector versus sun angle was computed for
both quasi-steady and transient conditions. The results demonstrated that
the computations for the AT and the mean temperature of the retro-reflector,
using the quasi-steady model, gave accurate results during the portion of

the lunar period when the AT was relatively large. .

As an example, consider a radiator configuration where the solar
absorptance and emittance of the radiator are unity, the radiator area is
10% of the surface a%ea of the retro-reflector (1.2 cmz) and the effective
emittance of the insulation on the structure is 0.0l. The internal sur-
faces of the structure, which are radiatively coupled to the retro-reflector,

have an emittance of 0.03.

In Figure 3 the temperature difference between the apex and the
center of the fromt surface of the retro~reflector and the mean temperature
4
of the retro-reflector are plotted versus time for one-quarter of the

lunar period, measured from a sun angle of zero: The array is aligned so

9
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that for this portion of the total lunar period total internal reflection
occurs for the range of sun angles between 0 and 20°. The maximum AT for

both models are essentjally identical and occur in the range of sun angles
of 20 to 30°

. The results in Figure 3 for this configuration show that the con-
putations of AT based on the quasi-steady model give accurate results when
the AT is relatively ‘large, i.e., during the lunar day. Near sunset, -when
the AT and the temperature in the retro-reflector are relatively low, there
are differences in the AT's and the mean temperatures of the retro-reflector
predicted for the two models. Since the fraction of the total lunar period
where the two models are not in agreement is small, and the AT in the
retro~reflector is also small during the corresponding period, a gquasi-
steady model of the retro-reflector can be effectively utilized in para-

metric studies. :
l

B. Effect of Solar Absorptance, Emittance and Area of Surface
Radiator

Early studies were concerned with determining desirable surface
properties for a surface radiator and the relationship between the radiator
area and the AT's in the retro-reflector. Two configurations, which repre-
sented extremes of surface properties obtainable with existing technology,
were analyzed--onme with a high solar absorptance-to-emittance ratio (o, =

R
= 1), the other with a low solar absorptance-to-emittance ratie

(aR = 0.%6, ep = 0.85). A configuraéion with a surface radiator having a
solar absorptance of 0.32 and an emittance of 0.76 was also analyzed. These
optical properties correspénd to those measured for a 0°C surface with. a

0.4 mil thick Alzak (Alcoa Anodizing Process) coating after exposure in a
vacuum-ultraviolet environment for 700 equivglent space sun hours (approxi-
mately 1/10 year).* It should be noted that the initial values of solar
absorption and emittance were 0.16 and 0.78 respectively and that the solar
absorptance was still increasing at 700 ESSH. 1In these calculations the e f~

fective emittance of the insulation on the structure was 0.01, the

*leaver, J. H., AFML-TR-67-421, "Effects of UV Environment on Optical
Properties of Bright Ancdized Aluminum" (May 1968).
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amittance of the internal surfaces of the structure was 0.03,’and the to-
tal absorption coefficients for volumetric heating in the retro-reflector

was 0.047 for sun angles between +90° and ~90°.

The configurations are compared in Figure 4, where the maximum
AT in the retro-reflector is plqgted versus radlator area. The retro-
reflector was aligned so that total internal reflection occurred for sun
angles between +20 and -45 degrees. Plots of AT versus sun angle or time
are shown in Figure 5 for the three configurations when the radiator area
was approximately 10% of the surface area of the retro-reflector (1.2 cmz).
The maximum AT's resulted in the range of sun angles from 20° to 30°. At
these angles the éolar energy is assumed to pass through the retro-reflector
without internal reflection, and is partially absorbed in the cavity formed

by the structure surrounding the retro-reflector. Because of the '

'ereen-
house" effect that occurs, a portion of the solar flux absorbed in the
cavity must be reradiated by the retro-reflector, thereby increasing the

!
AT.

In Figure 6, the maximum AT during total internal reflection
(which occurs when the sun is diréctly overhead) is plotted versus radia-—
tor area. In previous analytical studies;of a retro~reflector with adia-
‘batic back surfaces and the front surface exposed te normally incident
sunlight and uniform volumetric heating, the AT in the retro-reflector
was computed to be approximately 3/4°K.* It is interesting to note that
for the low a/e radiator configuration the maximum AT during total in-
ternal reflection is less than 1/4°K higher than this value. However,
for the high ao/e radiatorx configuration the AT's during total internal

reflection exceed this value by more than 1°K.

The temperature differences in the retro-reflector are less than
1/4°K at sunrise and sunset and during the lunar night. The mean tempera-
ture of the retro-reflector was in the range of a maximum of 200 to 235°K

during the lunar day to a minimum of 46°K during the lunar night.

s

* R. Merriam, Technical Memorandum No. 1, "Preliminary Thermal Analysis
of a Retro-Reflector," July 1968,
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From this study, it is evident that the low solar absorptance-
to-emittance surface radiator configuration is more promising from the
thermal standpoints of the maximum AT in the retro-reflector, the size
of the radiator required te reduce the AT, and the fraction of the lunar
period that the AT is large. TFor example, the following tabulation
compares the three surface radiator configurations on the basis of the
fraction of the total lunar period that the vertical AT exceeds 1°K
(which is nearly equal to the AT computed for a retro-reflector having

adisbatic back surfaces and exposure to normally incident sunlight.

Surface Radiator Fraction of Lunar Period
Configuration where AT Exceeds 1°K (%)
A, =1.2 en’ - 4.7 cm’
aR ER R 2 Cm AR = 4.7 cm
0.06 (.85 27 17
0.32 0.76 45 39
1.0 1.0 45 41

However, as indicated by the plots showp in Figure 5, if the above com~
parison was made on the basis of a lower AT or a substantially high AT
(2°K), there would not be a significant difference between the three

configurations.

-16
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C. Parametric Computer Studies

Thus far the results presented were for calculations which in-

cluded the following assumptions:

* The total absorption coefficient for volumetric
heating in the retro-reflector (o*) equaled 0.047

for sun angles of -90 to +90 degrees.

» The total hemispherical emittance of the surfaces

surrounding the retro-reflector (ec) was 0.03.

+ The effective emittance of the insulation on the

external surface of the structure (g) was 0.01.

- The plane of the array was parallel to the lunar

surface and located at the equator. .

Using the low solar absorptance-to-emittance surface radiatox
ag a reference (aR = 0.06, Ep = 0.85), parametric computer rums were made
to determine the effects of a¥, €0 ¢ and the orientation of the array on
the AT's in the retro-reflector. The purpose of these studies was to ob-
tain a measure of the influence of uncertainties in the thermal properties
used in calculations on the computed AT in the retro-reflector and to
determine features which were desirable for the design of the array from

the thermal standpoint.

For the reference probleﬁ, in addition to the assumptions listed
. 2
above, the radiator area was 4.7 cm  and the retro-reflector was totally
internally reflectingwhen the angle between the solar vector and the nor-

mal to the front surface was between +20 and -45°.

1

In each of the parametric computer runs only cne parameter was
varied to determine its influence on the AT's in the retro-reflector. A
description of the variationm in each study follows:
a) The effective emittance of the multilayer in-
’ : sk

sulation was increased from 0.0l te unity.

!

b) The emittance of the surfaces enclosing the retro-

reflector was increased from 0.03 to 0.06.

x¥k . . . ) .
This represents an extreme case which is equivalent to having an un-

insulated structure with an emittance of unity on the external suxrfaces

of -the structure. 17 : Frethue 3. 4itle Jar



c¢) The total absorption coefficient for volu-
metric heating in the retro-reflector was
arbitrarily increased from 0,047 to 0.094
for the time when the retro-reflector is

not totally interéally reflecting.

d) The orientation of the array with respect to
the lunar surface was changed. Instead of
the plane of the array being parallel to
the lunar surface, the array was inclined
so that there was a 45° angle between the
noémal to the front surface of the retro-

" yeflector and the normal to the lunar sur-—
face, A sketch of this orientation is shown

in Figure 7.

‘o
The results of the four parametric computer runs are summarized

in Table II and are compared to the reference configuration.

Studies (a) and (b) deal with design parameters of the retro-
reflecior array. In case (a), where there is no insulation between the
structure and the lunar surface, the maxjmum AT (an increase of 0.7°K)’
occurs when the sun is directly dverhead. The AT decreases monotonically
with sun angle until sunset, and over the. entire period the AT exceeds

1°K for 37% of the time. ) !

Due to the large amount of heat which can be transferred to the
structure via radiation from the lunar surface, it is desirable from the
thermal standpoint to insulate the structure and radiatively de-couple
it from the lunar surface. For example during the time when there was no
total internal reflection in the retro-reflector, the heat flux trans-
ferred from the lunar surface to the structure was 5 to 10 times greater
than the sum of heat flux absorbed by the radiator and the heat flux ab-
sorbed by the cavity due to sunlight passing through the retro-reflector.
When there was insulation on the structure, the ability to dissipate heat
was reduced, but the reduction in the total heat flux absorbed by the
structure was sufficient to reduce the amount of heat reradiated by the

retro-reflector and the AT's in the retro-reflector.

18
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TABLE IIX

RESULTS OF PARAMETRIC STUDIES

Fraction Mean temperature
AT v during of lunar of
total internal period where retro-reflector (°X)
reflection AT ‘exceeds 1°K '

AT . ,
(°KTax (°K) (Y - % max min

Reference confiéuration 1.4 0.9 17 2G7 46

0z

Parametric Variation

a) An increase in the effective
©  emittance of multilayer in-
sulation from 0.0l to unity. 2.1 2.1 37 224 52

b) An dincrease in the emittance
of the surfaces enclosing
the retro-reflector from . ’ .
0.03 to 0.06. 1.8 1.0 24 216 46

¢} An increase in the adsorp-
tion coefficient for volu-
metric heating in the retro-
reflector from 0.047 to
0.094 for the time when the
retro~reflector is not to- : .
tally intetnally reflecting. 2.0 0.9 23 2135 - 46

d) A change in the orientation
of the array. The angle
between the normal to the
front surface of the retro-
reflector and the normal to
the lunar surface was changed :
from 0 to 45°. 1.3 - 0.9 17 268 61




The results for case (b) indicate that the emittance of the
internal surfaces of the structure is an important parameter and that
changes in emittance can cause noticeable changes in the AT's in the
reflector. Therefore, in using a low-solar-absorptance structure to

enclose the retro-reflector, it is desirable to use materials with

|

i
The results for case (¢) show that doubling the total absorp-

low-emittance surfaces.

tion coefficient has approximately the same effect as doubling the emit-

tance of the internal surfaces ‘0of the structure.

A calculation was also made acgountiug'for a variation in the
- total aﬁsbrptionjcoefficient for volumetric heating in the retro-reflector
with sun angle during the time of total internal reflection. The change
in the total absorption coefficient with sun angle was described by the

following equation:

% . Zhn
2 8 _5.574 + 0.085 z
u*(8=0) 2 2 1/2
. : (n2 -sin 8)
where h is the altitude of the retro-reflector

. [}
n2 is the index of refraction of fused silica

8 is the sun angle measured from the normal to

i
the front surface of the retro~reflector

2hn2

and is the variation of the path

2 o 12 ‘
(n2 -5in"0) length of an absorbed ray with

sun angle

Thus, the absorption coefficient varies from 0.047 at & = 0 to.

0.050 at 8 = 45°.

The effect of this variation on ‘the AT in the retro-reflector

was quite small. The maximum increase in the AT was less than 0.04°K.
*

Finally, in-case (d) where the array was titled and infrared

radiation from the lunar surface was absorbed on the front surface of the
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retro-reflector and on the surface radiator, there was a slight reduction
(approximately (0.1°K) in the computed value of the maximum AT. A calcu-
lation was also made neglecting the infrared energy to the radiator, and
it was found that the maximum AT decreased by 0.2°K. This would indicate
that the absorption of radiant energy on the front surface tends to re-
duce to back~to-front AT in the retro-reflector. The reducti&ns in the
maximum AT, although relatiﬁely small, are partially offset by the addi-
tional radiant energy absorbed by the radiator, transferred to the retro-
reflector via the structure and reradiated by the retro-reflector. Based
on this study, the orientation af the array with respect to the lunar
surfaces does not seem particularly significant.

D. AT in a Retro-reflector with a High-reflectance, Metallized
Back Surface

The AT's in a retro-reflector were calculated considering the
three, mutually perpendicular, back surfaces of the retro-reflector to
have a high reflectance coating (e.g., vapor-deposited aluminum). The
solar absorptance of the coating was taken as 0.06, and the total hemis-
pherical emittance was assumed to be 0.03. The emittance of the surfaces
of the structure surrounding the retro~reflecter was 0.03; and the effec-
tive emittance of the multilayer insulation was 0.01. This configuration

did not include a surface radiator.

The uniform volumetric heating in the retro-reflector was com-
puted considering a total coefficient of 0.047. The absorption coefficient
for solar energy absorbed on the metallized back surfaces (a*), referenced
to the area of the front surface of the retro-reflector, was determined

from the following equation:
3
e, = 1 - (1-o)
where o is the solar absorptance of the metal coating.

The computatidn'of o, is based upon each ray of incident sunlight
making three bounces when the sun angles are between +90° and -90°. The
power absorbed on the back surfaces is significant from a thermal stand-
point since its magnitude is more than three times greater than the power
for volumetric heating in the retro-reflector, and the power is localized

on the back surfaces, as opposed to being uniformly distributed.
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For this configuration, the maximum AT was computed to be 6.6°K -
and occurred when the sun was directly overhead. Also, the AT in the

retro-reflector exceeded 2°K for 41% of the total lunar period.

From a thermal standpoint, the use of a metallized coating on
the back surfaces of the retro-reflector does not appear promising. In
comparison to the surface radiator configurations studied, the metallized
coating results in larger AT's during total internal reflection as well

as the time when there is no total interpal reflection.

23
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E. Effect of Structure Configuration

The previous calculations for the surface radiator configura-
tions were based on a cylindrical structure or cavity encleosing the retro-
reflector. The surfaces of thi? structure reflected specularly, and
their solar absorptance was 0.1l. As shown previously in Figure 2, the
effective solar absorptance of this cylindrical cavity (based on the
aperture area of the cavity) was greater thén'O.l and increased with sun

angle,

At the suggestion of the principal investigators during a
meeting on August 9, the vertical AT's in the fetro-reflector were
calculated assuming that the surrounding structure was adjacent to and
matched the geometry of the back faces of the retro-reflector, i.e.,
eéualateral triangles. 1t was agreed that a reasonaﬁle approximation
would be to set the effective solar absorptance at 0.1 and indepéndent
of sun angle, for sun angles greater than those where total internal re-

flection occurs.

-

The results of this calculation aré shown in Figure 8 for a
surface radiator configuration with a radiating area of 4.7 cm2 (40% of
the area of the retro-reflector), a solar absorptance of 0.06, and an
emittance of 0.85. Also shown in Figure 8 for comparison are the com-
puted vertical AT's in the retro-reflector considering the same surface
radiator configuration and a eylindrical structure enclosing the retyro-
reflector. The structure with the comstant effective solar absofptance
(¢ = 0.1) reduces the maximum vertical AT in the retro~reflector by ap—
proximately 0.2K, It also reduces the fractiom of the total lumar period

where the AT exceeds 1°K from 17% to 5%.

V. CALCULATTONS WITH MULTI-ZONE THERMAL MODEL

As described in Section III, in the computer model of the retro-
reflector and surface radiator configuration, the retro-reflector was
répresented as a single-zone pyramid with temperatures calculated at five
locations. This arrangement was used to fac;litatg parametric design
analyses and obtain results for the surface radiator configuration early
in the program. Compariséns between results obtained with the single-

zone model of the retro-reflector and a more detailed subdivided model

prs
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(developed for the study of the louver array) have indicatéd good agree-
ment; however, the subdivided model was required and used for two studies
which investigated the influence of "local' effects on the AT in the
retro-reflector. One study was made to examine the effect of conductive
coupling via the mounting points between the structure and the retro-
reflector {mounting conductance). The other was made to determine the
influence of axial temperature differences in the structure on the AT in
the reflector. A low a/e surface radiator configuration was used for
both studies (e.g., a solar absorptance of 0.06, an emittance of 0.85 and
a radiating area of 2.85 cmz, approximately 25% of the surface area of

the retro-reflector).

A. Effect of Mounting Conductance

. Present design concepts consider each retro-reflector to be
structurally mounted to its containing structure by two preloaded mount-
ing rings. For example, a preliminary design drawing*‘of the "Reflector
Mount Detail' shows the retro-reflector structurally supported by two
zigzag stainless steel mounting rings which are in continucus contact
Gith the structure and restrain the retro-reflector at three peripheral

tabs near the front surface.

The structure-to-reflector mounting conductance depends upon
the geometry and material of the mounting rings and the preload forces
necessary to provide support for shock and vibration. In the following
study the mounting conductance was varied parametrically over a probable
range of values expected for this type of support design in order to

determine thermal design guidelines.

As shown previously, whén solar energy is assumed to pass
through the retro-reflector without internal reflection at sun angles
between +20 and ~45 degrees, the maximum vertical AT's in the retro-
reflector occur in the range of sun angles between 20 and 30 degrees.
In Figure 9 the vertical AT (difference in temperature between apex and
center of top surface and the radial AT (difference in temperature be-
tween mounting tab and center of top surface) are plotted versus mount-

ing conductance at a sun angle of 30°. TFor this low a/c radiator

% ) '
Arthur D. Little, Inc., Drawing No. D-SK-71868-1 (July 18, 1968).
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configuration, the maximum AT with zero mounting conductance was approxi-
mately 1.6°K. Also, at a sun angle of 30°, where the maximum occurred,
the mean temperature of the retro-reflector was 216K and the temperature
of the structure was 354K. As showm in Figure 9, the computed vertical
AT in the retro-reflector was 1.6K at a conduction of lO_4 W/K, decreased
as the conductance increased and assymptotically approached a value of
1.5K at large conductances (approximately 0.2 W/K). On the other hand,
the radial AT increased with increasing mounting conductance, was greater

than the vertical AT for conductances larger than 10_3 W/K, and reached

a maximum of approximately 2.2K.

Also shown in Figure 9 is the temperature difference between
the structure and the retro-reflector. The structure is warmer than the
retro-reflector, and there is always a net heat flow from the structure
‘to the retro-reflector. As the mounting tonductances increase, the
structure-to~reflector AT decreases and the net radiative flux to the
reflector, which is distributed over the back surface, also decreases.
ﬁowevér, the conductive heat flow to the retro-reflector, which is lo-
calizad nezr the top surface, can be radigtively dissibated to space and
becomes a driving force for radial AT's (i.e., radiating fin effect). At
large conductances the temperatures of the retro~reflector and structure
were nearly equal at a value of 254K.

.o -3
These results indicate that a low mounting conductance (< 10

W/°X) is desirable. The vertical AT is relatively insensitive to changes
in mounting conductance; however, as the conductance becomes large, the
mounting tabs become the warmest regions in the reflector and the dif-
ference in temperature between the mounting tab and the center of the top

surface becomes the dominant AT.

B. Effect of Axial Temperature Gradients in the Structure

In the paramelric studies of the surface radiator configurations
it was assumed that the aluminum structure of high thermal conductance
(surrounding the retro-reflector) was isothermal. Calculations using
detailed computer models and analytical wmodels have shown that this
assumption is valid and that vertical temperature gradients in the struc-

ture do not substantially increase the vertical AT in the retro-reflector.

2
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For the low o/e surface radiator configuration described above,
a calculation was made at an orbital time when the vertical AT in the
retro-reflector was maximum (i.e., at a sun angle of approximately 30°).
4 multi-zone computer thermal model was used to compute the vertical AT
in the retro-reflector as a function of specified vertical AT's in the

structure (measured from back to front).

An analytical calculation was also made for an analogous, but
more simplified, thermal model. The one—dimensional temperature distri-
bution was calculated for the problem of a straight fin of triangular
profile. The front surface of the fin (base of triangle) was exposed to
outer space; the two sides of the triangle were radiatively coupled to
a surroundiné structure with a linear temperature gradient; and it was
assumed that the width of the fin was large in comparison to the altitude
of the triamgle. Since the temperature differemnces in the retro-reflector

are small (1 to 2K}, the differential equation can be linearized by letting:

8(x) = T(x) - T

where T(x).is the axial temperature in the fin, and T is the mean tempera-

x

ture,
and T(x) =T 4+ 4

In this problem the mean temperature levels of the surrounding structure
and the fin were specified at 354K and 210K, respectively. (These values
were based on the computer solution of this surface radiator configuration

when the sun angle was 30 degrees.)

) The calculated effects of the axial temperature gradients in
the structure obtained with the computer and amalytical models showed
good agreement, Figure 10 summarizes the results and shows the computed
increase in the wvertical AT in the retro-reflector due to a vertical AT

'

in the structure.

The specified values of the vertical AT's in the structure
ranged from. 0 to 8K and were comservatively estimated by assuming that
the maximum total heat input to the structure was conducted along the
sides of the cylindrical structure and was radiatively dissipated to
space via the surface radiator. Thus, the AT was estimated according to
the'following simple equation: .

) 4y
krDE/ L
29
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where 4y is the maximum total heat input to the structure during the Lunar
period (ecomprised of solar absorption on the surface radiator, solar ab-
sorption eon the interior of the structuré, and IR power absorbed from
radiation interchange with the lunar surface), and k, D, &, and § are

the thermal conductivity, diameter, wall thickness, and length of the
structure, respectively. The maximum AT in the structure for practical
configurations, where the structure is radiatively de—~coupled from the
lunar surface, was 1.5K. The AT in the structure was approximately 8°K
when the structure was well thermally coupled to the lunar surface (i.e.,

ne "super" insulation between the structure and the lunar surface).

For the above range of AT's in the structure, the increase in
the vertical AT in the retro-reflector was less than 0.05K (Less than 3%

of the vertical AT computed when an isothermal structure was assumed).
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I. SUMMARY

In this report we calculate the distortion in the wavefront
emergent from a solid totally internally reflecting retroreflector
caused by linear and quadratic temperature distributions with vertical
gradients. From these wavefront calculations we determine the fractional
change in the central irradiance of the Fraunhofer diffraction pattern.
Polarization effects are neglected and light is assumed to be incident

normally.

The results of these calculations for linear and quadratic tem~
perature distributions are summarized in Figure 4 at the end of this
memorandum, ‘which shows the fractional -change in central irradiance (W/Wb)

that results from temperature differences (8T} ranging from 0 to 6°C.

11, METHOD

Figure 1 shows a typical ray incident normally on the front face
of the retroreflector at the point A. The ray is reflected successively
by the three inclined planes at the points B, C, D and emerges at the
point E. Relative to axes x'y'z' along the edges of .the reflector, as

shown, the direction cosines 1', m', n' of the path segments are as

follows:

Path Segment S m' o'
AB -1/V3 - 1/VE - 1V3
BC V3 - 1/4/3 - 1/4/3

CcD 1/V3 1/vV3 - 13
DE 1/4/3 1/4/3 1/4/3

It will be noted that at each reflection the direction cosine
corresponding to the axis normal to the reflecting plane is reversed in

’-
sign in accord with Snell's law of reflection.
A more convenient set of axes are those shown as Ox, Oy, 0z in

Fig. 1. Relative to the original axes (x', ¥', z'), Oz has the direction

cosines (l/\/g, 1/\/5} 1/4/3). Therefore, the cosine of the angle y that

Tethur T 3Lile Zur,



each ray segment makes with Oz is as follows:

Segment cos
AB -1
BC - 1/3
o 1/3
DE 1

The coordinates (xoyozo), (lelzl)’ (xzyzzz), (x3y323 . (xayaza)
of the points A, B, C, D, E can be expressed without difficulty in terms of
%y Vg and the vertical height h of the retroreflector with the help of the
above values of cosy and the diagram of the projections of the path seg-
ments on the front face, shown in Fig. 2. The projection of segment BC is
perpendicular to the edge ab of the fropt face while the projection of
segment CD is perpendicular to the edge ac. The projections are bisected

at the points p, q. The results of the calculations are:

, . Point Coordinates

_ NG NZ

B (194290 = g5 Yo 22 %o T7 YY)
2 i 1
C (%,7,2,) = (= %, Yo =~ Xo» "2 Ry 72 7,)
27272 0 0 \fg 0 ~/€ 0 «ff- 0
D (x3sz3) = ("’ XO, - 3‘70 E] _ﬁ YO)
E (}:4}7424 = (" Xos - YD. 3 h)
2
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As a check one can calculate the lengths of the path segments,

which are:

Segment Length

6 3
AB h =% % "3 Y

BC J6 X

D 3VZ Ve
2 Y07 2 %o
DE h-\fz—yo

The path lengths add up to 2h as they should.

We are mow in a position to calculate the phase shift ¢ caused

by the temperature gradient as a function of the coordinates (xo, yo) of

_the entering ray by means of the formula -
C e = 2L ‘
¢ = X ‘/‘ Sn ds
path

_ 2rm dn
= §T ds
path

R f T Zos
path Y
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where A is the wavelength of the light, én is the change in refractive index
at any point along the path of the ray, ds is an element of length of the
path, dn/dT is the temperature coefficient of refractive index, 8T is the
temperature increment at a point on the path, and v, as before, is the

inclination of the path to 0z.

Linear Temperature Distribution

A linear temperature distribution with vertical gradient can be

represented by the formula

where To is the temperature at the vertex of the retroreflector and AT is

. the temperature difference between the vertex and the front face. Therefore

z
ST = ~ AT n
and -
5 = - 20 dn AT _zdz
A dT h cosy

path

On integrating over each segment of path and substituting the

appropriate values of vy, as given above, we obtain:

2 2 2 2 22 2 _ 2
27 dn AT 1021 " 20 %27 % %37 %y B, T %3
A dT h 2
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] -
After” inserting the values of Zor o2y given above, we find

= - 2B "+ ) 1

where r is a radial ccoordinate on the front face. Therefore, the emerging

wavefront is a paraboleid of revolution.

Quadratic Temperature Pistribution

For the quadratic temperature ‘distribution

Ey

= -3 4T 2

21 dn AT {2 .3 436 .3 2 3
R [3 h™ + g *q + V2 X3Yg + «/E Yo ]

Arethur A Little, Ine



where (xoyo) must lie in the shaded area shown in Fig. 3 in order that
all incident rays are reflected inm the same sequence from the three side
faces of the retroreflector. On rotating the axes counterclockwise

through 60°, so that the new x~axis lies symmetrically in the shaded area,

the expression becomes

Since this expression is symmetrical with respect to the x-axis,
we see that the emerging wavefront consists of a six-fold scalloped surface.
However, the relative amplitude of the scalloping is quite small. On

transforming to polar coordinates r,8 we find:

2rdn AT (2.3, 4= 3 5 3 2
- T h2 [3 h™ + /6 1 Fg cos 8 + cosh sin e)]

< ~

where - 30° S 30°. Over this range of 8§ the factor (5/9) 00538 + cosh sia™%

varies by only *27% about a mean value of 0.566. Therefore to a good approx-—

imation we have

¢=—319-‘1A—T[3~h3+0.566~f€ r3] (2)

Arthur 1. Hittle Ine,



Relative Central Irradiance

The relative central irradiance of the Fraunhofer diffraction
pattern of the retroreflector is

2
= f—z—]fem dAI (3)
o]

where W is the irradiance at the center of the diffraction pattern, WO is
the irradiance for an isothermal reflector, A iz the area of the front

face of the reflector, and ¢ is the phase at a point on the front face.

In the case of the linear temperature distribution, with 4 given

by (1), the integral in (3) can be evaluated in closed form to give:

o (KR ’
. 2

-

Arthur .4 utle Hree



For the quadratic temperature distribution Eq. (3) takes the form

.r ! . N I 2 R 2
E—-— = ——-!'-—-—-— <f (coskr3) Zﬂrdx) + (f (sinkr3) Zﬂrdr) (5)
W 2.2
o ("R} 0

0

2w dn AT

k = 0.566+/6 * ==
h

. . The integrals in this equation must be evaluated by numerical integration.
)

JII.  RESULTS

Figure. 4 shows how W/wo'depends on AT for both linear and qua-

dratic temperature distributions. The curves were computed for the follow~

/

* r
- 4

ing data:

h=2.69 cm !

R=1.905cm

A = 6.943 x 10°° cm
dn/dT = 1.0 x 107> (°c) "t

The graphs show that, for a given AT, there is not much difference
between the effects of linear and quadratic temperature distributions. W/Wo
falls to zero in both cases when AT is about 5.5°C. This zero value of the
central irradiance corresponds to two complete Fresmel zomes filling the

x
aperture of the retroreflector.

Tetlyur A, Little, Ine.



FIGURE 1 PATH SEGMENTS OF A TYPICAL NORMALLY INCIDENT RAY



FIGURE 2 PROJECTIONS OF RAY PATH SEGMENTS ON
THE RETRO-REFLECTOR FRONT FACE
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FIGURE 3 ROTATION OF AXES
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I. SUMMARY AND CONCLUSIONS

An apalytical study has been performed to investigate the ther-
mal performance of a retro-reflector with various louver configurations.
Hsome parameters considered were the louver cell height-to-width ratio,
louver surface properties,'the thermal conductance between the louver

and cannister and the conductance across the mounting tabs.

The retro-reflector was modeled by a regular tetrzhedron sub-
divided into five zones. Conduction and heat generation within thes
reflector, as well as radiant energy exchange between the retro-reflrctor
and the louver-cannister surroundings, were taken into account. The
louvers were considered conducting and an effective conductance betwren
the louver array aﬁd the cannister was determined. All calculations of
thermal performance were based on a uniform volumetric heating assumption
since a detailed analysis showed that the actual heating distribution
within the gquartz reflectoy is nearly uniform. Most of the calculations

were performed assuming quasi-steady heat transfer.

The results showed that the retro-reflector is most nearly
icothermal where high-emittance louver cells of large length—to-width
ratios are used. Of the three louver materials considered - as—-received
aluminum, anocdized aluminum (ALZAK) and "black" aluminum - the poore=t
performance Qas obtained with the as-received aluminum louvers. Even
in this case, however, the maximum vertical AT* was less than 1°K. The
predicted temperature gradients associated with the use of black or

ALZAK louvers were considerably smaller. There appeared to be little

difference in the results predicted for these last two louver materials.

Predicted temperature gradients were found to be sensitive to
the mounting conductance - particularly with the as-received aluminum.
With a large mounting conductance, large distortions of the temperature

distribution within the retro-reflector could result because of the

Defined as the temperature at the retro-reflector apex minus the tem~
perature at the center of the upper surface.

Arthur B3l Ine,



radial fiow of heat into or out of the cannister. This distortion cculd
be diminished by decreasing the mounting conductance and using high-

emittance louvérs.

Quasi~steady heat transfer analyses for black louvers indicated
satisfactory performance for louver cell height~to-width ratios as small
as 0.625. No studies were performed using smaller values of this ratio.
It was found that the maximum vertical AT was less than 0.9°K for this

configuration.

A transient analysis was alsc performed for a black louver
configuration. The thermal response predicted was substantially the same

as that predicted assuming quasi-steady heat transfer.

From the results it is concluded that the optimum thermal per-
formance is obtained when highly conducting louvers of high emittance .
are used, and when the thermal conductance across the mounting tabs is
kept to a minimum. With these restrictions, the use of louvers as
short as L/W = 0.625 will insure temperature differences across the quartz

reflector of less than 1°K.
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IT. THERMAL MODEL

A. General Description of Physical Configuration

A schematic drawing of the computer model of a retro-reflector
with a louver cell array is shown in Figure 1. The retro-reflector,
which is connected to the cannister by three mounting tabs. is treated

as a regular tetrahedron of altitude equal to 1.06 inches.

The retro-reflector is in thermal communication with the can-
nister and louver array by radiant energy transfer in the infrared. 1In
addition, heat may be conducted to the reflector through the mounting
tabs. A solar flux, which is collimated at an angle B from the normal
to the lunar surface, is incident om the louver array and over certain
sun angles is directly incident on the gquartz reflector. The cannister
receives solar energy which is not retro-reflected and absorbs infrared

radiation from the lunar surface.

Through the processes of emission of radiant energy at the sur-
faces and internal heating due to absorption of solar emergy, a mon-
uniform temperature distribution is established within the guartz re-
flector. The detalls of the various energy transfer mechanisms whicl
lead to these temperature gradients are discussed in the sections which

follow.

B. Model of Retro-Reflector

The heat flow within the interior and the heat fluxes at tle
surfaces of the retro-reflector vere determined using the Method of Zenes
discussed in Ref., [1]. Brieily, a functional form for the temperature
distribution within a volume element or 'zone" is assumed, and a mean
zone temperature and average surface temperatures are determined. In-
tegrated surface heat fluxes are then found in terms of the constants
appearing in the expression for the temperature distribution. A series
of simul?aqeous eduations‘results which can then be solved for the mean

zone and average surface temperatures. Tor a complete description of

1. R. Merriam, Technical Memorandum #1, "Preliminary Thermal Analysis
of a Retro-Reflector," July 1968.
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the Method of Zones, the reader is directed to Ref. [2]).

Most of the thermal studies were performed with the five-zone
model illustrated in Figure 2. Use of the five-zone model, rather than
the single-zone model discussed in Ref. {1}, allowed for a more detailed
description of the conduction process within the reflector. In particu-
lar, a multi-zone model was necessary to accurately account for the loceal

conductive transfer across the mounting tabs.

All calculations were performed with the assumption of a uni—
form volumetric heating rate correspeonding to a total absorptance of
0.047 within the quartz. An earlier report [1] indicated that for a
simple slab the assumption of a uniform solar heating could result in
a predicted temperature gradient higher than would be obtained with
the actual heating distribution taken into éccount. However, an analysis
performed for a tetrahedron showed that the heating rate in a retro-
reflector is nearly uniform. The difference between the uniform and the
actual heating rates did not'justify further calculations. The details

of this analysis are presented in APPENDIX I.

C. Louver Configuration !

’

A top view of the modeled lbuver array configuration is shewn
in Figure 3. The retro-reflectors are represented as circles in the
"figure. Since the panels form a nearly square network, the louver was
considered to consist of an infinite array of unit cells. A typical

unit cell is illustrated in Figure 4.

The heat transfer mechsonisms within a unit cell include: (1)
conduction within the cell array: (2) vadiant energy interchange between
the various cell panels, and between the cell panels and the retxo-
reflector; and (3) the absotrption and reflection of incident solar energy.
For the purpose of analysis, the typical unit cell is shown diwvided into
eight individual panels. Surface "i" jllustrated in Fipgure 4 represents

one of the four elements on the retro-reflector upper surface.

The conduction mode of transfer within the louver cell was cal-

culated using the Method of Zones. Temperatures were computed for each

2. P. F. Strong and A. G. Emslie, "The Method of Zones for the Calcula-
tion of Temperature Distribution,'" ASME 65-WA/HT-47.
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of the zones 1 through 8 and at the edges joining each of the zones. 1In
addition, temperatures were computed at the bottom edges of the cell
where the louver array is coupled to the cannister. The model used to

predict the extent of this coupling is developed in APPENDIX II.

The iﬁfrared radiatiog transfer between elements of a cell and
the retro-reflector was computed in terms of the “view areas" (equivalent
to the Hottel script ~ F factor) between the various elements. For ex~
ample, if the view area between elements i and j is denoted by the quantity
Ai ?i—j’ then the net radiative interchange between these two surfaces is
simply
.4 - cTih) .

For given louver cell dimensions w, h1 and h2 and surface properties £ and

Cgs the view areas were computed using a utility program available at ADL.

[3]

The surface emittance of the quartz reflector was taken to be 0.85
I

~ Calculations of the net solar energ§ absorbed by each element
were somewhat mwore complicated. The accounting-ﬁrocedure included not
only the solar energy absorbed_gnd reflected by the louver panels but also
that portion of the solar flux éhich pasFed through the retro-reflector

and was partially absorbed by the cannister.

The cannister was treated aéla‘cavity when performing the solar
power absorption calculations. Solar energy could enter the cavity in
. two possible ways. When the louver cell length-to-width ratio was less
than‘2.5 and the sun angle was greater than 20°, inci&eﬁt solar energy
could pass directly through the retro-reflector. In this case the cavity

was treated as having specular walls, as described in Ref. {4]. The

3. R. A. Breuch, G, A. Bell and N. J. Douglas, "Temperature Control
Coatings for Cryogenic Temperature Substrata,' Air Force Materials
Laboratory, Report' AFML-TR~66-10, Part II, 1967.

4. - D. Nathanson, Technical Memorandum #2, "Preliminary Thermal Analysis
of Surface Radiator Configuration," August 6, 1968.
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http:treat.ed

effective solar absorptance and absorbed solar power for various sun angles
is illustrated in Figure 2 of Ref. [4]. Solar energy could also pass
through the reflector into the cannister after reflection off a louver
panel. 1In this case, the cannister was treated as a cavity with diffuse-
‘ly incident radiant energy. TFor a cavity having surfaces with a sclar
“absorptance of 0.1 and having the dimensions of the camnister, the ab—
sorptance is approximately 0.2.[5]

The solar powers absorbed by the louver panels and zone "i" of

Figure 4 (representing the cavity in these calculations) were computed
using a utility program available at ADL. Solar energy retro-reflected
by the quartz reflector and impinging on a louver panel was taken into
account. Net absorbed powers were computed for sun angles between 0 and

90 degrees and were used in the heat transfer calculations.

D. Heat Transfer to Cannister

The total energy input to the cannister consists of: solar

energy, infrared transfer from the retro-reflecteor, infrared transfer
. from the lunar surface, conductive transfer with the louver, and the’
conductive transfer with the retro-reflector across the mounting tabs.
¥or computational simplicity, the cannister was considered to be gso—
thermal. The correspondence between any temperature gradients within
the cannister and temperature gradients within the retro-reflector has

6]

been shown to be very weak.

Solar heating of the canmister has been treated in the pre-
ceding section. Infrared radiant transfer between the cannister and
quartz reflector was computed in the same manner as the radiant transfer
between the louver and reflector -~ that is, in terms of the view areas.
The emittance of the inside surface of the cannister was taken to be

0.03 in these calculations.

-
Y

5. 8. H. Lin, "Radiant Interchange in Cavities and Passages with Specu-
larly and Diffusely Reflecting Surfaces,” Ph.D. thesis, University
of Minnesota, 1964,

6. Arthur D. Little, Inc., Monthly Progress Report #3, prepared for
University of Maryland, August 1968,
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Radiant energy transfer between the moon and cannister was com—
puted as described in Ref. [4]. The camnister was considered to be well

insulated by MLI with an effective emittance e = 0.01.

The largest uncertainty concerned the conductive coupling be-
tween the cannister and the retro-reflector via the mounting tabs., Since
it is virtually impossible to be able to state with certainty the value
of this conductance prior to a detailed desipn of the retainer, a para-
metric study was performed. A range o‘f conductance values from 0 to

0.1 watt/°K was studied.

10
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IIT. RESULTS

Parametric computer studies were performed to determine the
influence on retro-reflector temperature gradients of louver height,
louver emittance and solar absorptance, thermal conductance between the
louver and cannister and conductance across the mounting tabs. Because
of the large computer time required to obtain the temperature distribu-
tions within the reflector and within a unit louver cell, most of the
results were obtained for quasi-steady transfer and over only a small
fraction .of the lunar day. One transient study was performed for a

black louver configuration where the  calculations extended over several

lunar days.

Results are presented for several important temperatures and
temperature differences. The term "vertical AT" is used to describe the
temperature. difference across the reflector along a line vertical to the
upper face and passing through the apex; i.e., the apex temperature minus
the temperature at the center of the upper face. The use of this temm
is mot intended to imply that the temperature on the upper face is evory-
where the same. The term '"radial AT" signifies -the temperature diffe-ence

between the center of the top face and the mounting tab.

A. Influence of Louver Radiation Properties on Themmal Performance

Values for the vertical AT across the retro-reflector vs. time
(solar angle) are illustrated in Figure 5 for three sets of louver sur-
face properties. The (quasi-steady) calculations assume a louver cell
height (L) to width (W) ratio of 2.5, a louver—caﬁnister conductance of
0.25 watt/°K and zero mounting conductance. Shown for comparison are the
corresponding results obtained for the so-called "best" surface radiatox
- configuration (with an OSR coating and a forty percent radiating ares
based on the retro—~reflector upper face area).* The propexties chosen
@ = 0.25), and ALZAK

are typical of as~received aluminum (e = 0.13, «

(e = 0.78, «

8

g = 0.32). The limiting case of purely "black" louvers is

also considered (g = ag = 1.

See Technical Memorandum No. 2.
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From a purely thermal standpoint, all three louver configura-
tions are superior to the "best" surface radiator. The presence of a
louver array reduces the reflector view area to space and provides a
more uniform thermal environmment for the retro-reflector. As expected,
the best performance is obtained with the louvers with the highest sur-
face emittance. For these louvers the maximum vertical AT occurs when
the sun is directly overhead and is due primarily to the volumetric
heating within the retro-reflector. On the other hand, the maximum
vertical AT occuyxs near a 15° sun angle with the "as-received" aluminum
louver configuration. In this case, as with the ALZAK louvers, a large
fraction of the incident solar energy is reflected off the louver panels
and is eventually absorbed by the cannister. The energy absorbed by the
cannister is a maximum near the 15° sun angle. Since the as-received
aluminum surface emittance is small, little heat is conducted to the
louver and radiated to the retro-reflector upper surface. Rather, the
energy is trapped within the cannister and is radiated to the back sur-

%
faces of the reflector.

The results illustrated in Figure 5 show little difference be-
tween the black and anodized aluminum (ALZAK) louver configuration. Of
the two surface properties, the absorptance and emittance, the surface
emittance has the greater influence on the thermal performance. When
the absorptance is high, much of the incident solar radiation is ab-
sorbed on the louver. When the absorptance is low, much of the incident
energy is reflected off the louvers, absorbed by the cannister, and
conducted to the louver array. In either case, the relatively hot lou-
vers radiate energy to the retro-reflector thereby diminishing the so-
called greenhouse effect. It is expected that with shorter louvers, or
low-emittance louvers, the influence of the solar absorptance on the

vertical AT would be more promnounced.

B. Influence of Louver and Mounting Conductance on Thermazl Performance

.The depeﬁdence of the vertical AT on the louver-cannister

conductance, CL, and the mounting conductance, CR’ is illustrated in

This process is called the “greenhouse effect' in Ref. [4].
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Figure 6. Comparisons are made assuming an as-received aluminum louver

array with a cell height-to-width ratio of 2.5.

The results show that the vertical temperature gradient decreases
with increasing conductance betwgen the louver and cannister and increases
with increasing mounting conductance. The reason for the influence of
louver—cannister conductancé, CL’ is clear. As this conductance increases,
the thermal environment becomes move uniform. Heat which ﬁight otherwise
have been radiated from the cannister to the retro-reflector back surfaces
is now conducted to the louver array where it can be radiated to the re-'

flector fromt surface.

The behavior of the vertical AT with mounting conductance is
more complex and will be explained with reference to Table 1. Listed
in Table 1 are the retro-reflector temperatures at the apex, tab and
center-of the top face. Shown also are.values for the cannister tempera-

ture. !

It is seen that the mountiné tab temperature always lies between
the cannister temperature and the other retro-reflector temperatures. That
is, the tab is either the coldesé or the warmest location on the reflector.
This means that heat either flows to the,tab from everywhere within the
reflector, or flows away from the tab in all directions into the retro-
reflector. When the cannister is warmer than the reflector (for sun angles
somewhat greater than zero), heat flows into the reflector. Since the top
surface can easily radiate much of this additional heat to space and the
bottom surfaces cannot dissipate this heat (the greenhouse effect), a net
flow of heat into the reflector results in an increase in the "vertical"
AT. At normal sun incidence (0°), the cannister is coolexr than the re-

flector and heat flows from the quartz resulting in a lower vertical AT.

It is expected that sizeable temperature gradients across the
retro~reflector in thebhorizontal direction would result from the con~
ductive heat flow from the cannister. A measure of this distortion of
the temperature distribution is the "radial' AT defined as temperature

difference between the center of the top face, "and the tab, T

Trop» TAB®

14 : ,
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TABLE 1

SELECTED LOCAL TEMPERATURES WITH

AS-RECEIVED ALUMINUM LOUVER ARRAY,

¢, ==, Cp=0.03
6 TapEX Trop Tran
0 . 200.9 200.4 199.1
15 405.7 404.1 407.6
30 | 391.4 390,2 393.6
- 45 368.8 367.8 370.6
1 - 1 — -
Vertical®™ AT = TAPEX TTOP
1u - it ’— .
Radial AT = TTOP TT AR
16

TeamnzsTer

196.3

418.8

404 .4

379 -'6
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Values of this qquantity versus sun angle are shown in Figure 7 for the
cases of zero and 0.03 watts/°K mounting conductance. Shown also is
the temperature difference between the cannister and the retro-reflector
apex. The louver-cannister conductance of 0.25 watt/°K was determined

~ as described in Appendix II.

\

When the quartz!is not conductively coupled to the cannister
(c

a layge distowntion of the temperature distribution occurs with a mount-

R = 0), the radial AT is less than 0.5°K for all sun angles. However,

ing conductance of 0.03. As the temperature difference between the can-
nister and quartz increases, the magnitude of the radial AT also increases.
Comparison with Figure 6 reveals that the radial temperature difference

can be 2-3-times larger in magnitude than the vertical AT.

As discussed previously, the choice of a mounting conductance
value is somewhat arbitrary since it can only be determined when the re-
tainer design is complete. Results of a parametric study of the influ- -
ence of mounting conductance are shown in Figure 8. Here, values for
the two characteristic temperature differences are plotted assuming a
sun angle of 15° and the use of as-received aluminum louvers. The choice

of a 15° sun angle was made because the AT's are maximum at this point.

The magnitudes of both the vertical and radial AT's increase
as the mounting conductance increases. The reason for this behavior has
aIready been explained. Clearly, the results indicate the d831rab111ty

of obtaining the smallest possible mountlng conductance in practice.

An equivalent set of results obtaipned for the ALZAK louver con-
figuration is illustrated -in Figure 9. The vertical AT is the maximum
“value obtained over all sun angles. Radial AT's are given for sun angles
of 0° and 5°, A zero-degree sun angle is really a singular case since
the assumption implies that the louvers receive no sunlight. In this
limiting case, the radial AT is a maximum. Since the louvers will be’
expected to receive some solar energy near lunar noon, the 5° sun angle

case is felt to represent a more reasonable limiting case.

17
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Comparison of Figures 8 and 9 reveals that the thermal problems
associated with mounting conductance are much less severe with the ALZAK '
louver configuration than with the as-received aluminum structure. It is
noted that the maximum vertical AT.decreases with increasing mounting conduc-
tance. This occurs because the cannister is always cooler than the retro- -

reflector at the sun angles where the vertical AT is a maximum.

C. Influence of Louver Height on Thermal Performance

The resul#s presented to this point have all been obtained for
a louver ceXl height-to-width ratio of 2.5. This ratio was chosen so
that sunlight impinging directly on the quartz would be retro-reflected.
A large penalty is paid in the direct loss of laser emergy due to this
shading, however. We have therefo}e examined the thermal performance
attendant with the use of shorter louvers. For computational simplicity,

the louvers have been considered to be black.

With shorter louvers the additional heating of the canmister by
sunlight not retro-reflected must be taken into account. This has been
done in the manner described in Section II — €. The calculations have

* been based on the assumption of guasi-steady heat transfer.

Figure 10 illustrates the vertical AT's across the retro-
reflector as a function of sun angle (time) for several louver heights.
Shown for comparison are the results obtained with the so-called "best"

. . %
surface vadiation configuration.

Clearly, the thermal performance is best for the louver con-
figuration with the largest height-to-width ratio. However, even for an
L/W of 0.625, the vertical AT's are always less than 0.9°K and are smaller
than could be obtained with even a very good surface radiator. From a
thermal standpeint, a bla;k louver as short as L/W‘= 0.625 appears to be

a very attyractive configuration.

T

D. Transient Studies

Within this section we will discuss the influence of thermal

mass on the retro-reflector thermal performance. It is important to

See Technical Memorandum #2.

21
Frthue m.::uulc,ﬂné{




Vertical AT {°i€} -

1.0

0.8

0.4

0.2

Sun Angle

0° 159 30° - 450 60°
g -1 ] 5
f”a%" - “Best Radiator’’] -
i \{:
i i N
! N
i \
i
!/\\\
f e LMW=0.62
gy = G O J Ny 5
u\k
\ S~
e q
~ Y
~
™~
X AN
N
126
\ sy
o, 25
|
0 1 2 3 4 5
Time {Days)
INFLUENCE OF LOUVER HEIGHT

FIGURE 10

ON VERTICAL AT

€=g.=1,

CL=°°,

CR=0



remember that both the quartz and the louver-cannister have thermal mass

and both must be included in the transient calculatioms.

In general, the presence of thermal mass tends to smooth out
the temperature response of a system to perturbing influences. The ex-
tent of this smoothing (or ?amping) is dependent on the nature of the
perturbing influence. In the present case, it can be shown that the re-
sponse time of the retro-reflector is much longer when the perturbing
forcé is infrared radiant transfer than when it is associated with volu-

metric heating.

Figure 11 provides a comparison between the transient and quasi-
steady predictions of retro~reflector thermal response. The "zone tem~
peratures” are representative of the retro-reflector and camnister. Since
these two zone temperatures are for the most parf within 10°K of each
other, the only zone temperatures illustrated are those corresponding to

the retro-reflector.

The general trends! predicted by the two analyses are seen to
be the same. However, at lunar noon (sun angle of 0°) the vertical AT
predicted by the transient analysis is approximately 0.i5°K higher than
that predicted by the quasi-steady analysis. As discussed earlier, the
0° sun angle case is really a singuldr case since the louvers are assumed
to receive no solar energy. Where the heat transfer is quasi-steady, the
cannister temperature drops considerabiy at this sun angle, thereby dimin-
ishing the greenhouse effect. The presence of the louver-cannigter and
retro-reflector thermal masses prevents this rapid decrease in tempera~

ture and maintains the vertical AT at a higher value.

The other prominent feature in Figure 1l is the transient
resﬁonse of éhe vertical temperature gradient between sun angles of 10
and 15 degrees. This behavior can be explained in terms of the response
times of the retro-reflector for volumetric heating and infrared radiant
transfer. As the gun angle increases from the h&imal, the powexr input
to the reflector drops rapidly. At the same time, the cannister tempera-
ture begins to rise slowly at first and then more rapidly near a 7 1/2°

sun angle. Since the response time for volumetric heating is shorter than

23
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that for infrared vadiant heating, the temperature gradient in the retro-
reflector drops rapidly at first until a 10° sun angle is reached. At
this point the heating by the cannister (greenhouse effect) becomes domi-
nant, and the temperature gradient rises slightly. It should be noted
that between a 5° and 10° sun angle the cannister temperature is signifi--
cantly higher in the quasi-steady case than in the transient case. Be-
cause the greenhouse effect is therefore dominant at lower sun angles,

the rapid initial decrease in the vertfcal AT is not predibted by the

quasi-steady analysis.

The transient response of the reflector over an entire lunar
day is shown in Figure 12. In general, the vertical AT is high where

volumetric heating occurs, and low elsewhere.

~The detailed behavior of the vertical AT is quite complex but
can, again, be explained in terms of the response time and the wvarious
. perturbing influences. The two prominent features that appear in this
figure are the rise in vertical AT between a 45° and a 90° sun angle,
and the negative peak in the AT shortly after a 270° sun angle (lunar

dawn) .

- Shortly after a sun angle of 30°, the solar heating of- the
louvers begins to decrease rapidly. As a result, the louver temperature
‘begins to drop rapidly with a resultant decrease in the infrared heating
of the reflector. As the quartz cools, the upper surface cools more
rapidly since it can dissipate its energy more easily than can the back
surfaces., Therefore, as the guartz rapidly loses its energy, the ver-
tical AT increases slightly. After the rapid cooling period is over

(100° sun aﬂgle), the temperature gradients drops again.

Shortly after lunar dawn, the louver temperature begins to
rise rapidly as a result of solar heating. Since the loﬁver panels are’
black, they radiate much of this energy to the retro-reflector. On the
other hand, the cannister is highly polished on the inside and is a poor
emitter of energy. Nearly all of the energy rédiated to the guartz ye-
flector is at the upper surface so that its temperature is higher than
the back faces of the reflector. After the guartz (and cannister) tem-
perature reaches 350°K, the greenhouse effect begins to dominate and the

temperature gradient is reversed.
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Clearly, the transient thermal behavior of a retro-refleccor with
a louver array is very complex. This behavior and the explanations offered
above should not detract from the most important result of these calcula-
tiops. That important result is that the temperature gradients within the
reflector remain small throughout a full lunar day. A corollay result is

that the performance may be adequately predicted assuming quasi-steady

heat transfer.
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APPENDIX I

Volumetric Heating in a Retro-Reflector

An exact calculation of the actual rate of volumetric heating
requires a detailed ray tracing within the retro-reflector to determine
the path lengths of rayé passing through any given point. ‘Rather than
perform these calculations at every point within the reflector, we have
considered local héating at or near the centroids of the five zones
into which the retro-reflector is divided. The assumption is made that
the heating rates at these locations are characteristic .of the respec-
tive zones, Hence, the rate within each zone is simply the product of

the zone volume and the heating rate at the centroid.

At an arbitrarxy point (x,y,z) within the interior of an ab-
sorbing medium, the heat generation fate is dependent on the energy
incident at the location and the absorption coefficient over the spectral
range of the radiant energy. If N collimated beams of solar energy pass

through a location, the local heating rate is

LR N

[ - .
q (x,y,2) —,j F K, iii e A i ar (1-1)
0 R .

where FA =.spectral value of incident solar flux
KA = gpectral value of absorption coefficient
ng = total path length of beam i within medium

before reaching location (x,y,z)

The heat generation vate can also be written as

Q"' GLy,n) = I F S ax (n) (1-2)
. dn, i
: i=1 i -
&
where ‘o*'(§) is the total solar absorptance defined in Ref. [1] as
_ AN : ‘
o* (&) = 1 —J‘ ) e AT (1-3a)
) “ ‘
and . . Fo= f_‘l'} e . (1-3m) _
' ° Zrthur . %ittlhe Ine.



From [1] the derivative of the quantity o* may be approximated by ctue

expression

§ @k () = 0.0276 - 0.0144n + 0.0021n%. (T-4)

Hence, the problem is reduced to determining the path length ny of the

rays passing through each point,

For computational simplicity, rays were traced only for the
case of normal incidence (i.e., for the sun directly overhead). The
&actual evaluations of the path lengths of all the beams passing through
‘the centroids were performed in the same fashion as described in Ref. [7]

and wilY not be repeated here.

In general, deep within the interior of the tetrahedron (see
Figurelz) there is a total of eight beams of solar energy passing through
each point, These consist of a £eam passing directly through the given -
point before reaching a reflecting back surface, three beams passing
through the same point after one/reflection off each of the‘back surfaces
of the retro-reflector, and the }eciprocal rays. 4 reciprocal ray is a
beam of energy entering the reflector atfthe same location and in the

opposite direction of beams leaving the reflector.

Near the top surface of the reflector there may be fewer than
eight rays passing through a point. In particular, near the corners of
the tetrahedron where retro-reflection no longer occurs there may be
as few as one beam passing through a given location. On the other hand,

these beams will be more energetic than those deep within the reflector.

The net result of these effects is that the zonal heating
rates based on the local heat generatibn of the centroids are nearly the
same as those corresponding to a uniform volumetric heating. The heat
generation rates within each zone can be expressed as a fraction of the

heat generation rate within the entire reflector:

7. A. G. Emslie and P. F. Strong, Technical Memorandum #3, "Optical
Distortion Caused by a Vertical Temperature Gradient in a Retro-
Reflector," August 30, 1968.
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A table of the quantities f obtained for the two cases of uniform and

non-uniform volumetric heating is presented below.

TABLE 2

Fraction of Total Heating in Each Zone

f
Zone Uniform Non-Uniform
19 0.3750 0.3634
1-20 0.2500 D.2649
C 21 0.1250 0.1239
22 0.1250 0.1239
23 : 0.1250 0.1239

I-3
Avthue D.Uitte Ine



APPENDIX IT

Thermal Conductance between the Louver and Cannister

A

From Figure 3 it is clear that not all of the louver cells
will be physically connected to a cannister surrounding the retro-
reflector. The thermal model is, however, basaed on the assumption that
each louver cell is virtually indistinguishable from any other cell
within the array. This necessitates the use of some equivalent thermal

conductance to connect our "typical" louver cell to the cannister.

-The model of a typical array of cells associated with any one
retro~reflector is illustrated in Figure II-1. The number of cells in
the array is based on the surface area of the upper face of the tetra-
hedron model of the reflector, and the width of a typical cell. The
effective thermal conductance is taken to be that between points 1 and
2 on Figure 1I-1, where the outer boundary containing point 2 is con-

sidered isothermal.

The value for the conductance can be determined from the so-

Iution of the electrical analogue problem shown in Figure II-2 where

The quantities W and L are the width and height of a louver cell, and §
igs a louver panel thickness. The numerical values assigned to thesge

quantities are

W = Q.44 inches
L = 1.10 inches
§ = 0,310 dinches
k =

1.5 watt/cm-°K

" Based on these values and the model described above, the equiva—

lent conductance was found to be 0.25 watt/°K.

II-1
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FIGURE 1I—1 SECTION OF CELL ARRAY ASSOCIATED
WITH SINGLE RETRO-REFLECTOR
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This memorandum summarizes the work completed to date on the
mechanical design of a Laser Ranging Retro—Reflectér Arréy for the
Mainline ALSEP Program, This work comsisted of 1) providing model
designs for thermal analysis, 2) evaluating structural and fabrica-
fion feasibility of variou% array mechanical design schemes, and
3) establishing a promising mechanical design in conjunction with

thermal analysis results.

1. . Thermal Model Designs

The preliminary mechanical design of a louvered retro-reflector
mount was produced té serve as a model for thermal amalysis. This design
is very similar to the reflector mount detail evolved in the past, i.e.,
it is based upon the use of "circulaxr" reflectors held in thin wall tubes
by spring mounting rings which are clamped by a cup retainer. Louvers,
meshed egg crate fashion, are secured to the front end of the mounting
tubes. This latest design uses a right circular retainer cup instead of
the comical cup used previéusly. In addition, the louvers were made (Q.020
inch thick (the same thickness as the mounting tubes) instead of the pre-
vious 0.010 inch. "These ch%nges were made for convenience of mathematical

analysis and test model fabrication.

|
i

A "“surface radiator" reflector mount concept was also evolved
which consisted of a thin wall mounting tube and retainer .identical to
that just described except there are no louvers in front of the reflec-
tor face. Surface radiator elements would be, probably, mechanically
clamped to the front face of the artay in the interstices between mount-

ing tubes,.

No preliminary mechanical design was made for the surface radia-

tor concept since it was not required for thermal analysis.

Arthur 3. Littke Ine.



2. Evaluation -of Structural and Fabrication
Feasibilitv of Array Models

o

" Because of limited funds the evaluation of several different
array models for structural and fabrication feasibility was not possible.
Also at this time there 'is no definition of array panel configuration,
weight, reflector capacity, volume, or mechanical enviromment (shock and
vibration levels at array mounting points), and, therefore, the possible
array mechanical design problem solutions are too numérous to deal with
individually. However, these possible design solutions can be arranged
in a spectrum with surface radiator designs at one end and louvered
structures at the other. In effect, the design concepts would be lo-
cated within the spectrum according to louver height; the surface radiator

concept representing louvers of zerc height.

From purely an array panel fabrication point of view, the louvered
structures are more complicated than the surface radiator concepts be~
cause many more pileces of metal must be fabricated, assembled, and brazed
together. Also, the louvered structureé,_being more complex, are more
difficult to analyze from é mechanical stiffness point of view., For these
reasons it was decided to fabricate a fully louvered array panel struc-
tural mock-up, since, if this proved feasible, all other array concepts
would be feasible to construct since they are simpler. Mechanical stiff-
ness measurements could then be made on this mock-up which would be far
more accurate than a paper analysis result because of the uncertainty of

assumptions about joint stiffness.

A louver array panel mock-up was constructed using 44 2.33 inch
long lengths of standard 0.020 inch wall, 1.75 inch diameter 6061 aluminum
tubing packed side by side (see Figure No. 1). An "egg crate" structure
consisting of interwoven 0.020 inch thick 6061 aluminum strips 1,10 inch
wide was inset flush wlth the front face of the tube complex. This whole

structure was then dip brazed in a jig to maintain flatness. The successful

Trthue A 3Lule Ine.



brazing of this assembly demonstrated the feasibility of this construction
method. Therefore, we have concluded that it is feasible and practical to
construct louvered array panels in sizes 8 in. x 18 in. of interleaved thin

wall aluminum tubes and strips.

a, XYapel Stiffness Evaluation

The panel mock-up is not identiecal to the final array in that
it does not have cup retainers to stiffen the back of the mounting
"tubes, however, a preliminary stiffness can be measured. The stiffness
of the brazed louver panel was evaluated by measuring the spring con-
stant of the panel when loaded along a latefal mid plane while sup-
ported at its ends. This spring constant was found to be 5,000 Ibf/in.
Using the formula:l-
1 WJL3
YT U EL
knowing -, % and E, T can be evaluated. This value of I is 2.865 x 1072
inh. 7
Incerestingly enough, this value for 1 is equivalent to the total
I for all the longitudinal louver strips im the array panel., This means
that only the longitudinal lbuver_strips contribute to the panel stiff-
- ness as defined here and that the mounting tubes packed side by side do

not contribute.

Using this value for 1 and knowing the weight of the glass
retro-reflectors, the first lateral natural frequency of the panel can

be compute& from:2

9.87 ET cycles

fn T 24 sec.
M1
-3
£ 0= 122.0 cycles
1 sec,
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This value is much too low for ALSEP pallet mounted hardware

and should be increased by a factor of 2.0 for safety.

The addition of cup %etainers on the back of the mounting
tubes will dncrease the moment of inertia of the section by a factor

of 4.0, roughly, and therefore double the natural frequency.

In summary, the louver array deéign concept presented herein
is feasible to fabricate, and, whet equipped with appropriate retain-
ing cups to stiffen the mounting tubes, should be sufficiently stiff
to survive the ALSEP pallet mechanical environment. Similar panel
design concepts using shorter louvers or no louvers at all (surface
radiator designs) will be feasible to make using brazed assembly tech-
niques since they are of simpler construction. These variations in the
panel design, however, must incorporate the moment of inertia present
in the louvered mock-up in order to withstand the probable mechanical

environment.

b, Retro-reflector Mounting Considerations

i
[

The retro-reflector mounting'rings were analyzed with the

| .
following results, which are based upon the assumption of a retro-

reflector having a circular cross section at the mounting plane:

e The retro-xeflector should be held in such a way
that no tensile forces are induced in the reflector.
Any tensile stresses multiplied by stress concen-
tration factors could cause fracture of the retro-
reflector during its 10 year life. Therefore,
the reflector must be equipped with external, or

protruding, mounting tabs.

e To minimize rocking of the mounted reflector during
lateral shock and vibration, the mounting tabs should
be located symmetrically to a plane parallel to the
front face of the reflector which contains the center

of gravity.

Arethur M. Al dne.



e The protruding mounting tabs of the retro-reflector
should be clamped between two opposed truncated
toroidal rings which have a spring constant k along
their radial length. Under these conditions, the

spring constant of the whole mount assembly will be:

2 2
rransverse to reflector axis 2k cos a (2cos B + 1)

K =6k sinza
parallel to the reflector axis )

where:
o = the aﬁgle between the sides of the trun-—

cated cone and its base.

B = one-half the angle between the protruding
mounting tabs--constant at 60° in this
analysis.’

To obtain.a uniform spring constant in the two orthogonal di-
recitions, o = 35.3°. The natural frequency of the mount assembly can
be- adjusted by varying k. Generally, the mount natural frequency should
be as large as posgsible so that the mount does not amplify the shock

"and vibration of array panel.

3. Establishing a Promilsing Mechanical Array Design

The results of preliminary thermal and mechanical analyses of
retro-reflector array design schemes indicate that the following would
be the niost promising design concept: the array panel should be basic-
ally a louvered structure. The actual louver height and height/

separation ratio are not determinant, however, without further and more

i
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comprehensive analysis. It is quite likely that louver height/
separation ratio will be less than the 2.5 figure used in the fab-
rication mock-up, The louver structure should consist of thin alum-
inum strips interwoven, egg crate fashion, and incorporated with
thin wall tubes which house the reflectors. The whole assembly

would be dip brazed.

The retro-reflectors should be clampéd between truncated
toroidal clamping rings which, in turn, are held in the panel tubes
by a retaining cup. The reflectors should be equipped with protruding
mounting tabs located on a circular creoss section containing the
center of gravity., The retaining cups should be right cylindrical
or, possibly, conform to the shape of the back of the reflector, but

in all cases should be polished on those surfaces facing the reflector.

The back of the array panel should be covered with multi-

layer insulation.

Aethur M. Litle Fne,
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Nomenclature

lateral deflection, in,

lateral load, lbf?
i

span length, _in,

modulus of elasticity, 1bf/in2

moment of inertia, in4
natural frequency, cycles/sec.

mass per unit length,
in
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L. SUMMARY

The purpose of this work was to determine the optical performance
of each retro-reflector and the array as a function of off-normal laser

beam entry- angle affected by two patticular factors:
*+ The shape of the face of each retro-reflector, and

* Shadowing related to the height of the thermal control

cavity surrounding each retro-reflector.

The results of the analysis of each of these factors (shape and sh.dow-
ing) are presented in Tables 1 and 2 and Figures 4 and 5. They show the
relative measures of central irradiance for isothermal retro-reflectors

in which the shape is varied from inscribed circle to nesrly triangalar
and the thermal control cavity (louver) height is varied from a length-
over-width ratio of O to 0.6. TIn general, both the retro-reflector shape
and cavity shadowing are important and have comparable magnitude for the
ranges considered. The inscribed cirxcle retro—refiector appears to be the

most favorable shape.

-1I. RESULTS

A. Retro~Reflsctor Shape

The retro-reflector face shapes considered were constrained by
mechanical design consideraﬁions to a triangular shape on which is
superimpoéed a circle, the tab base circle, ocutside of which all silica
(the triangular tips) has been removed. The geometry of the retro-
reflector face is shown in Figure 1. The shapes comsidered vary from a
fully inscribed tab base circle (RZ/Rl = 1.0) to a nearly triangular
shape (R2/Rl = 1.6). TFor a particular shape in this‘range, a laser beam
incident at some zenith angle between 0 and 15 degrees from the normal
will experience obscuration of edge rays resulting in reduction of the
optical return (central irradiance) of the retro-reflector and reduction
of the total central irradiance of the array. A typical pattern of area
of uncobscured rays emerging from the vetro-reflector face is shown in

Figure 2.
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FIGURE 1 SHAPE OF RETRO-REFLECTOR FRONT FACE

FIGURE 2 OPTICALLY UNOBSCURED AREA
NO CAVITY (LOUVER)



The results of the shape calculation, including definitions of
terms, is shown in the computer printout in Tables la, 1lb, and lc¢ -and
Figures 3a, 3b, and-3c. The term N*QPA2 is the product of thes number of
retro-reflectors that can be fitted into the array on a rectangular grid
(N is determined on the basis of other design weight and bulk constraints)
times the square of the optically unobscured area in arbitrary units
(square inches). This product (N*OPA2) is a proportional measure of the
central irradiance for the whole array for isothermal retro-reflectors
having no thermal control cavities or optical obstructions other than the
retro-reflectors themselves. The value of N#*QPA2 in Table 1 represents
the relativelpe;formance at any chogen off-normal zenith angle. Howaver,
bearing in mind the real nonisothermal use, the larger retro-reflector
is not necessarily the most favorable. Thes conclusion can be drawm
from Table 1 thét the most favorable shape is a ratio of 1.0, i.e., a

tab base circle which is the fully inscribed circle.

B. Cavity (Louver) Shadowing

The configuration of the thermal control cavities was constrained
by other design considerations fo a vertical cylindrical cavity concentric
with and just slightly larger thamn the tab base circle. Accordingly,
the question was,what is the effect off cavity height on the optical

return of a retro-reflector?

At the timé in the project when the shédowing was analyzed, the de-
cigsion had already been made to specify a fully inscribed circle shape
for the retro-reflector fromt face., Therefore, in computing the shadow-
ing effects of the cavity, only a fully inscribed circle (ratioc = 1.0)
retro-reflector was considered. The geometry of the retro-reflector

and thermal control cavity (louver) is shown in Figure 4.

When the zenith angle of the incident laser beam is other than
noymal, some edge rays are optically obscured (shadowed) by the cavity
in addition to those obscured by the retro-reflector itself, resulting
in further reduction of the central irradiance from each retro-
reflector and from the whole array. The pattern of optically unobscured
ray‘area‘on the face of the retro-reflector is gquite similar to that

of Figure 2.
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TADBLE 1a

LASER BEAM OFF-ANGLE OBSCURATION EFFECTS DUE TO RETRO-REFLECTOR GEOMETRY
. {ROTAT = 0.0)

LASER BEAM ORF ANCLE DBSCURATJION EFFECTS DLE TC RR GECMETRY . DERMNEVICNS )
. RATFOPRATES OF %AF BASE CIRCLE DIAM TO INSCRIBED CIRCLE BDIAH
CAdE 70472 GPTICAL PERFCAMANGE NOvV )} 1968 o+ SHAPE RATACORATHO RR AACE AREA YO TAS BASE CIRCLE AREA
GREANZZENBTH ANGLE KNC LAJER BEAM RE NORMAL RR FRONT FACE,DEG
GEONETRYATAB BASE C€HRCLE [MPGSED ON TRIANGULAR RR FRONT FACE ROVATAALIRULH ANGRE INC LA3ZBR BEAM RE EDGE RR FRCNT FACE,DBG
’ QR HACIRATHG OPIERCALLY UNOBSCGURED TO GEOM RR FRORT FACE AREA
BAFBRIAL4FUSHD SHLTICA RERRACUIVE INDEX LJ4555 1] SDYAHETER TAT BASE CIRCLE o fREH
APA™ FCPTHCALUY UNGBSCURED AREA , 0Pﬁ=Pf°(Ul2]SO*RATAC#CFFAC
gP42 #CPA 3FLLARED
"N ATOTAL NUBBER OF RR IN ARRAY FROM OTHER OESLIGN OATA
" ANYORAZ 19 PRCERBRT TO RELAYLYE CENTRAL IRRADIANCE wHOLE ARRAY

KR RATIQ RATAC K DRFAN ROTAT OFFAC D=1.5 N=10Q0. D=le6 N= 90. D=1.7 N= 8l. " D=1.8 N= 72. D=1.9 M= 64,

OPA  N®CPA2 apPA  NegPA2 gra  NegPAZ DPA  N%®0PAZ OPA  NHQPAZ

I° 1.0 04994 1 020 80 1.000 1.757 308.9 1.999 359.9 2.25T7 4i12.9 2.531 46)1.3 7.820 509.0

1 L a0 Q994 2 5.0 GJ¢ 02891 1586 246544 1,782 285.9 2.012 327.9 2.255 366.% 2.513 404.3
I S PN Ga904° 3 7T L0220 0.0 04784 1-379 90,3 1569 221.7 1.771 254.3 1.986 284.1 2.213 313.5
1 140 04994 &4 B5a0 0.0 0.6831 1.198 143.5 1.363 167.2 1.538 191.9 1725 2143 1.922 2326.5

2 l1al 0962 1 040 8J0 1.000 ~ 1.594 264.2 lo8i4 296.2 2.048 339.7 2.296 379.5 2.558 418.8
27 002 2 5430 040 0,936 1,493 223.0 |, 1.699 259.8 1.918 29B.0 2.150 332.9 2.396 367.4

2 1ot ga902 3 ¥0.40 040 0.837 1.235 178.3 1.519 207.7 1.715 238.2 1922 266.2 2-142 293.7

2 et oL502 4 5.0 0.0 0.739 1.179 139,11 T1.342 162.1 1.515 185.9 1.698 207.7 1.892 229.2
3 1327 04765 1 L] G40 14000 1,352 1B2.9 1.538 213.1 1.737 244.4 1947 27341 2.170 301.3
3 142 Calls 2 540 0.0 02987 14335 178.4 1.520 207.9 1.715 238.4 1.923 266.%4 2.143 294,0
3 12 0765 3 10.0 0.0 0.904 14223 149,77 12392 1T4.4 1-.571 2C0.0 1aT62 223.5 1.963 246.6
3 1a2 0,765 4 15.0 0.0 0.805 1.088 118.5 1.238 138.1 1.398 158.4 1.567 1T77a0 1.747 195.3

q 143 D452 1 0.0 0.0 1.000 1.152 132.0 12311 154.7 12480 177.4 1.659 198.2 1.849 215.8
T 77 1.3 0~G652 2 5.0 6<0 0.993 lalat 13140 1.302 152.7 1.470 175.1 1.648 195.7 1.837 215.9
q 1.3 0652 3 10J0 020 0.963 1.110 123.2 1.262 143.5 1.425 164.6 1.598 183.9 1.780 202.9

4 143 0J652 4 1540 0.0 04863 0.99% $9,0 Le132 115.3 1.278 132.3 1.433 147.8 1.596 163.1

5 4 02562 1 0.0 0.0 1.000 0.993 98,7 1.130 11%.0 1.276 131.9 1-430 147.4 1.594 162.6

) 1.4 0.562 2 550 040 0.993 02987 97.% 1.123 113.5 1.268 130.2 1.421 145.5% ~ 1.583 160.5

5 ) 02562 3 1040 040 06971 0.96% 93.1 1.097 108.4 1-239 124.4 1389 139.0 1.568 153.4

5 14 04562 4 1520 0.0 U911 0.905 B81.9 1.030 95.5 1.163 109.5 1.303 122.4 1.452 135.0

6 lab  0a439 ) 040 0.0 1.000 C.465 74,9 0.984 87.3 1.11} 100.1 l.266 111.8 1.388 123.4

& 1.i5 0a489 2 520 0.0 04993 0.860 73.9 0.978 B6.1 1.104 98.8 1.238 110.4 1.379 12i.8

& ia5 0a%89 3 1040 0.0 0.971 0.8540 70.4 0.956 82.3 1.079 %4.4 1.210 105.5 1-348 11644

6 1.5 C. 485 4 1540 0.0 0.935 0.B09 £5.5 0.920 T76.3 1.039 87.5 1.165 97.8 1-298 107.9

7 lae 04530 1 G0 0.0 1.000 0.760 57.8 0-865 GT.4 0.977 77.3 1.095 86.4 1.220 95.3

7 16 0430 2 5.0 0.0 0.993% 0.755 57.1 0.860 66.5 0.970 76.3 1.088 B85.2 12212 94.1

H 1.6 0us30 3 16.0 0.0 ¢.771 0.738 54.5 C.840 63.5% 0.548 12.9 1.063 81.4 1.18% H44.2

7 1204 02430 4 15.0 0.0 0.935 C.711 S0.6 0.809 58.9 0.213 &67.6 1.024 75.5 lelal  83.3
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TABLE 1b

{ ASER BEAM OFF-ANGLE OBSCURATION EFFECTS DUE TO RETRO-REFLECTOR GEOMETRY
(ROTAT = 90.0}

LASER BEAN GRF ANGLE OBSGURATION EFFECTS DUE TC RR GEUMETRY DEFINLTIGNS
. . RATAOSRATIE OF TAG BAZE CIRCLE DEIAM TO INSCRIBED CIRCLE DIAM
LaSE 70472 GPTICAL PERFORMANCE NOV I 1968 » SHAPE RATACSRATPE RR RACE AREA TO TAB BASE CIRCLE AREA
) CFRANZIZENGTH ANGLE INC ULASER BEAM RE NORMAL RR FRONT FACE,DEG
GEGRETRAYJTAR BASE CORCLE IMPOSED ON TRIANGULAR RR FRONT FACE RETATSAZIMUTH ANGZE INC LASER BRAM RE EDGE RR FRONT FACE,DEG
‘BR0ACSRATRO OPTICALRY UNOBSGOURED TO SEOM RR FRONT FACE AREA
HATERTALARUSAD SFILICA RERRACFLIVE INDEX 144555 8 ANPANETER TAX BASE CLRCLE ¢ INCH
TTTCPA T 3CPTREALUY UNEBSCURED AREA , OPA=PI*(D/21SQ%*RATAC*0FFAC
CPA2 20PA FQUARED
N #TATAL NOMOER OF RA IN ARRAY FROM OTHER DESIGN DATA
__WOORAZ 13 PRORBRY 70 REUATLYE CENTRAL IRRADEANCE WHOLE ARRAY

UR  RATIO RATAC X OFFAN ROTAT OFFAC Ds1.5 N=100. D=l.6 N= 90. D=1.7 N= Bl. D=l.8 N= 72, 0=1.9 N= b4,
OPA N#QPAZ2 agPA  N=QPAZ OPA  N=QPAZ QraA  N=GPA2 OPA  N2OPAZ

B T T 2994 1 0.0 9040 1.000 1.757 308.9 1.989 359.9 2.257 412.9 2.531 461.3 2.820 509.0

3 id 2994 2 540 90.0 0.8968 L5760 24845 1.793 289.5% 2.024 332.0 2.270 371.0 2.529-40%.4
TTTE LI 04984 3 3040 90,0 0.787 1.383 I81.4 1.574 223.0 1.777 255.8 1.992 285.8 2.220-,355.%
3 & E5J0 9018 00677 1.191 141.8 1.355 165.2 1.52% 189.% 1.715 211.8 1-911 233.7 .

. 1 040 90.0 1.000 fa594 254.2 l.814 296.2 2.068 339.7 2.296 379.5 2.558 4iB.8
LAt os902 2 540° 96.0 05925 1.475 217.8 1.679 233.8 1.895 291.1 24125 325.2 2.368 358.9
E

2 lak 0,902

]

2 1di 04902 0L0 9010 0,818 1.305 170.3 L4845 19844 1676 227.6 1.879 264.3 2.0%5 28046
3

3

T el TR0 TETYST0TT 90.0  0.764 1.138 129.7 T1.2957151.1 Lo 462 173.3 1.640 193.6 14827 213.7

To1d2 Q4765 1 0ig 90.0 1.000 1.352 182.9 1.538 213.1 1.737 244.% 1.947 273.1 2.170 201.3
ia2 0aT&5 2 510 90.0 0.980 1.326 L¥5.8 1.508 20449 1.703 235.0 1.909 262.5 2-12T 289.7

T 1a2T TUNVE5 3TTTRGLUC 90.0  0.88Y 1el92 14241} 1.356 145.6 1.53% 189.9 1.7T17T 21242 1.913 234.2
3 142 0LT765 & 15.0  20.0 0.777 1.051 110.6 1.196 128.8 1.350 147.8 1.51l4 165.1 1.687 182.2

% 143 a46%2 L 0.0 90.0 1-000 1.152 132.8 1.311 154.7 1.480 177.4 1.659 198.2 1.849 218.8
g 143 7TTa652 2 5.0 9.0 0.938 1.139 129.7 1.296 151.1 T.463 173.4 1.640 193.7 1.B27 213.7
4 1a3 QuG%2 3 10.0 90.0 0.939 1.082 117.1 1.231 136.5 1-390 15646 1.558 L74.9 1.736 193.0
T 143 0a652 & 1540 90.0 0.835 0,962 92.6 1095 10T7.9 i.236 123.8 i.386 138.3 1544 152.7
TS5 T O1JF 056271 T D0 90.0 1.000 0,993 G8.7 1.130 115.0 1.276 131.9 1.430 147.5 1.594 162.6
5 1i4 0562 2 5.0 90.0 0.988 0.982 Gé.4 1.117 L12.4 1.261 128.9 1.414 1464.0 1.579 158.9

5 1.4 0.562 3 10,0 90,0 0.962 0.956 9Gl.4 1.08B8 106.5 1.228 122.2 1.377 136.5 L.534 15Q0.6

s Lol4 0dE62 4 540 90.0 0.885 0,879 T7.3 1.000 90.1 1.129 103.3 1266 115.5 - 1.%11 127.4
& 145 02489 1 0.0 90.0 1.000 0.865 T4.9 0.984 87.3 1.1l 100.1 1.246 111.8 1.388 123.4.

& 135 oJa89 2 BJO  98.0 D0.988 0.85% 73.2 0.973 85.2 1.099 97.8 1.232 109.3 1.372 120.6

& 145 02589 3 1020 . 90.0 0.%962 0.833 69.4 0.967 80.8 1.076 92.7 1.199 103.8 1.336 114.3
& 1.5 0489 4 15.0 90.0 0.92% 0.799 63.9 0.910 74.5 1.027 85.5 1.151 95,5 1.283 105.4
T 1416 ~430 1 0J0  90.0 1.C00 0.760 57.8 Da865 67.4 0.977 77.3 1.095 Bb.4 1.220 95.3

7 1oa Cm430 2 5.0 $0.0 0.988 0.752 56.5 0.855 65.3 0.5965 15.5 1.082 B4.4 1.206 93.1

T 1a6 02430 3 1020 90.0 0.96&7 c.732 S3.¢ 0.833° &2.4 0.94¢ Tl.& 1.054 89.0 1. 174 o8.3
T, lab 0nt30 4 15.0 90.0 0.932 £.7¢9 50.3 0.807  58.6 0.911 67.3 1.021  75.2 1. 138 d2.v
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TABLE e

LASER BEAM OFF-ANGLE OBSCURATION EFFECTS DUE TO RETRO-REFLECTOR GEOMETRY '
(ROTAT = 270.0)

LASER GEAH ORF ANGLE DBSCURATION EFFECTS DUE TO RR GEOMETRY DEFINITIONS
RAETDOSRATHS CR IAS BASE CIRGLE OEAM TO INSCRIBED CRRLLE Dlan
CASE 70472 GPTICAL PERFORMANGE NOV 1 1968 - SHAPE RATACARATEE RR RACE AREA 7O TAB BASE CIRCAE AREA
) CRAANSIENDTH ANGLE §NC LASER BEAM RE NORMAL RR FRONT FACE,DEG
GECRETRYJTAD BASE CHRCELE IHPOSED ON TRIANGULLAR RR FRONT FACE RATATAAZIXURH ANGRE INC LASER BBAM RE EDGE RR FRONT FACE,DEG
BRARCSRATHS CRYDILARLY UROCBECURED TO GEOM AR FRONT FACE AREA

HATGRIGLASUSED SILICA REARACTIVE INDEX 144555 g SCPANETER TAD BAYE CLRCLE o ENCH
: ) T CORTTILPTHLALUY UNGBSCURED AREA « OPA=PI*{D/2)SQvRATACSGFFAC
CPA2 JOPA SQUARED
TN 70TAE NGHOER OF RR IN ARRAY FROM OTHER DESIGN CATA
- _ NGORAZ 0§ PRORORT TO RELATIVE CINTRAL IRRADIANCE WHOLE ARRAY

#R RATIG RATAC # ORFAN ROTAT OFFAC 0=1.5 K410G. O=1.6 N5 90. D=1.7 N= 8l. D=1.8 N= T2 D=1+9 N= 64
’ OPA  NSOPAZ OPA  N®0OPA2 OPA  N2OPA2 OPA  N&OPAZ gPa  NeQPAZ

k 1.0 Oa2%94 1 0.0 29040 L1a000 1757 308.9 1.999 3§5%.9 2.251 412.9 24531 461.3 2.820 509.0

1 a0 994 2 540 27040 04895 14576 24045 1.793 2B9.5 2.024%4 332.0 2270 371.0 2.529 40%.4
S 1d6°7T0Q9F% 3 7 3030 27040 0.767 1.383 191.%" 1.574 223.0 1777 255.86 1.992 285.8 ~2.220 315.4
B 149’_ 04994 4 I540 2700 0Q.677 1.191 1Al.0 1.355 -165.2 1.529 189.5 1.715 211.8 1.911 233.7

2 1at ~302 1 040 279.0 14000 1594 254a.2 1Bl 296.2 2.048 339.7 2.296 379.5 2.558 418.8
2 1ad tazaz 2 540 27030 04951 1.517 23043 1.726 268.4 14949, 3078 2.185 343.9 2.435 379.5
o2 lad 0202 3 1040 Z270.0 04831 1,357 184.2 1549 214.6 - 1.743 246.2 12954 275.1 + 2.17T 303.5
TTETOTLJLTT 4202 F 0 EBJD 270.0  0.T38 « 14177 138,86 1339 161.4 1.512 18%.2 1.695 206.9 1.8588 228.3
-3 12 0qv66 1 0a0 276.0 14000 L 1a352 182.9% 1.538 213.1 1. 73T 244.5 12967 273a1 2170 301.3
3 1ad 0765 2 540 2T0.0 0,981 1,328 1763 1.511 205.5 1705 235.7 1912 263.3 2,130 290.6
T3 1-7 02765 3 7 1020 270.0 0.952 1.288 165.9 1.465 193.3 1.654 221.7 1.854 247.7 2.066 273.3
3 la2 Qa¥6s 4 15.0 270.0 0.836 Lai3t 128.1 1.287 149.2 1.453 171.1 1625 191.2 1.81% 2il1.0

4 - 1la3 ou652 1 040 270.0 1.000 1.152 132.8 1.311 154.7 14480 177.4 1.4659 198.2 1.849 218.8

i 133 Da6352 2 5.0 2T0.0 0,981 L.131 128.0 1.287 149.2 L4453 171.1 1.629 191.1 1.813% 210.9

q L3 0652 3 3.0 27030 0.966 Lali% 124.1 1.267 164.6 1.431 165.8 1.604 1B5.3 1.787 204.5

i 13 gJékz2 & £540 270,00 0,913 1052 110.7 L4187 129.0 £.352 148.0 1.515 165.4 1.688 182.5

3 Fah o0J56a2 1 0J0 270.0 1.000 0.893 98.7 1.130 115.0 1,276 131.9 1.4520 14T7.4 1.594% 162.6&

5 Lot ~562 2 5.0 270.0 0.981 0.975 95,2 1.110 110.9 1.253 127.2 L4050 162,13 1.565 1546.8
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The results of the cavity shadowing computation, including defini-
tions of terms, are shown in Table 2. The cavity height is expressed in
terms of the ratio (RLOW) of the length of the cavity above the retro-
reflector face to the inside diameter of the cavity. RLOW ranges from 0
to.O.G. The term OFFC2Z is the square of the optically uncbscured area in
units normalized to the value for a normally incident laser beam. This
term (OFFC2) is proportional to the central irradiénce for an isothermal
retro-reflector of inscribed circle shape mounted in a vertical cylin-

drical thermal control cavity with a length-to-diameter ratio RLOW.

The results of Table 2 are plotted in Figure 5. The results sug-
- gest that the off-normal effects of the retro-reflector itself are
significant even for a zero height cavity. _

1

IIT. METHOD

A. Retro-Reflector Shape—-No Cavity

The optical performance of a retro-reflector as indicated in Table
1 is computed by a computer program that generates a sequence of test
rays on an X, y grid over the face of the retro-reflector and applies

the following conditions for each ray: -

(1) Is the ray inside the triangular face as defined by
the equation of the three lines comprising the triangie

sides?
AND

(2) Ié the ray inside the tab base circle as defined by

" the equation for this circle?
AND

(3) Is the ray inside the cross radially mapped image of
the triangle (1)? . -

" AND

(4) Is the ray inside the cross radially mappeé image of the

tab base circle (2)7%

11
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TABLE 2

LASER REAM OFF-ANGLE SHADOW EFFECTSDUE TO
RETRO-REFLECTOR AND CAVITY

LAYER BEAM CRF ANGLE IHADDW LFFEQTS BUE TO RR AND CAVLITY
CASE T@472 <CPURGAL PERFORNMANCE NOV 25 1968

DEFINITIONS .
R SRATIC LEBGTH/WIBTHI{DIAM) OF CAVITY(LOUVER}
OFRFANZENFIH ANGLE OF INCIDEGNT LASER BEAK.DEGREES
ROTATSAZINUTH ANGLE INC BEAR¢DEG,RE EDGE OF TRLANGL FACE
CFRACFRATERO GPTECALLY ACTIVE TOQ GEOMETRIC FRONT FACE AREA
AFRE2A0FFAC SCOUARGDJURELATIVE GEMTRAL IRRADFANCE
SHRARE RR BNSCRBBED CILRCLE RATIO=140 +CAVETY CONCENT CLRCLE

= .

fLaw K OFFAl ROTAT OFFAC | DOFFC2
1 6.0 1 0.0 040" 1.000 1.000
1 0.0 2 5.0 - 040 0.891 0.794
14 6Jd0 3 10.0 040 0784 0615
1 040 4 15.0 8.0 0.681 o464
P 0.0 T BT 2040 050 7 0.574 6,329
]
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B, Mapping

The basis for determining which rays are optically unobscured is the
mapping point. For a laser beam incident at some off-normal zenith angle,
there is a point on the retro-reflector face (the mapping point) about
which any exiting ray can be cross-radially .mapped (equidistant frow the
mapping point and 180° away) from the corresponding .entrant ray. The

mapping point is displaced from the center of the retro~reflector face

and is in the plane of incidence. The geometry is indicated in Figure 6.

The procedure for determining the optically uncobscured area is first,
a ray is tested to be in or out of the triangle-and to be in or out of the
“tab base circle, then the mapped position of the ray is tested in the
same way.¥ i

The rationale of the location of the mapping point on the retro-
reflectoxr face was established experimentally using a precise optical
laboratory model.®* The mapping point was found (as might have been
expected) to correspond to the entering position on the retro-reflector
face of the refracted ray that also passes through the apex of the retro-
reflector. Therefore, by Snell's law and the geometry of the retro-
réflector, the distance between the center point on the face of the

-

vetro-reflector and the mapping point is

'C = BHtan [arc sin (Eiﬁﬁa]

and the x and y components of the position of the mapping point relative

to the center point of the retro~reflector face are:

C cos§

C sind®

3.
{

. * The center of the retro-reflector face is (x=0, y=0).

#%The laboratory wodel comsisted of a hollow acrylic retro-reflector with
a ruled grid on its front face and filled with mineral oil containing
a trace of white paint to make a light beam visible., A zirconium arc
lamp (with a narrow, 2-millimeter diameter parallel beam), a collimator,
and the oiled-filled retro-reflector were mounted in a milling machine,
This set-up provided indexed x, y, and z cross adjustments by which the
location of rays and entrance and exit points on the retro-reflector
could be studied. ’ -

14 : '
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where:
n is the optical index of refraction, 1.4555 for silica;

~

C is the distance between the mapping point and the center of the

front face of the retro-reflector,
H is the apex to front face distance of the retro-reflector,
¢ is the zenith angie of the incident (laser) beam,

8 is the azimuth angle of the incident (laser) beam relative to

one side of the frent face triangie,
a is the x conponent of ¢, and
b is the y component of c.

C. Cavity Shadowing

The computation of the effect of cavity shadowing as printed out
in Table 2 is carried out by imposing two conditions in addition to 1, 2,

3, and 4 stated in Section A above:
AND

(5) Does the ray under examination iie at a point on the retro-—
reflector face which is unshadowed by the cavity for the

given (Laser) beam zenith and azimuth angles?

AND
" (6) Does the cross-radially mapped ray meet condition (5)7

The area defined by all rays on the retro-reflector face that meet
conditions 1, 2, 3, 4, 5, aﬂd 6 is optiqglly unobscured and defines the
light that will emerge from the retro-reflector given an inscribed cirele
front face shape, a cavity (louver) of height to diameter ratio of RLOW,
and a laser beam incident at given zenith (OFFAN)-and azimuth {(ROTAT)
angles. For the parti%plar inscribed circle shape concentric cylindrical
cavity considered, the optical return is independent of azimuth and
therefore the listed azimuth (ROTAT = 0.0) is representative of any azimuth

angle.

16
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FOREWORD

A solar optical test program for a retro-reflector in simulated lunax
environment was conducted by Arthur D. Little (ADL), Inc., for the
Department of Physics and Astronomy, University of Maryland, in support
of the Manned Spacecraft Center, National Aeronautics and Space Adminis-

tration (Comtract NAS9-7809).

The authors acknowledge the assistance and cooperatioh of Carroll
0. Alley, the Project Monitor, Ren Fang Chang, Douglas Currie and Harry
Krimelmeyver of the University of Maryland, and James E. Fallexr of
Wesleyan University, The principal ADL personnel contributing to the
program included James C. Burke, Program Director; Daniel ¥. Comstock
and Peter C. Von Thuna, optical instrumentation and measurements; Frank
E. Ruccia, thermal facility; Richard L. Merriam, analytical predictioys;
David L. Richardson, solar simulation and test- program; and John E.

McCullough and Major M. White, test model design.
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I. SUMMARY

A, PURTOSE

The solar optical test program was conducted by Arthur D. Little,
Inc., to substantiate the analytical methods used to predict the optical
performance of the vetro-reflectors mounted in an array on the lumar
surface, TIncreasing the confidence level and accuracy of the analysis
used to predict the optical signal return from an array of retro-
reflectors on the moon at various sun conditions would aid in the analysis
of data being returned currently from such arrays and serve as the basis

for design optimization of future arrays.
B. SCOPE AND DESCRIPTION OF EXPERIMENT

A tegt facility was constructed which permitted thermal and optical
measurements of a single retro-reflector exposed to the simulated lumar
environment of vacuum, solar heat, and low-temperature radiation. The
test retro-reflector was mounted in a canister incorporating the physical
dimensions, mounting hardware. and thermal boundary conditions typical of
an array of retro-reflectors on the lunar surface. Solar simulation was
accomplish.ed by means of a collimated beam of light emanating from a
xenon lamp mounted over the test chamber. A mirror arrangement in the
test chamber permitted changing the angle of incidence of the sun. The
optical teét apparatus, which was mounted on a bench outside of the test
chamber, consisted of a laser ccllimator with an internal beam-splitter,
optics to focus the diffraction pattern, a photomultiplier tube and .
apertures for measuring the central and total irradiance in the diffrac-
tion pattern, assoclated readout equipment, and a camera for photograph-

ing the diffraction pattern.

Testing was conducted during two time periods three months apart.
In the initial testé, accomplished in June 1970, the test facility, in-
cluding solar simulator and retro-reflector modei, were operated success—
fully. However, measurements of the central irradiance varied widely

with an uncertainty in excess of +40%. This disparity precluded

Arthur D Little Inc
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meaningful comparison of the data with analytical results, After modi-
fications and improvements were made to the optical imstrumentation, the
tests were repeated in September 1970. In this test program, two separate
series of tests were made, each covering a range of solar angles. In

the first series of tests,'the laser beam operated in its normally polar-
ized condition. In the second series of tests, a laser-beam polarizer
(provided by the University of Maryland) was incorporated. It permitted
rotation of the angle of polarization of the laser beam with respect to

the retro-reflector.
C. RESULTS

A summary' of measured and predicted canister temperatures and rela-
tive central irradiance values are presented in Table 1. The canister
temperatures were predicted on the basis of a detailed thermal model,
using the measured thermal physical properties of the retro-reflector,
canister, and retainer ring, and the measured values of incident thermal
flux. The conductance values between elements of the retro-reflector

canister assembly were assumed to be those measured for the Apollo 1l

array.
TABLE 1
{
SUMMARY OF CANISTER TEMPERATURES AND
RELATIVE CENTRAL IRRADIANCE VALUES
Relative Central Irradiance
Canister Measured
Temperature (°K) Normal Min-Max
Condition Analysis Measured Analysis Polarization Polarization
Room - 294 1.0 1.0 1.0
Temperature -
~10 degrees 323 373 .92 .87 ' .9
~30 degrees 406 391 .33 .26 .67
~60 degrees 326 349 .46 « 24 .99
Lunar Night - 144 1.0 , 80 no measurements
2
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The relative central irradiance value of the retro-reflector was
computed from the éredicted local temperature distribution within the
retro—reflect&f, using an optical ray trace program to determine the
phase distribution of the laser energy leaving the retro-reflector. These
phase distributions were then used to predict the central irradiance of

the reflected energy.

The measured relative central irradiance wvalues are presented, first,
for the laser beam operating in its normally polarized condition and,
second, with the polarization rotator installed. In the latter case, the

.experimentally reported central irradiance values are the average of the
maximum irradiance (corrected for polariéation effects in the measurement
optics) and minimum irradiance obtained as the plane of polarization was
rotated. The uncertainty in the central irradiance measurements is low.
The probable error in the relative central irradiance for all measurements

is less than +6%.

The measured temperatures of the canister fall within 3 to 10% of

" those predicted-analytically. A comparison of the measured relative
central irradiance value for normal poiarization indicates good agreement
with the analysis at all but the -60-degree solar angle. However, in

light of the large polarization effect found during the second series of
measurements, there is some doubt as to the Yalidity of the normal polariza-
tion measurements. Experimental relative central irradiances based on
the average between the maximum and minimum polarization return signal

show the same general trend with increasing sun angle as do both the

normal polarization results and the analysis. However, the maximum-minimum
polarization results indicate much higher relative central irradiances

than do either the normal polarization results or the analysis.
D. CONCLUSIONS

Based on the results of the solar optical tests, we reached the

following conclusions:

1. The optical performance of a retro-reflector in a lunar environ-

ment agrees, in most important aspects, with the analytical methods

Arthur D Little Inc



previously used in the thermal design of fiight arrays.

(a) During lunmar night when heat fluxes, temperatures, and
temperature gradients are small, the relative central irradiance predicted

. by analysis and confirmed by measurements is close to unity.

(b) During near normal sun incidence (di.e., -10 degrees) when
the incident solar energy is retro-reflected, relative central irradiance

is again near unity for results obtained by analysis and from measurements,

(c) When the sun angle exceeds the critical angle (~16 degrees)
for retro-reflection, degradation in optical performance is most severe
and improves as the sun angle approaches -90 degrees. TIn this region the
trend of the amalytical results and experimental data (at -30 and -60
degrees) was the same. However, we did not achieve consistently good

agreement between the analysis and measured results.

2. Since the analysis in its present form does not include polariza-
tion effects, and since the return signal from a thermally perturbed
retro-reflector is exiremely sensitive to the angle of polarization, it
is difficult to interpret differences in relative central irradiance be-
tween the analysis and experimental measurements at different ﬁolariza—

tion conditions.

3. The difference between analytical and experimental canister
temperatures, while generally about 10% or less, is greater than would
be anticipated from the known. tolerances on input data such as mount
conductance, material properties, and solar beam intensities. The resolu-
tion of these differences would require additional detailed thermal

measurements.

The experimental results of this program demonstrate the correspondence
between analysis and experiment and verify the general applicability of,
our analytical techniques. The underlying analysis for 'the optical per-
formance and thermal control of the retro-reflectors in the lumar array
has been wverified with successful signal returns from the arrays deploy-

ed on the lunar sunxface during‘the Apollo 11 and Apollo 14 missions.
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II. INTRODUCTION

The Laser Ranging Retro-Reflector (LRRR) experiment, as well as its
basic design, was conceived by an investigative group of scientists fzom
several institutions headed by C. 0. Alley of the University of Maryland.
The LRRR experiment was originally suggested in a letter to the Journal
of Geophysical Research(l) in 1965. A cdmplete discussion of the tech-
nique for the experiment, including design considerations for the LRRR
array, was presented by the University of Maryland im a proposal submitted
to NASA in December 1965. Under a NASA grant, retro-reflectors were

(2)

successfully tested by the University of Maryland with the assistance
of the Perkin-Elmer Corporation. Using the facilities of MASA's Goddard
Spaceflight Center, investigators tested the optical performance of the
retro-reflector in a simulated’lunar environment during the Summer of
1966. The placement of a retro-reflector package on the moon as an
official Apollo experiment wasfapproved by NASA in 1967, and the decision
to include it on Apollo 11 as ﬁart of ﬁhe Early Apollo Scientific Experi-

ment Package (EASEP) was made by NASA in January 1969.

The first retro-reflector package, a 100-unit array, was placed on
the lunar surface on July 20, 1969, as a part of the Apollo 11 mission,

(3-6) A second retro-

and it has been operating successfully ever since.
reflector arréy, also 100 units, was placed on the moon as part of the
Apollo 14 mission. Construction of a third package, a 300-unit retro-
reflector array, plaaned for Apollo 15 mission in July, is currently ‘

undexrwvay.

ADL's association with the LRRR experiment dates back to early 1967.
Under céntract to the University of Maryland during the Spring of 1967,
we conducted preliminary thexmal analyses and mechanical design of the
LRRR array for the Apollo Lunar Scientific Experiment Package (ALSEP)
program. Our final report, which contained predictions of retro-reflector
temperature gradients, included a preliminary desién concept incorporat-

ing both thermal control and structural protection.
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From mid-1967 to mid~1968, we participated in an investigation of
retro-reflector vendors, and acted as liaison with the investigative
group. In June 1968, we were awarded a contract by the University of
Maryland to define the thermal performance of various thermal control
designz of LRRR arrays. Upon completioﬁ of this work, we.accomplished
the design and fabrication of LRRR arrays for the Apollo 11 and Apollo
14 missions under contract to the Bendix Aerospace Systems Division.
Currently, we are engaged in the assembly and test of the retro-reflector

array- for Apollo 15, also in .conjunction with Bendix.

Because of schedule limitations, we established thermal design of
this retro-reflector array and predicted optical returns from the array
in a lupar thermal environment solely by analysis with no test verifica-
tion other than those initial tests conducted by the University of
Maryland in the Summer of 1966. These early tests, while dembénstrating
the basic feasibility of the retro-reflector concept‘, did not provide
quantitative data necessary for designing the final array configuration.
Thé decision to rely, to a large extent, on the analytical thermal design
has since been vindicated by the successful performance of the Apollo 11

and 14 mission arrays.

The solar/optical test program, which is the subject of this report,
was conducted to refine the predicted Optlcal performance of the present
array hardware, improve the accuracy of data reduction, provide a basis
for future array design optimization, and aid in assessing possible
degradation in the return signal at some much later time. The test pro-

gram was begun in December 1969,
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III. EXPERIMENTAL FACTILITY

A.  EXPERIMENTAL APPROACH

»

The objective of the solar optical test program was to verify that
a thermal/optical analysis c0ulh be used to predict the optical return
of a retro-reflector in a lunar environment. Therefore, the experimental
equipment was designed to provide optical measurements of the return of
_retro-reflector when exposed to thermal enviromment similar to that which

- might be experienced by an array on the lunar surface.

In experiments of this type, an exact simulation of the actual
operating conditions would be impractical, because it would require using
a full array with support and aiming mechanism placed on a reasonably
large expanse of simulated lunar soil in a vacuum chamber which had both
a solar beam and simulated space background temperatures. To produce all
of these conditions simultaneously would be prohibitively expensive and,
to a large extent, is quite unnecessary. A far more reasonable approach
would be o devise aﬁ experiment which simulated the mest important
boundary conditions, and then use this experiment to verify the analytical
. method when applied to these experimental conditions. Therefore, we de~
éigned a facility capable of testing é single retro-reflector in a simul-

ated array segment.

A single retro-reflector in an array segment allowed use of a )
reasonably sized solar beam, and was consistent with previous analytical
studies which have indicated that tramnsverse temperature gradients in
the array and variations in performance from retro-reflector to retro-
refle;tor were extremely small., The array segment was insulated on the
sides and back to eliminate external heat transfer other than that associ-
ated with the front face of the retro-reflector and array segment. In
the actual array, the sidewise, or transverse, heat transfer was negligible.
However, heat transfer through the back of the array may be significant.

In actual operation, the heat leak from the back may be either positive,

negative, or essentially zero, depending on the particulars of site and
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the specific design of the support hardware. By electing to eliminate
back heat transfer, we conducted tests under a real condition which was
as valid as any other for comparing the analytical data with experimental
" results. The use of a liquid nitrogen temperature background (77°K rather
than that of outer space,Ia few degrees Kelvin) simplified the experiment
greatly, because, in either case, the radiétion from the test chamber

walls to the model or from space to the array was negligible.

The solay simulator, a xenon lamp, used in the experiment, also
_provided inaccurate simulation since its spectral content did not actually
match that of the sun. However, this did not compromise the objective of
verifying the analysis since, when the analysis was applied to the experi-
mental situation, we usgd the actual solar radiation propertiés of materi-

als when exposed to Fhe Xenon beam.
B. TEST CHAMBER

The ADL vacuum test chamber used in this test has an intermal work-
ing space approximately 2 feet in diameter and 4 feet long, and was modi-
fied by the addition of appropriate windows, penetvations, and LN2 shrouds.
The chamber also has a vaguum system capable of producing a vacuum of less
than '_1_0—6 torr, and is supported by pneumatic mounts to minimize mechanical

Anputs to the optical system.

The test chamber and its Ielétionship to the solar simulator and
optical instrumentation are shown in Figure 1. A 4-inch diameter
stainless—steel tube, which penetrates one end of the chamber, is used as
an optical rail on which are mounted both the refro-reflector test model
within the chamber and the optical instrumentation table outside the ’
chamber. The beam from the laser collimator enters and leaves the chamber
through a BK-7 window which is flat and parallel to 1/20n. The solax -
simulator is located on top of the test chamber. The solar beam enters
the chamber through a 0.75-inch thick Infrasil window. Within the
chamber the soiér beam can be rotated in the horizontal plane by a mirrvor
system which provides sun angles from +30 to -70 degrees with respect to
the retro-reflector axis. (As the retro-reflector is installed, with its

pointing axis and one true edge in a horizonﬁal plane, total internal
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reflection exists between sun angles of approximately -60 to +90 degrees.)

A liquid nitrogen-cooled shroud encloses the retro-reflactor test
model and rotating mirrors., This shroud has a semicircular cross—section
matching the upper half of the test chamber and is about 20-inches long.

Cutouts are provided in the shroud for the solar beam, the -optical path,

and the test model support. .

c. TEST MODEL

’The test model comsists of the test retro-reflector mounted in a
simulated array segment (canister) with the associated thermal isolation,
positioning, and support equipment, Figﬁre 2, which presents a sectional
view of the test model, illustrates these features, As Figure 2 shows,
the test retro-reflector is mounted within an aluminum canister which in-
corporates both the internal geometry of the array cavity and a representa-
tive portion of the array front surfacde. The retro-reflector is retained
in the canister with Apollo 14 flight-type support rings and retainer

ring (6~degree taper).

The canister is connected to the copper guard enclosure with low-
conduciance suppoits made from 0.25 inch diameter Pyrex balls, The
copper guard enclosure is heated with electrical paich heaters applied to

its back and side surfaces., Temperatures are measured with chromel-

.- constantan thermocouples located at two axial positions on the copper

guard enclosure, and one location on both the canister and the retainer
ring. ‘A differential thermocouple (chromel-constantan) measures the
temperature difference between the canister and the copper guard enclosure.
In practice we have been able to control the temperature.difference between
the canister and the copper guard enclosure to less than 0.5°K. This re~
sulted in a heat flow between the guard enclosure and the canister of less
than 2 percent of the solar energy absorbed on the front face of the

canister.
‘e,

“Phe guard enclééure has a shield plate which surrounds the front
surface of the canister and prevents solar energy from impinging on its
sides. The guard enclosure is attached to a mount bracket which, in
turn, is attached to the support bracket by means of a micrometer/spring

system by which accurate alignment of the retro-reflector with respect to

10
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the laser beam can be effected. The support bracket is attached to the

optical rail through a low conductance pad.

Figure 3 shows the test model from the front or solar—beam side.
E;t shows how the front face of the canister is framed by the shield
plate and how the gap between the canister and the shield plate is cover-
ed with a thin ribbon of aluminized Mylar tape. The thérmocouple on
the retainer ring, the alignment micrometers, and the leads to the vari-

ous thermocouples and heaters are also shown in Figuxe 3.
D, FACILLITY INSTRUMENTATION
1. Temperature Measurements

Copper-constantan thermocouples were used to take temperature measure-
ments at various locations on the liquid-nitrogen shroud of the chamber,
and chromel constantan thermocouples were used in the test model. The
location, type, and size of the thermocouples used are presented in Taéle

2, All thermocouples had one junction in an ice reference.

TABLE 2

THERMOCOUPLE DATA

Location - No., . Type Size
Shroud - (in. dia.)
End (2) Copper—Constantan - 0.005
Side (2) Copper-Constantan 0.005
LN2 in (1) Copper—Constantan 0.005
LN2 out (1)~ Copper—-Constantan 0.005
Test Model
Canister (L) Chromel-Constantan 0.006
Guard heater (2) Chromel-Constantan 0.006
Differential (1) Chromel-Constantan 0.006
canister-guard -
Re?aiper riﬁg (1) Chromel-Constantan 0.002
13
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2. Solar-Beam Monitor

Throughout the test, the output of the solar simulation system was
continuously monitored by means of a water-cooled pyrehliometer* to de-
téct changes attributable to }amp or mirror degradation. The instrument
has linear characteristics with a sensitivity of 0.0264 w/cm2~mv. A
small front-surface mirror placed in the fringe of the solar beam just
ahead of the Infrasil window was used to deflect a small sampling of the

solar beam onto the pyrheliometer.

o
Hy-Cal Engineering Co., Model Wo. P-8400-B-01-120
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IV. SOLAR SIMULATION

“A. DESIGN

The solar simulator used in this test program is shown in Figure 1.
The simulator uses a 2.5-KW Osram xenon lamp as its source of radiant
power, This lamp is located at the first focus of an 18-inch diameter
ellipsoidal front-surface mirror. The beam is next reflected from a
flat front-surface mirror upward to a 4,25-inch diameter.front—surface,
aluminized spherical mirror of 9-inch focal length which collimates the
beam, This mirror directs the beam downward through a 0.75-inch thick
Infrasil window (provided by the University of Maryland) into the chamber,
from whence it passes centrally through a large bull gear which carries
both of the flat, in-chamber mirrors used to direct the solar beam onto
the test model at various solar angles. One turn of the pinion gear

Whlch drlves the bull gear produces a l-degree rotation of the sun angle.

Two optical apertures are used to limit both the amount of stray
light entering the chamber and the diameter of the beam incident ov the
test model. One aperture is located above the chamber Infrasil window
and the other is located in the chamber, immediately upstream of the
firgt in<chamber mirror. With tﬁese apertures, the half-angle divergence

of the solar beam was 3.9 degrees.
B. CALIBRATTON

1. Background

The basic philosophy behind the solar optical tests was to measure
the effect of a simulated solar beam on a retro-reflector rather tham to
try to simulate the sun itself (an almost impossible task). The procedure,
therefore, was to design and build a solar simulator which would minimize
the losses in 1oﬁg~wavelength radiation (through the use of front-surface
optics and an Infrasil chamber window), and to measure the absorptance
of the retro-reflector and all components of its mounting resulting

from the "as-produced" solar beam. By this technique, absorptance to

15
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the energy present in the line spectra of the xenon lamp could be measur-
ed. To complete this simulation, the total energy incident on the retro-

reflector model had te be 1.0 sclaxr constant (0.14 W/sz).

‘2. Technique

The solar intensity at the front of the test model was measured with
an Eppley eight-junction, circular thermopile with bismuth-silver elements.
The sensing element in this instrument is 0.219 inch in diameter and is
coated with 3M Black Velvet. This coating gave it a flat spectral absorp-
tance in the wavelength of interest in this program. A 0.5-mm thick
qdﬁrtz window covered the receiving element. With this window, the sensi-

tivity of the thermopile was measured at 0.00897 W/cmzmmv.

Solar-intensity measurements were made in the test chamber with the
sensing element of the thermopile being traversed im the plane of the
front surface of the test model., Traversing was achieved with a two--axis
milling table adapted for this application. An aldignment target was used
throughout this‘program to locate the center of the front surface of the
test model. A cathetometer focused on the optical aligmment target was
used as & veference for adjusting the zero position of the thermopile

when the thermopile replaced the target.

The intensity level of the solar beam was adjusted with the thermo-
pile in the X = 0; Y = 0 position with the solar beam at normal incidence.
In the calibration procedure, the xenon lamp was allowed to reach equilib-
rium temperature at least 10 minutes prior to setting the thermal intensity
level at 1 solar comsiant, Throughout both the calibration test and the
" solar test program, the lamp current was maintained at the level measured
during the initial calibration. The dc solid-state power supply for the
xenon lamp was stable, and the lamp current required virtunally no adjust-

ment throughout the complete test program.

Calibrations of the solar intensity over the front surface (+1 inch
in both directions from the center of the test model) were made at sun
angles (measured from the normal) of normal incidence (solar noon) of

~16, =30, and -60 degrees. At these angles of incidence, the sensing

16
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element of the radiometer was maintained perpendicular to the solar beam
by wedge blocks. ‘The tilted radiometer was then traversed in the plane
of the front surface of the test model. Thus, the intensity measured

.was the intensity incident on the model at the angle of interest.
3. Results

Calibration measurements were made both before and after the .second
series of tests. Flux intensities_were measured at discrete locations
throughout the 2- by 2-inch area and thermal f£lux patterns were plotted.
The fqu intensity maps both before and after tests had essentially the
same éhape. Representative flux intensity patterns for normal and 60-
degree incidence angles before testing are shown in Figures % and 5. The

.outline of the 2--by 2-inch central area of the test model and the 1.5-

inch diameter area of the retro-reflector are shown as dotted lines.

We «characterized the solar beam by the. flux intensity level in the
1.5-inch diameter central area and those in the remaining area covering
the front surface of the moéel. In our analysis of the thermal behavior
of the test model, the flux intemsity value for the central 1.5-inch
diameter area was 0.140 W/cmf and 0.115 W/cm2 for the remainder of the
2- by 2-inch area. TFigures 4 and 5 show that the solar intensity did not
vary appreciably from 1 solar constaét throughout the 1.5-inch diameter
central area, but that the intensity level dropped off somewhat for the

remainder of the 2- by 2~inch front surface of the model.

" At.the end of the retest program, the solar intensity in the central
1l.5~inch diameter area of the test model had decreased to an average
value (all solar angles) of 0,13 W/cmz, a 7.1% decrease from the pre-test
average value of 0.14 W/cmz. We estimate that this decrease in solar
flux could result in a decrease of about 2% in the temperature of the
canister. Since the xenon lamp current and the solar-beam monitor both-
remained constant during the test program, there was no degradation in
either the lamp of external transfer optics. The chamber window was also

unaffected. However, the two mirrors in the test chamber had a noticeable

haze resulting from ,an accumulation of oil which had back-streamed from

17

Arthur D Litde Inc



FIGURE 4 FLUX INTENSITY DISTRIBUTION — NORMAL INCIDENCE
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FIGURE 5 FLUX INTENSITY DISTRIBUTION — 60° INCIDENCE
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the diffusion pump. This appears to have been the major. contributor to

the solar degradation.
C.  PROPERTY MREASUREMENTS

In the analytical prograp, the solar absorptance values in the array
represent an important input in the model used to predict the optical
performance of the materials in an array on the lunar surface. Likewise,
when applying this analysis to prediét retro-reflector performance during
the solar optical tests, it is lmportant to know the absorptance of the

materials of the test model to the simulated solar energ§ (a xenon lamp).
1. Absorptance Measurements

The absorptance of thg retro-reflector, the anodized retainer ring,
and the structural aluminum of the retro-reflector-array was measured by
exposing samples of the material to the xenon lamp beam, while the test
chamber was maintained at a constant temperature by liquid nitrogen. The
samples were suspended (one at a time) by low-conductance, stainless—
steel wires as shown schematically in Figure 6. With the chamber evacu-
ated to a pressure of less than 10_6 torr, heat from the test sanmple is
transferred primcipally by radiation. At equilibriom-temperature condi-
ticns, the relationship between sclar gbsorptance and the temperature of
the retro~reflector and the aluminum samples is given by the following

requations:

Retro-Reflector in Equilibrium:

£ A
_ t 4 4
as - q A © [?R - Tam%] -(1)
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e

FIGURE 6 SAMPLE HOLDER FOR SOLAR ABSORPTANCE MEASUREMENTS
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Aluminum Samples in Equilibrium:

e i i bk
a, = T A o |T -~ Tamb (2)
s £
where
o, = solar aBsorptance
g = emittance of quartz
At = total area of retro-reflector {(37.6 sz)
Af = -front area (13.5 cmz)
AS = gide area of aluminum samples (0.333 Af)
TR = vyetro~reflector temperature (°K)
Tamb= ambient temperature (°K)
q, = solar intensity (W/cmz)
ep = emittance of blackened rear surface of aluminum
£ = emittance of front surface of aluminum

The samples to be tested included a flight-quality quartz retro-
reflector l.? inches in diameter, a 6061-T6¢ aluminum plate 1.5 inches in
diameter with a 32-micro-inch finish, and 2 1100 anodized aluminum plate
in accordance with Specification QA-1-0511~E1-~16 which is used in the
laser retro-reflector array for Apollo 11, Because of their low emittance
values, wé painted the back surface of both of the aluminum samples with
3M Black Velvet paint to emsure that we had a high-emittance surface,
and also to ensure that errors in measurement of the reported values of

the emittance of both 6061~T6 and 1100 anodized aluminum were minimized.

2. Results

) - 1

Table 3 presents a summary of the results of the solar absorptance
measurements, as well as values for the long-wavelength emittance, The

emittance values for aluminum are based on measurements made by ADL during
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design of the Apolle 11 LRRR and the emittance values for quartz are
taken from data published by the Thermophysical Properties Research

Center .at Purdue University in 1966,

TABLE 3

THERMAY, PROPERTIES OF LRRR MATERIALS

Selar
Sample Description Emittance, & Absoxptance, o
(W/em?)
Flight—quality quartz 0.85 0.069
retro-reflector
6061-T6 aluminum 0.023 0.19
(32—pin. finish)
1100 aluminum anodized in 0.78 0.34

accordance with specifica-
tion QA-1-0511-E1-16
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V. OPTICAL INSTRUMENTATION

A.  SYSTEM ARRANGEMENT

The optical test apparatus consisted of the following components
which are listed in the sequence in which the light wave progresses (see

Figure 7) through the instrumentation:

Laser Microscope obﬁective

Chopper Fixed flat mirror

Collimatox Movable flat mirror

Isolation box Photomultiplier

BR-7 window Removable camera

Test model . External calibration fixtures.

Figure 8 shows the major components of the optical instrumentation

and the associated electronics.
B. OPTICAL COMPONENTS
1. Laser

A helium-neon gas laser* designed to provide intense, uniphase,
frequency-stable visible radiation,at.a wavelength of 6328 angstroms,
was used in this experiment. The temporal coherence of the output radia-
tion is achieved by the use of a stabilized optical resonator designed
so that only a single mode (transverse and longitudinal) can operate. The
plasma tube contains isotopically pure helium-3 and neon-20., The tube
and optical are mounted on an Invar resonator structure having bimetallic
temperature compensation. The dielectric resonator mirrors are mounted
at the ends of the Invar resonator structure; one is fixed and the-other
is mounted on a piezoelectric element which is voltage-controlled for
mirror spacing, which, in turn, controls the lasex frequency. The reson-
ator and plasma tube are housed in a temperature-controlled oven for

thermal stability.

K& .
An exciter, which houses the high-voltage power supply for the plasma

tube excitation, the proportional temperature-control eircuit, a test

%SpectrarPhysics, Inc., Model 119
wk
Spectra~Physics, Inc., Model 259B
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meter circuit, and a medule for manual control of mirror spacing, is
used with the laser. The output power of the laser is greater than 100
microwatts.

2. Laser Collimator

]
&} .
The laser collimator was modified so it could be used as a Fizeau

interferometer for viewing interference fringes. (The collimator was
never used in the Fizeau interferometer mode.) The beam-splitter in the
unit has an aluminum-coated hypotenuse to provide a laser beam transmit-
tance of 5 to 10% at a wavelength equal to 6328 angstroms. The entrance
pupii of the collimator contains a lens which focuses the laser light on
a 6-micron binhole, which serves to filter the laser beam spatially.
From the pinhole, the beam expands to fill the 5-inch collimator lems 50
cm away from the pinhole. This lens changes the spherical wave to a

plane wave for illumination of the retro-reflector.

3. BK~7 Window

i

The parallel laser beam passes through a 2-inch- thick BK-7 vacuum-
&% :

chamber window. This thickness was necessary to preclude the window de-

flecting under vacuum with éhe consequent degradation effects on the lens.

It was also ground f£lat to less thaq 1/20 wavelength distortion.

4. Magnification Optics

" The collimated beam in the chamber falls on the retro-reflector
model which is centrally located in the beam. The return beam passes
through the BK-7 window into the 5-inch lens and is focused down to a
diffraction pattern 50 cm. The return beam is diverted from the axis of
the cﬁllimator by the 45-degree beam-splitter located 45 cm from the
lens, and the retro~reflector diffraction pattern is generated in a plane
approximately-S cm outside of the collimator housing. The objective lens
" of a "10-power" infinity-corrected microscope is focused on this plane to
form a magnified image of the diffraction pattern. Further magnification

and control of the diffraction pattern is achieved by folding the 1ight

%
A modified Tropel model 280-125.
%%

Provided by the University of Maryland.
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path with two flat mirrors. The first mirrox, located at the exit of the
microscope, is fixed to the optical platform, and the second mirror is
mounted on a two-axis precision micrometer stand. With this movable
mount, the diffraction pattern can be aligned on the aperture of the

photomultiplier
5. Photomultiplier Detector

The intensity of the diffraction pattern is measured quantitatively
with a photomultiplier tube (RCA Type 6217, which has a responmse charac-

teristic of Type S-10). An interference filter ﬁith a 30-angstrom band-

- width is placed in front of the photomultiplier tube and a 0.230-inch

diameter aperture is located ahead of -this filter. A removable pinhole
aperture (185-uin. diameter) can be fitted into the larger aperture. The
pinhole‘aperture at the magnification of our optical system corresponds

to 0.116 of the Airy disc in a 1.5-~incéh diameter retro-reflector.

The photomultiplier tube is powered by a John Fluke Manufacturing
Co. Model 412A high-voltage dc power supply. Output from the photo-
multiplier is amplified in a Brower Laboratory Model 26) preamplifier.
Final amplification is with a Brower Laboratory Model 131 lock-imn volt-
meter. Output from the amplifier was displayed with a Hickok Model DP-
100 de digital voltmeter. Additionally, the signal waveform was monitor-
ed on a Hewlett-Packard Model 122A oscilloscope. The laser beam is
chopped with a Brower Laboratory Médel 312 '1ight beam chopper. This
chopper has a 50-50 duty cycle at 39 Hz. Signals of that frequency only
are amplified selectively and phase-sensitively demodulated by this
system to discriminate against other scurces of spurious signals such as

room light and the xenon lamp.

6. Cemera and Photograph

'
Photographs of the diffraction patterns were obtained with a removs
able camera equipped with a Polaroid-type 545 film holder. This camera,
which is equipped with a shutter and has no lens, was plaéed in the light
beam immediately upstream of the photomulkiplier tube. and aligned visually

before each photograph. Polaroid-type 55 positive-negative film was used
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for all photographs, and the exposure time was 1/15 of a second when
the chopper was in operation and 1/30 of a second when no chopper was
used. The positive film record of the diffraction pattern was entered in
the laboratory notebook as a permanenl record. Each of the negative films

was identified and is available for photographic enlargements.
7. External Calibration Fixtures

In the course of the test procedure, three external calibration
fixtures were used. A solar cell was used for measuring the laser output
and for adjusting the laser for optimum cutput. Output from the solar
cell was measurgd with a Hewlett-Packard Model 412A dc vacuum tube milli-

ammeter.

I

A 1.5-inch diameter 1/20 wavelength optically flat mirror was used
in each series of measurements for system calibration and check. This
flat was placed between the field lens of the collimator and the BK-7
window. Schlieren effects were minimized by enclosing the flat within
an isolation box which was built around the area between the collimator

and the BK~7 window.

4 reference retro-reflector was used for aligning the laser with
respéct to the 6-micron diameter pinhole and for determining where the
central irradiance pattern should be located on the test retro-reflector
in the chamwber when that test retro-reflector was thermally perturbed

and no central irradiance pattern was visible.
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VI. BSOLAR OPTICAL TESTS

A. OVERVIEW OF THE TEST PROGRAM

Upon completion of the alignment procedure for the collimator, out-
put optics, and intensity measuring equipment, the test model was placed
in the test chamber, and the chamber was secured and evacuated.- A flight-
quality retro-reflector (PE 148B) with an RMS wave front deviatiom of
A/24.§ was used in the test model. It was made by Perkin-Elmer, but had
been reworked by them for this program to achieve .a A/33 front-face sur-~

face finish.

", The test program began with measurement of the return diffraction
pattern of the test retro-reflector taken at room temperature. NYext, the
chamber was cooled and the solar simulator was turned on. Equilibrium
temperatures were achieved at sun angles of -10, -30, -60 and -1% degrees.
Upon comple£ion of these te;ts, the solar simulator was turned off and

lunar night conditions were simulated.

The basic test program,!which included measurements taken at solar
angles of -10, -30, and -60 degrees and lunar night conditions, was
initially accomplished in June and early July of 1970. In this dnjtial
series of tests the test facility, including solar simulator and retro-
reflector mounting equipment, operated successfully. However, due to
certain problems in the set-up and operation of the optical instrumenta-
tion, the experimental measurements of relative central irradiance ob-
tained in the June test program had an uncertainty of about +40% which,
of course, precluded any meaningful comparison with analytical results.
After a number of diagnostic checks and various modifications and im-
provements to the optical instfumentation, the test program was rverun in
September and October 1970. The retest program consisted of two series
of tests. After the first series of tests was completed (sun angles of
-10, -16, -30, and -60 degvees,and lunar night), the data accumulated to
this point were briefly reéiewed with R. F., Chang from the University of

Maryland, with the result that a second test series was planned. A laser
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beam polarizer was obtained and polarization measurements were initiated

to determine the effect of laser beam polarization on the relative

central irradiance of the test retro-reflector. The remainder of the
second test series included polarization measurements as well as the

ﬁsual optical tests at sun angles of -10, -30, and -60 degrees. The
chamber was then allowed to warm slowly to room temperature wﬁile maintain-
ing vacuum. Room temperature measurements were again made (with polariza-
tion also). This completed testing with the test vetro-reflector. Addi-
tional diagnostic tests were made with the reference flat and with the
reference retro-réflector to determine the effect of laser beam polariza-

tion. Test results are included in Section C below.‘
B. TEST PROCEDURES
1. Optical Tests

As the test program proceeded, we rapidly converged on the fellowing

measurement sequence:
- Place the solar cell at the laser output and adjust

the A control on the laser for optimum laser output;

— Place

Ly

ne reference retro-reflecior {someitimes called
the reference cube) in the isolation box at the collimator

objective lens;

— Adjust the position of the laser éith respect to the
6-micron pin hole of the collimator; this was done by
measuring with the photomultiplier Eube the total
energy (TRC) in the reference retro-reflector and

setting it at a peak value.

- Remove the reference retro-reflector from the isolation
box and measure the total energy (TIC) in the return

pattern from the test retro-reflector;

R
- Place the reference flat in the isolation box, align
the diffraction pattern with the photomultiplier tube,

and measure the total energy (TF) in the return pattern

from the test flat;
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— Place the pin hole aperture in the photomultiplier,
align the diffraction pattern on this pin hole with
movable mirror, and measure the central irradiance (CF)

of the test flat;

— Replace the flat with the reference retro-reflector and

measure the TRC again.

- Measure the central irradiance (CRC) of the reference
retro-reflector by peaking the location of the diffrac—

tion pattern with the movable mirror;

— Remove the reference retro—reflector and measure the
central irradiance (CTC) of the test retro-reflector

in the chamber;
— Place the polarizer between the laser and the collimator
and measure the CTC for both maximum and minimum polariza-

tion angles.

— Obtain photograph of the diffraction pattern for maxi-

mum and minimum polarization angle and for no polarizer.

During these test procedures, measurements were alternately made
with the solar cell to determine the laser output. The above procedure
-was generally foliowed for each Eest sequence (with the exception of the
polarization measurements made in earlier tests). At least three complete
sets of measurements were made at each equilibrium temperature condition.
In most instances, many determinations of the central irradiance of the

test retro-reflector (CTIC) were made im each test set.
2. Procedure for Thermal Tests

Upon completion of the optical tests at room temperature, we initiated
the first thermal perturbation by cooling the chamber shroud with liquid
nitrogen and turning on the solar simulator. The test procedure requires
keeping the solar intéhsity constant by monitoring the xenon lamp current
and the solar béam. No difficulty was experience& in maintaining the

lamp at a constant current.
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To minimize the heat transfer betweenm the canister which contains
the test retro-reflector and the external enviromment, the copper guard
enclosure around the canister was maintained at the same temperature as
‘the canister by manually contrelling the electrical heaters on the copper
heater box. The success of!this procedure was dependent upon the skill
of the test operator and, although it réquired constant attention, it was
not difficult to maintain a near-zero temperature differential between

these two elements.

The retro-reflector canister assembly had a long time comstant
(estimated to be about 4 hours) and the time required to achieve equilib-
rium at various sun angles was about 12 hours., For the nighttime condi-~
tion when radiative coupling is particularly weak, complete equilibrium
was never achieved (i.e., the retro-reflector never reached the chamber
wall temperature even after 65 hours). Likewise, when achieving final
room~temperature conditions after all testing was complete, we allowed
four days before making our final daytime optical measurements. With the
exception of the lunar nighttime condition, we arbitrarily assumed that
the equilibrium conditions were achieved when the canister temperature
varied less than 0.2 degree/hr. In the‘case of the lunar nighttime, the
temperature of the canister was dropﬁing less than 0.5 degree/hr when

equilibrium measurements were being made.
'C.  TEST RESULTS

1. Thermal Tests

The equilibrium temperatures of the canister and the retro-

reflector retainer ring are summarized in Table 4. These data of Table

4 arve the first measurements (Series 1) in the latest series of tests and
for the second series of tests (Series 2)--after lunar nighttime conditions.
In comparing the equilibrium temperatures of the Series 1 tests with the
Series 2 tests for*~10 and -60 degrees, we see that the equilibrium tem-
perature of the ca;ister decreased slighply. We suspect that this de-
crease resulted from a decrease in the solar intensity at the test model

which occurred progressively durimg the latter phases of the second series
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TABLE 4

SUMMARY OF THERMAL AND OPTICAL TESTS

* )
g = ~13°

Mean
MInitial"| Value of
Test ¥o. of Test Central Probable Probable Analysis
, ; . Error | Exrox :
Condi~ Test Measure— Temperature . Tempera— | Irradiance E /1 |E 1/1 Caniste
tion Sequence | Series | ments Canister|Retainer | ture I I o 1/, 0 Temp
i (°K) (°K) (°x) (GTC/TF)
Room 1 1 & =300 295 .00656 -
Temp. .
' 10 2 26 294 294 .00617 5]
" ' 1&2 30 - - 00623 4.9%10 1.0 .011 1.0 300
g = -10 5 1 9 384 340 376 .00401
=10 8 2 17 373 . 343 .00618 _
=10 1&2 26 - - .00543 15 0.87 .025 .92 |- 323
j %
-16 2 1 3 390 ° 362 - .00387 &7 0.62 .009 - 329
-30 3 1 1 392 365 401 .00183
=30 7 i 2 27 391 - 366 00165
~30 | 1182 28 - - .00165 1.0 - 0.26 .003 .33 406
-60 4 1 13 359 333 368 .00144 *
~-60 9 2 i8 349 330 .00149
-60 1&2 31 - - . 00147 67 0.24 .002 .46 326
Lunar Night 6 1 15 144 144 155 .00501 2.8 0.80{ .008 | 1.0 -




of tests. This suspicion was further confirmed by the measured decrease
in the solar intensity of the beam at the end of the test program (see

discussion under Section IV-B-3, Results of Calibration).

%, In addition, Table 4 includes the canister equilibrium temperatures
measured during the "initial" test program (during the period June 30
through July 11, 1970).

2. Optical Tests

The optical. measurements data made with the test retro-reflector,
the reference retro-reflector, and the optical flat were reduced accord-

ing to the following progedures:

~ All data were corrected for minute-to-minute variations
‘in the laser output (approximately +37% maximum) by
dividing all measurements by the laser output (as -

measured by the solar cell).

~ All data were corrected for possible long-period drifts
- in the photomultiplier and amplifier system by dividing

all measurements by the measured total energy from the
test flat (TF}. Of particular‘intereSt to the program
are values of central irradiance of the test retro-
refiector corrected for possible photomultiplier drift
(CTC/TF). Sufficient values of CTC/TF were obtained at
each equilibrium-temperature operating condition to
perform statistical analyses for each set of data. We
calculated the arithmeitdic mean and the probable error
of the arithmetic mean for the CTC/TIF for each set of
data. ‘

Table 4 also includes a summary of the mean value and the probable
error of the mean value for the central irradiance of the test retro-

reflector for varicus operating conditions (CTC/TF).

-0f particular interest to this program is the ratio of the central
irradiance when thermally perturbed to the central irradiance in the un-

perturbed (room temperature) condition expressed as follows:
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cmc)
I _ \TF
L - (CTC

T

>room temperature

The relative central irradiance ratio and its probable error are aiso

summarized in Table 4.
3. Diffraction Patterns--Normal Laser Polarization

The diffraction pattern from the reference test flat is shown in
Figure- 9. At the conclusion of each eéuilibrium test condition, representa-
tive photographs were made of the diffraction pattérn from the test retro-
reflector. Photographs of the test retro-reflector diffraction pattern
with normal laser pelarization are shown in Figure 10 for room temperature,
lunar night, and for solar angles of -10, -30, and -60 degrees. The
central pattern of the diffraction pattern for solar angles of -30 and
~60 degrees is too weak to bg seen in a photograph, which indicates that
there is a low central ijrradiance. This is indeed what was found when
measurements were made of central irradiance for these two solar beam

angles. ) j

4, Polarization Measurements |

Near the end of the proéram, a laser polarizer was obtained and
polarization measurements were made at solar angles of -10, -30, and
~-60 degrees at room temperature. In addition, diagnostic polarization
measurements were made on the reference flat. The results of these
polarization measurements are summarized in Table 5: Tﬁe data of Table
5 include a measurement of the central irradiance with the heam polarizer
rotated for maximum signal (I ) and for minimum signal (I ),
corresponding beam polarlzatlon angle (6) referenced to the vertlcal
the mean value (Imean) between maximum and minimum central irradiance
(corrected for polarization effects within the optical measurement
system), the relative mean central irradiance (I/IO), and the probable

errors of measured and derived values (E).
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TABLE 5

SUMMARY OF POLARIZATION DATA--TEST SERIES 2

Probable Probable

No. of Erxror . Error ' (I)mean
Measure- E E (1)
Condition™ ments max (Imax) . -Qmax 1—m:i_n (Imin) %mh1 Imean ° mean
Room 12 0210 3.52107% . 70 00412 1.0x10™* 160 0.00715 1.0
Temperature .
= -10 6 0177 1.7 46 .00487 1.9 ' 136  0.00673 .94
- 30 2 , .0173 0.3 40  .00116 0.07 130 0.00478 .67
- 60 6 .0267 3.2 55 .00133 0.28 T 145 0.00714 .99
Reference 6 .0891 30. 58 .0433 16 148 - -
Flat
; (CTC) .
For Retro-Reflector I = polarized at ©
' max, . (TF) lari .
min normal polarization

(CF)polarized at @

]

For Reference Flat T

max; (TF)normal polarization
min
(Imax
- X Retro-Reflector (1
mean 2 (Imax\ TR petro-Reflector
min

Flat Polarized

Probable
Erzor

B
(1/10)

.05

» 05
.04

.06



The diffraction patterns for both maximem and minimum angles were
photographed with and without a polarizer. Representative photographs
of the test retro-veflector for room temperature are shown in Figure 11.
With no polarizer, the centrgl irradiance in the pattern is weak. TFor
maximum polarization angles %he central irradiance in the photograph is
much more intense, and for the minimum polarizatiom angle the pattern is

less dintense than with no polarization.

Representative photographs for the test retro-reflector when thermall
~ perturbed (sun angle -30 degrees) are shown in Figure 12. When the
polarization-of the laser beam was adjusted for maximum central irradiance,
the central pattern became intense as the photograph shows. When the
polarization of the laser beam was adjusted for minimum central irradiance,

the central pattern became too weak to be seen in the photograph.

At the conclusion of the thermal/optical testing, we performed
diagnostic measurements on the optical flat. Values of central irradiance
with the polarizer rotated for maximum and minimum polarization were
measured for the refevence flat. These values are summarized in Table
5, The ratio of cenitral irradiance for maoximum and minimum polarization
for the flat is 2.06, We believe thgt this polarization effect is not
generated at the reference flat, but is generated by deflecting the
diffraction pattexn from the collimatox beam-splitter and the two.external

P

mirrors in the optical train.
5. -Significance of Polarization Measurements

A large sinuscidal dependence of the polarization angle had been
anticipated, particularly when a retro-reflector was thermally pertﬁrbedSY)
As indicated by the analysis, the sinusoidal dependence on the polariza-
tion angle is mainly first order in the thermal perturbation, The
central irradiance maximizes at different polarization angles for.
different retro-reflectors. Thus, for an array with a large number of
retro-reflectors, the overall optical return is properly represented by
the average of the maximum and minimum returns correséonding to the maxi-

mum and minimum polarization wvalues,
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D. COMPARISON WITH ANALYTICAL DATA

The thermal/optical analysis performed for the test configuration
is similar to that used for the thermal design of the Apollo 1l and
Abollo 14 flight arrays. Simulated solar heat inputs to the structure,
retainer ring, and wvarious zones of the retro-reflector were determined
from the incident flux, £he shadow pattern cast by the aperture of the
retainer ring on the retro~reflector front surface, and the reflecting
properties of the various surfaces. Solar energy directly incident on |
the retro-reflector face was considered to underge total internal reflec-
tion if the angle of the incidence were less than 16 degrees. At larger
angles, the energy was considered partially transmitted through the back
surface where it could be partially absorbed by the aluminum cavity.
Distribution of absorbed energy from diffusely reflected energy was

determined using a radiation network.

Prior to installing the test assembly, the intensity of simulated
solar energy incident over the area occupied by the front surface of the
test assembly was measured using a thermopile. From these measurements
the average solar intensity values used in the analysis were 0.140 W/cm2
over the area of the retainer ring aperture and 0.115 W/cm2 over the re-

maining surface area of the aluminum structure.

Surface absorptance values for the simulated solar flux were deter—
mined experimentally in the June test series and are summarized in Table
3. Mount conductance and retainer ring-structure conductance values
used were those established experimentally during the develop-
ment program for the Apollo 11 retro-reflector array. The present re-
tainer ring configuration has a 6-degree taper which is different from
that used in Apollo 11 array. Thus, the conductance values used in the
present analysis might be expected to be slightly different. Additionally,
the fused silica retro-reflector rests on its side in the present test,
arrangenment yhereaé the retro-reflector rested with its weight equally
distributéd over the three tabs in the Apollo 11 experimental studies on

the conductance of the mounts.
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Predictions were made of the local temperature distributions within
the retro-reflector for each of the test conditioms covered in the present
series of experiments, These temperature distributions were used as in-
put to an optical ray-trace program to predict the phase distribution of
the laser energy leaving the ;etro—reflector. The computed phase distri-
butions were then useq to predict the resultant far-field diffraction
pattern, including the central irradiance of the reflected energy. The

method of optical analysis is discussed in more detail in References 8
and 9.

- Table 6 presents a comparison between predicted and measured
temperatures for the canister and retainer ving for test Series 1 and 2.
Table 6 also presents predicted values of retro-reflector temperature.
For the -10 and —-60 degree sun angle condition the measured temperatures
of canister and ring are appreciably higher than the predicted values
whereas at -30 degrees, the agreement is quite good. Following the June
solar optical experimentsgloy in which canister, but not retaining ring,
temperature was measured, 1t was postulated that the high wvalues of
canister temperature-measured!could be partially accounted for by a low
conductance between the canister and the retainer-ring. This low conduci-
ance would be manifested by a large témperature difference between the
ring and the aluminum structufe. Measurements of retainer~ring tempera-
ture in the two tests (Series 1 and 2) conducted in September, revealed
that temperature differences between ring and canister were, in fact,
higher than predicted at ~10 and -60 degrees. However, at ~30 degrees
the measured temperature differences are less than pfedicted. Therefore,

the data do not consistently indicate a low mount conductance.

The exact value of the ring—cavity conductance cannot be determined
from the present test data., However, it is interesting to note that the
conductance value showed evidence of increasing with time during the
tests. TFrom Table6, the temperature difference between the cavity and
ring was consistently smaller in the second series (tests 7 to 9) than

in the first series (tests 3 to 5).
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TABLE 6.

COMPARISON BETWEEN ANALYTICALLY PREDICTIED AKL
EXPERIMENTALLY MEASURED TEMPERATURES (°K)

ANALYSIS EXPERIMENT
{Canister Retro- {(Canist
Sun Angle ' Test # Canister Ring Ring) Reflector Canister Ring Ring)
Test Series 1 |
-10 5 323 297 26 297 384 - 340 44
-30 3 406 - 354 52 - 348 392 363 27
-60 4 326 313 13 0 359 333 26
Test Series 2 .
-0 8 323 297 26 297 373 343 30
—30 7 406 354 52 348 391 366 25
-60 9 326 313 13 "~ 300 | 349 330 19




The experimental data were analyzed in several ways to establish

the reason for the differences between measured and predicted camnister

temperatures. These datsa apalyses were aimed ar determining values of
‘conductance and total absorbed energy which, when utilized in the analysis,
were consistent with the measured temperatures. In general, it was found
that with reasonable conductance values the measured temperatures could
be predicted for the -30 degree sun angle case, but that the results ob-
tained for the -10 and -60 degree could be explained only on the basis

of larger absorbed energy than predicted. In particular, for the ~10
degree incidence angle, the large absorbed energy suggested that a
significant portion (about 50%) of the incident_solar energy was trans-
mitted through the retro~reflector to be partially absorbed by the
cauisfer. Since a -10 degree incidence angle is well below the limit
established for retro-reflection of incident energy, it was expected that
less solar energy would be absorbed by the test assembly at this angle.
To resolve the source of the large absorption of incident solar energy,
further experimental studies would be required. These would include
measurement of the retro-reflector temperature and measurement of

internal thermal flux in the canister of the test assembly.

A comparison between predicted values of relative central irradiance
and measured normally polarized values is shown in Table 4. 1In general,

the agreement is quite good.

The .trend of the measured central irradiance with incident solar -
angle follows that predicted by the analysis. .At near normal angles of
incidence where the solar energy is not expected to be transmitted to
the absorbing canister and where the temperature gradients within the
retro-reflector are expected to be small, the optical return is highest.
On the other hand, at larger sun angles where significant portions of
‘the incident solax énergy are transmitted through the test retro-reflector
and where retro—reflector theymal gradients are expected to be high, the
predicted- and measured relative central irradiance values are relatively

low,
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The difference between analytically predicted and measured relative
central irradiance is less than 307 except for thé -60 degree sun angle -
case, where the measured relative central irradiance is about half that
analytically predicted. Thelagreement is rather surprising, since the

] - . i . * 3
analysis, in its present form, does not incorporate polarization effects.

Table 5 presents relative central irradiance data obtained with the
polarization rotator installed. In' this case the relative central
irradiances are based on the arithmetic averages of the maximum and
minimum intensities obtained as the polarizer is rotated. These results
give consistently higher values -than the normal polarization measurements
and the analysis. At sun angles. of -30 degrees and -60 degrees, the
minimum—ﬁaximum polarization relative central irradiances are about twice

those analytically predicted.
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7. Laser Ranging Retroreflector
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Concept of the Experiment

The compact array of high-precision optical
retroreflectors (cube corners) deployed on the
Moon is intended {0 serve as a reference point in
measuring precise ranges betwen the array and
points on the Earth by using the technique of
short-pulse laser ranging. The atmospherie fluc-
tuations in the index of refraction prevent a laser
beam from being smaller than approximately 1
mile in diameter at the Moon. The curvature of
the lunar surface results in one side of the short
pulse being reflected before the other side, pro-
ducing a reflected pulse measured in micro-
seconds, even if the incident pulse is measured in
_ nanoseconds. The retroreflector array eliminates
this spreading because of the small size of the
array. (The maximum spreading of a pulse be-
cause of optical libration tipping of the array will
be approximately =0.125 nsec.) In addition, the
retroreflective property causes a much larger
amount of light to be directed back to the tele-
scope from the array than is reflecled {rom the
entire surface area illuminated by the laser
beam.

The basic uncertainty in measuring the ap-
proximately 2.5-sec round-trip travel time is as-
sociated with the performance of photomulti-
pliers at the single photoelectron level. This
uncertainty is estimaied to be approzimately
1 nsec. When the entire system is calibrated and
the effects of the atmospheric delay are caleu-
lated from local temperature, pressure, and
humidity measurements and subhacted from the
travel time, where the uncertainty in this cor-
rection is estimated 1o be less than 0.5 nsec, an

overall uncertainty of =15 cm in one-way range
seems achievable.

With the =15-cm uncertainty, monitoring the
changes in point-to-point distances from Earth
{0 the lunar reflector (by daily observations for
many years) will produce new information on
the dynamics of the Earth-Moon system. The
present uncertainty of three parts in 107 in the
knowledge of the velocity of light will not affect
the ‘scientific aims of the experiment, since it
is the practice to measure astronomical distances
in light travel time. Primary scientific objec-
ives include the study of gravitation and rela-
tvity (secular variation in the gravitational con-
stant), the physics of the Earth (fluctuation in
rotation rate, motion of the pole, large-scale
crustal motions), and the physics of the Moon
(physical librations, center-of-mass motion, size
and shape). Some of these objectives are dis-
cussed in references 7-1 to 7—4. Estimates made
by P. L. Bender of improvements expected in
some of these categories are shown in tables 7-1
to 7-IIL.

‘Properiies of the Laser Ranging Retroreflector

Although the Laser Ranging Retroreflector

* {LRBR) is simple in -concept, the detailed de-
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sign of a device that would satisfy the stated
scientific aims has received much attention. The
primary design problem has been to avoid sys-
tematic gaps in ranging data expected to result
from the extreme variation in thermal condi-
tions on the Moon (from full Sun illumination
to lunar night). A preliminary design based on
discussions among various members of the in-
vestigator group and optical engineers was put
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Tasre 7-1. Lunar orbital date parameters
P L.5-mi range 0.!5-:;: range
. 3 {eint. uncertanne
Quﬂﬂ!ﬂ'} Fz:};l;;zg(;:g}‘;?} theeriainty ]
. Accuracy Tinte, yr Accuracy Time. yr
Mean distance 500m 250 m 1 T5m 0.5
. 25m 1
Eccentricity | Ix10-* 410~ 1 1.5x107* 5
' 4x10~° 1
Angular posjtion of Moon with respect to perigee 2x10-°¢ 4x1077 1 1.5x10-7 B
Angular position of Moon with respect to Sun Sx1077 4x10-7 1 1E5x10°7 5
4x107* 1
Time necessary to check predictions of Brans-Dicke
scalar-tensor gravitational theory, yr —_— 25 25 8 8

. *Three observing stations are assumed for periods longer than 0.5 YI.

Tasre 7-1L.  Lunar libration and relation of Laser Ranging Retroreflector (LRRR) to center of mass

F ; 1 5-m range 0.15-;;; rm_rrfe
. wncortaing
Quantity F:.;;a:_ oigt:;r;;y um:ertam!y' '}
Acenracy Time, yr Accuracy Tine, yr
Libration parameters:
p={C-A)/B I1x10-5 3x10-7 4 3x10°7 0.5
3x10~¢ 4
y={B-A}/C Bx10-s 2x10~° 15 1.5x10-° 5
Coordinates of LRRR with respect to 2% 1077 15
center of mass: ¢
X1 500 m 250m 1 75 m 5
25m 1
Xz 200m 70m 1 40m B
- . [ 7m 1
X; , 200 m S0m 3 s0m B
‘ * 5m 3
*Three observing stations are assumed for periods longer than 0.5 yr.
Tapre 7-111.  Geophysical data determinable from LRRR
Quariny Progneaceuseey [ Lo ame 10 1o range
Rotation period of Earth, sec 5x10™* 10x10-3 1x10-¢
Distance of station from axis of rotation, m 10 3 0.3
Distance of station from eguatorial plane,* m 20 G to 200 0.6 to 2*
Motion of the pole,* m lto2 1.5 0.15
East-west continental drift rate observable in 5 yr,* cm/yr 30 t0 60 30 3
Fime for observing predicted 10-cm/yr drift of Hawaii
toward Japan,® yr 151030 15 15

* Three or more observing stalions are required.
®* Depending upon i{he latitude of the station.

forth by J. E. Faller in a proposal to NASA. (ref.

7-5).

The first financial support provided by NASA
was used to test the proposed design, which con-
sisted of small solid-corner reflectors made of

homogeneous fused silica. The test and evaluation

facilities at the NASA Goddard Space Flight Cen-

ter were used to simulate the lunar environment,
These tests verified that a2 metal coating could not
be used on the reflectors and showed that the



LASER RANGING RETROREFLECTOR

failure of total internal reflection at off-axis
angles posed serious_problems in mounting the
reflectors to maintain small femperature gradi-
ents during larger off-axis Sun angles {ref, 7-G).

Muminum retainer ring

_.~ Upper Teflon
-7 maunting ring

Fused silica
relroreflector

™ Lower Teflon
mounting ring

inside surface of cavily ¢

Ficure 7-1. — Corner reflector mounting,
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The tests verified the predicted performance dur-
ing lunar night and during direct Sun illumina-
tion within the total internal reflection region of
angles,

The efforts of thermal and mechanical design
engincers in close association with members of
the investigator group solved the problems and
led to the design shown in figure 7-1. The corner
reflectors are lightly mounted on tapered tabs
between Teflon rings, and are recessed by one-
half their diameter into cylindiical cavities in a
solid aluminum block. The predicted optical per-
formance, based on thermal analyses under chang-
ing lunar conditions, is shown in figure 7-2.

The need for careful pointing of the LRRR
toward the center of the Earth libration pattern
is shown by figure 7-3, which displays the off-
axis response of ‘the recessed corner reflectors,
(The curve is the result of averaging over azi-
muthal orientation and polarization dependence.)
The motion of the Earth in the lunar sky because
of the optical librations of the Moon is shown in
figure 7-4 for the period July to October 1969.

The alinement in the east-west direction

or Local noon emn———

o 9 . /—\—‘/:
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5 1 ] ! I | | 1 i 1 ! | ] ] 1 ]
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Ficune 7-2.—Predicted optical performance as a function of Sun angle, from themnal

analysis.
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1.0

_.--=Average response employed in calculation

Normalized corner response
i
1

2k
AR
1 1} I 1 L 1 ] ] 1
0 2z 4 6 & W 12 4 lo 13
8, deg

Figure 7-3, — Average off-axis performance of recessed
circular corner reflectors.
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Eat—W
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Figure 7-4. — Optical librations for the period July to
Qctober 1969, )

achieved by Astronaut Neil A. Ammstrong was
.within the width of a division on the compass
mark. The leveling was within 0.5°, with the
bubble oriented “toward the southwest. When
combined with the worst possible mechanical
tolerances of construction, the easi-west aline-
ment js =0.7°, and the ovecrall pointing is
within 1° of the center of the libration pattein.

This exccllent poinling means that the return
will not fall to extremely low values during the
extremes of the libration cycle. With the previous
information included, the relative expecied re-
sponse from July 20 to September 9, 1969, is
shown in figure 7-5. Figure 7-5 is an upper
bound for the performance expected.

The flight hardware is shown in figure 7-6.
The gnomon, the alinement marks, and the bub-
ble level are clearly shown, In figure 7-7, the
LRER is shown deployed on the Moon.

In tests, each corner reflector which was se-
lecied for the flight array exhibited an on-axis
diffraction performance greater than 90 percent
of that possible for a.corner reflector having no
geometrical or homogeneity defects. The on-axis,
nondistorted performance is conveniently char-

acterized by a differential scattering cross section.
. .

do

q| = 5X101 cm?/steradian

180°

which yields the number by which the photon
flux density (photons per sguare centimeter)
incident on the reflector array must be multi-

- plied to give the number of photons per steradian

intercepted by the telescope receiver. The cross
section includes the effect of velocity aberration
and is evalvatled for a wavelength of 6943 A.
Observations of relurns on August 1 and 3,
1969 (immediately before lunar sunset}, and on

/

AN
VAR

1 1 ] 1 i 1 1 )

jl}t 22 M2 AugS Augl? Augl9 Aug26 Sep? Sep?
1959

Response
B o

A

Fieune 7-5. - Upper bound of -LRRR clliciency asa {unc-
tion of time.
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August 20, 1969 (immediately after lunar sun-
rise), show that the mounting (designed to mini-
mize temperature gradients at these large Sun
angles) has been successful, Observations of re-
turns on September 3 and 4, 1969 (during lunar
night), confirm the expectation that the reflector
would perform at very low temperatures and
that the differential thermal contractions of the

mount and corners do not produce large strains. -

The survival of the reflectors throughout a lunar
night has been demonstrated. Performance deg-
radation, if any, caused by the presence of debris
during lunar module (LM) ascent does not ap-
pear to be severe.

Ground Station Design

A single telescope can be used both as a trans-
mitter and a receiver because the large diffrac-
tion pattern resulting from the 3.8-cm-diameter

bar,

Ficure 7-6. — The LRRR before stowage in the scien-
tific equipment bay.

corner reflectors (the central spot has a diameter
on the Earth of approximately 10 miles) allows
for a velocity aberration displacement of approx-
imately 1 mile without significant loss of signal.
This was one of the major considerations in the
design of the LRRR array discussed previously.
The 2.5-sec light travel time between transmit-
ting and receiving readily allows the mechanical
insertion of a mirror that directs the returning
photons collected by the telescope into a photo-
multiplier detector.

The present beam divergence of short-pulse,
high-cnergy ruby lasers requires the use of a
large aperture to recollimate the beam so that
the beam is narrowed to match the divergence
allowed by the atmospheric fluctuations of the
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Ficure 7-7. — The LRRR deployed on the Moon.

index of refraction — typically several seconds of
arc. Astronomers refer to this effect as “see-
ing.” The degree of atmospheric turbulence at
an observatory at a given time thus determines
the size of the laser beam on the lunar surface,
producing a spread of approximately 2 km per
sec of arc divergence.

Techniques for pointing such narrow beams to

a specific location on the Moon were developed

=
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.during the successful Surveyor 7 laser-beam-

pointing tests (ref. 7-7). An argon-ion laser beam
was brought to a focus in the telescope focal
plane at the Moon-image spot that was chosen
for illumination. When the laser beam filled the
exit pupil of the telescope and matched the
f-number, the collimated beam was projected
to the selected location on the Moon and de-
tected by the television camera on the Surveyor
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7. For the Apollo laser ranging experiment, the
beam is matched into the telescope by using a
diverging lens, because it is not possible to focus
high-power ruby laser beams in air without
causing electrical breakdown. The direction of
the projected beam is monitored by intercepting
a small portion of the beam with corner reflectors
mounted on the secondary mirror-support struc-
ture. These reflectors return the intercepted light
in such a manner that the light is brought to
focus, superimposed on the image of the Moon,
at the spot to which the beam is being sent. A
beam splitter coated with a highly damage-
resistant, multilayer dielectric coating reflects the
laser beam into the telescope and transmits the
image of the Moon and the laser light inter-
cepted by the telescope corner reflectors into
the guiding system (ref. 7-8).

A view of the region of the Moon around
Tranquility Base is shown in figure 7-8, which
was taken through the guiding eyepiece of the
McDonald Observatory 107-in. telescope. The
reticle marks used to guide from craters are
clearly shown, along with the intercepted laser
light. In final alinement, the small circle is made
to coincide with both Tranquility Base and the

Ficure 7-8. — View through guiding eyepicce of the
McDonald Observatory 107-in. telescope during proc-
ess of alinement.
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Ficure 7-9. — Lick Observatory, University of California,
at Mount Hamilton, California.

Ficure 7-10. — Lick Observatory 120-in. telescope dome.

center of the laser spot. The large size of the
laser spot is caused by imperfections in the
telescope corner reflectors, not by beam diver-
gence. The diameter of the reticle circle is ap-
proximately 3.6 seconds of arc. Many craters are
not resolved because of poor seeing conditions
at the time the photograph was made.

Figures 7-9 to 7-14 are views of the Lick Ob-
servatory, University of California, at Mount

- Hamilton, California; the Lick Observatory 120-

in. telescope, the second largest in the world;
the McDonald Observatory, University of Texas,
at Mount Locke, Tex.; and the McDonald Ob-
servatory 107-in. telescope, the third largest in
the world. Lasers were mounted in a stationary
position at a coudé focus of each instrument.
The Lick Observatory participated in the ac-
quisition phase of the experiment to increase
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Ficure 7-11. — Lick Observatory 120-in. telescope.
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Ficure 7-12. — McDonald Observatory, University of
Texas, at Mount Locke, Tex.

the probability of getting early returns because
the weather and seeing there are generally excel-
lent in the summer. Returns at the Lick Observa-
tory, which is no longer in operation, were ob-
served on August 1 and 3, 1969. The McDonald
Observatory is equipped to make daily range
measurements, weather permitting, for years. Re-

oty s v e et L e i —————————————

Ficure 7-13. — McDonald Observatory 107-in. telescope.

turns were observed on August 20, Septemher 3,
September 4, and September 22, 1969, at the Mec-
Donald Observatory.

Observations at the Lick Observatory

System A

The ranging system at the Lick Observatory
consisted of a giant-pulse, high-powered ruby
laser (operated at the coudé focus) which was
optically coupled through the 120-in. telescope
and could be fired at 30-sec intervals. The angu-
lar diameter of the outgoing beam was approxi-
mately 2 seconds of arc and made a spot of light

-on the Moon approximately 2 miles in diameter.

The return signal was detected by a photomulti-
plier that was mounted at the coudé focus be-
hind a 10-second-of-arc field stop and a narrow
(0.7 A) filter, which were used to reduce the
background illumination from the sunlit Moon.
A time-delay generator (TDG), initiated by the
firing of the laser, was used to activate the
acquiring electronics approximately 2.5 sec (the
Earth-Moon round-trip time for light) later. The
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Ficure 7-14. — Optical path in the McDonald Observatory 107-in. telescope.

delay generator was set for each shot by using
the LE 16 ephemeris. (See the section of this
report entitled “The Lunar Ephemeris: Predic-
tions and Preliminary Results.”)

Following the pulse produced by the TDG,
the output pulses from the photomultiplier were
channeled sequentially into 12 binary scalers.
Each scaler channel had a dwell time that was
adjustable from 0.25 to 4 psec (ref. 7-8). The
routing of the pulses to the scalers was such that
a pulse arriving within 0.1 psec of the end of a
channel would alse add a count to the following

-~ e s
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channel. The scalers then contained a quantized
summary of the detector output for a short time
interval centered on the expected arrival time
of the reflected signal. After each scaler cycling
following a laser firing, a small online computer
read the contents and reset the scalers. The com-
puter stored the accumulated count for each of
the scalers and provided a printed output and
a cathode-ray-tube display of the data.
Scattered sunlight from the lunar surface pro-
duced a random background that slowly filled
the 12 time channcls. Because the return from
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the retroreflector occurred with a predetermined
delay, the channel that corresponded in time to
the arrival of the signal accumulated data at a
faster rate than the other 12 channels. Figure
7-15 illustrates this point by showing the way in
which the data actually accumulated during run
18, Fallowing acquisition on the night of August
1, 1969, 169 shots were fired. Range gate errors
occurred on 27 shots, and 2% shots were fired
with the telescope pointed away from the re-
flector. For the remaining 120 shots, approxi-
mately 100 above-background counts were re-
ceived, These results represent a return expecta-
tion in excess of 80 percent and show that all
parts of the experiment operated satisfactorily.
Assuming a Poisson_distribution of the recorded
photoclectrons, the returns correspond to an

+ 5 shots
v | J:"J——L_l B s |
10 shots
!
— | b —
15 shots
— I ‘ ' 1
=TE
21 a
-“E’}:E,‘j R 2 shots
T s
e .
L Tl M

H H 1 1 1
1 0 1 2 3 4 5
Ahead ~——= Behind
Time relative to predicled time, psec
R TS N T S T S N | [ B 1
1 2 3 4 5 6 7 8 9 10 L 12
Channel number

—

Froune 7-15. — Histogram showing the growth of the
retrorefiected signal in channel 6.

average of 1.6 detectable photoclectrons per
shot. This number is a Jower limit to the Live
average because interference effects and guiding
errors probably reduced the number of returns
that were recorded. The strength of this signal
and the lack of “spill” into adjacent channels
clearly show that the signal did not come from
the “patural” lunar surface, {rom which the
return would be distributed over approximately
8 psec, The timing of the trigger fiom the TDG
relative to Mulholland’s ephemeris was changed
three times, and the channel widths were de-
creased from 2 to 1 psec and then to 0.5 psec.
After each change, the signal appeared in the
appropriate channel. The data from runs 10 to
21, the interval {rom the first acquisition to the
close of operation, are shown in table 7-IV.
Nine runs containing 162 shots were made before
acquisition. ) -

Figure 7-16 shows a plot of the data taken
from table 7-1V. Runs 12 and 14 have not been
plotted in figure 7-16 because errors in setting
the TDG invalidated the timing. During run 19,
the telescope was not pointed at the reflector,
and no returns were seen, Because of a fortuitous
splitting of the return between two channels on
two runs, an effective timing precision of 0.1
psec was achieved, This precision is cqguivalent
to a range error of approximately 15 m. In figure
7-16 an apparent drift in the time the returns
were detected, relative to Mulholland’s predic-
tions, is shown. The drift was caused by the 120-
in. telescope being located approximately 524 m
east of the locations given for the Lick Obseyva-
tory in the American Ephemeris and Nautical
Almanac. A curve showing this correclion to the
original ephemeris is given in figure 7-16. Trans-
lation of this curve along the ordinate is allow-
able, and the amount of time gives the difference
between the observed range and the predicted
range. When the correct coordinates are used,
the observations agree with the predicted curve.

System B
The primary function of acquisition system B
at the Lick Observatory was to locate the de-
ployed LRRR in range and position. System B
was not intended {o satisfy the long-term objec-
tives of the lunar ranging experiment; however,
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TasLe 7-IV. Log of observation data showing acquisition

Total counis wt. Tinte

Run Channel ‘Y;‘;. f 0; j"r':‘i‘f"’ C;':fﬁﬁﬁ‘,’] c.i% ,{';:g; .
1 2 | 3 | s 6 7 | s s T a0 | 1z | % hrmin Hoee psec
101 12 8|16 |18} 12] 14y 10 37 ] w3 ([27 {121 12 20 10:21 2.0 ~-20
1) 12 12112 § 111 11 6] 13 | 11 14 1%26 | 10} 14 14 10:32 20 -20
120 @ @)@ || )] @] @] (k] 16 - 2.0 10
131 13 8 8112 71 %8 11 S5 G 7 8 12 13 11:04 2.0 —10
Bl @l Q] @@ @E@|E]EQ]| ] Q] 6 - 1.0 —10
a5 4 3 3 5 41 ®17 G 8] 10 5 6 8 18 11:23 1.0 -5
16 1 1 2 21 ® 3 3 1 2 1 3 2 10 11:36 S -1
17 (] 3 4 2 %1 *B 2 7 2 4 2 5 16 11:45 5 -1
18 3 1 3 5 3| %19 3 3 4 1 0 4 22 12:03 5 -1
*19 3 3 3110 4 3 5 2 5 5 8 5 29, 12:19 S -1
20 2 L 1 0 3 41 g 2 4 2 2 4 10 12:23 B —1
21 5 2 2 3 2 1i%2 |v11 3 4 5 2 23 12:45 5 —1

= With respect to ephemeris predictions.
b Chanmel in which return-was expected.
° Range-gate errors invalidated data,

L8

4 Data from three shots with erroneous range gates deleted from tabulation.

¢ Telescope pointed 16 km south of reflector.
#Thin clouds noted near Moon.

System B was designed to be a sensitive, mod-
eralely precise, semiautomatic, high-repetition
rate system uvsing existing off-the-shelf equipment
wherever possible. . |

System B was composed of several essentially
independent subsystems. These subsystems were
the Jaser-iransmitter/power-supply assembly, the
receiver-detector ranging system, the range gale
generator and data control and recorder system,
and the time standard system.

The laser transmitter uses oscillator and ampli-
fier heads employing a conventional rotating-
prism, bleachable-absorber, “Q-switch” mecha-
nism. The oscillator and amplifier heads are iden-
tical and use 110-mm-long, 15-mm-diameter
Brewster-Brewster rubies. An existing laser sys-
tem that was modified for this program was
capable of operation at 10 J at 3-sec intervals
with a pulse width of 60 to 80 nsec.

For operation at the Lick Observatory, modi-
fication of the laser system required the incor-
poration of all normal transmit-receive ranging
functions and of a boresight capability onto the
laser case. An oplical-mechanical assembly (fig.
7-17) was designed to be attached to the laser
case. The exiting laser beam passed tinough a
beam splitter, which was oriented at Brewster's
angle for minimum reflection of horizontally

polarized light. The small fraction of light scat-
tered or reflected from the beam splitter was
detected by an FW 114A biplanar photodiode.
The output of the photodiode was used for the
range measurement initiation pulse and for
monitoring the operation of the laser. The beam
splitter was also used to couple a vertically
polarized helium-neon laser beam along the same
axis as the ruby beam. A helium-neon laser was
mounted parallel to the ruby laser, and the re-
sultant beam was expanded by a small autocolli-
mator and then reflected by a mirror mounted
parallel to the beam splitter. The reflected beam
was then rereflected by the beam splitter along
the laser axis. The laser produced an elliplical
cross-section beam that was corrected and ex-
panded to 50 mm in diameter by the Brewster
entrance prism telescope. The 50-mm exit beam
was reflected at right angles onto a 50-mm-aper-
ture F39 lens that was positioned at the appro-
priate place with respect to the coudé focus of
the 120-in. telescope oplical sysiem.

The returning energy follows essentially the
same path as the transmitted energy. A flip mir-
ror, actuated by a small solenoid, reflects the
returning signal after the signal is passed through
the correcting telescope to a feld-limiting lens
and aperture. The aperture in the fieJd-hmiting
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Ficuree 7-16. — Three-dimensional figure showing the
time of the run {abscissa), the range window during
which the equipment was open for receiving data
{crdmate), and the number of counts in zach channel
{width of the bar}. It is clear that in each run in
which retums were eapected they were seen in the
correct channel. During run 19 {third from right-hand
end)}, the telescope was pointed away from the re-
flector, and no relurns were seen,

system is sized for a 10-second-of-arc ficld of
view in space. Light passing through the aper-
ture is collimated and passed through a 2.7-A
bandpass filter. The light is divided into two
equal beams by a dividing prism; then, the
beams of light enter the enhancement prism on
each of the two photomultipliers.

Two detectors (operating in coincidence) and
a range gate were used to eliminate as much
extraneous background noise as possible. Type
56 TVP photomultipliers used enbhancement
prisms i{o allow multiple 1eflection of the en-
trance light from the photocathode. The oulput
of each photomultiplier tube was discriminated
and shaped with an EGG T105/N dual diserimi-
nator. Because theorctical considerations indicate
that only a few photoclectrons occur for each

. transmitted pulse, the discriminator was used to

stretch each detected pulse by the length of the
transmitted pulse. A coincidence overlap equal
to fhe transmitted pulse duration was necessary
because, lacking discriminaiion, a photoelectron
from each photomultiplier tube could be related
to any time within the transmitied pulse dura-
tion. The oulputs of the discriminators were
ANDDYed in the EGG Ci02B/N coincidence
module. .

The actual range measurement (fig. 7-18) was
made with a l-nsec time-interval counter. The
time-interval counter was started by the photo-
diode output each time the Iaser transmitter
operated. The discriminators and the stop chan-

- nel of the time-interval unit were disabled by the

range gate until the expected time of arrival of
the reflected Jaser pulse. If both photomultiplier
tubes detected a photoelectron within the coin-
cidence resolving time of the EGG C102B/N, the
output would stop the time-interval unit.

The photodiode signal was used in two other
measurements. First, the signal was used to stop
a 100-psec-resolution time-interval unit that was
started by the “ontime” timing signal from the
real-time clock. This measurement determined
the time, to the nearest 100 pgsec, of the range
measurement. The_ pulse was also converted,
monitoring the overall perfoimance of the laser
during the operation.

System B was controlled and operated by a
special digital logic assembly. This device (fig.
7-19) generated laser fire signals and the range
gate window, sampled all measurement devices
for information, and recorded the information.
One of the most important aspects of the oper-
ation is the generation of the range gate window,
based on knowledge of where the retroreflectors
should be. Furthermore, because this information
may not be as accurate as required, il is neces-
sary to change the information essentially in
real time. The range gate window was generated
with an externally, as well as manually, pro-
gramed delay pulse generator. The programed
input for the delay pulse generator was obtained
from 2 lunar prediclion diive tape containing
the expected round-trip time interval to the lunar
surface for every 3 scc of time. A digital com-
parison between the command time on the tape
and real time was made to maintain the tape in
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Ficure 7-17. — Optical schematic of system B at Lick Observatory.

synchronization wvith real time. The range infor-
mation on the tape was then stored and trans-
ferred to the delay pulse generator prior to each
laser firing. The laser firing starled the delay
pulse generator; and after the predicted delay,
a pulse initiated the range-gate-window pulse
generator. The range-gate-window length was
variable and was used {0 enable the detector dis-
criminators and the range time-interval unit at
the time a return signal was expected.

The measured data were recorded with a
multiplexing data gate and standard line printer.
The conirol section generated print commands
for each series of measurements at the conect
time during the 3-sec cycle period. The control
section obtained timing signals from the time
standard rack (fig. 7-20). Real time was main-
tained to an accuracy of %10 psec during the
operation, by comparing signals from the Loran
C chain with the real-lime clock using the Loran
C synchronization generator,

The system was operated for a period of 1 hr
and 45 min on the morning of Auguct 3, 1969,
duiing which the laser was fired 1230 times.

The total number of apparent measured ranges

- during this period was 98. The low number of
returns relative to the number of transmitted
pulses is related to a slight (2 sec of arc) mis-
alinement in the detector optical system and
to the failure of the delay pulse generator to
operate in the externally programed mode. Fur-
thermore, because returns were not immediately
recognized, an angle search was made over a
longer time period. :

The measuied range time could have three
possible sources: a return from the retroreflector,
a return from the lunar surface, or random noise
coincidence from reflected sunlight and back-
ground. Statistically, 35 to 50 noise coincidences
and approximately 30 lunar surface ranges would
be expected in 1200 firings. Because the numbers
agree, within acceptable limits, with the total
number measured, it is not obvious that returns
fiom the retroreflectors were measured. How-
ever, any 1eturns from the retroreflectors should
fall within the precision of the system or within
100 nsec with respect to the true range to ihe
package.
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Ficure 7-18. — Receiver and ranging section.

The observed range time measurements were
compared arithmetically with the predicted range
time and then linearly corrected because of a
known parallax error. The parallax error oc-
curred because a different site was used for the
range predictions. The linear correction was
performed by taking the initial range residuals
and fitting (in a least squares sense) a first-order
polynomial to the residuals. Then, only those
residuals occurring within a certain range of the
polynomial were used to redefine the polynomial.
‘This technique was used successively three times
to generate a polynomial about which 11 of the
measured ranges had a root mean square of 45
nsec. Furthermore, because of the parallax error,
the coefficients of the polynomial agree with the
expected deviations {rom the predicted range.

The range residuals corrected to this linear
equation were used to construct a histogram (fig.
7-21} with 100-nscc intervals from —5 to -+5

psec. The data lying outside of the +5 psec
were not displayed because no interval contained
more than one point and because no significant
bunching was observed. The histogram clearly
shows a central peak that cannot be supported
by any statistical interpretation other than one
assuming returns from the retroreflector.

Observations at the McDonald Observatory

The laser in use presently is a custom-built
two-stage pockels-cell switched ruby system.
Typical operating conditions were as follows:

(1) Encrgy: 77

(2) Pulse width: 20 nsec

(3) Beam divergence: 2.4 mrad (measured at
full energy points)

(4} Repetition rate: once every 6 sec

(5) Wavelength: 6943.0 = 0.2 A at 70° F

(6} Amplifier rod diameter: 0.75 in,
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FicUre 7-19. — Range gate generator and data control.

The detector package contained a photomulti-
plier that had a theasured guantum efficiency of
5 percent at 6943 angstroms and a dark current
of 80000 counts per second.. When cooled by
dry ice (as during ranging operations), the dark
current was 10000 counts per second. Spectral
filters with widths of 3 and 0.7 A were available.
Both filters were temperature controlled. Pin-
holes restiicting the field of view of the telescope
to 67 or 97 were commonly used. An air-driven
protective shutter was closed during the time of
laser firing, opening for approximately 1 sec
around the time for receiving returns. The net
" efliciency of the whole receiver, ratio of photo-
electrons produced to photons entering the tele-
‘scope aperture (with a 3-A fiter), including
telescope oplics, was measured to be 0.5 percent,
using starlight {tom Vega.

The block diagram of the timing clectronics

used during the acquisilion period is shown in

. figare 7~992. The electronics consist of a multistop

time-to-pulse-height converter (MSTPHC) for
coarse range scarch covering an interval of 30
psec with 0.5-psec bins {ref. 7-8) in addition to
the core circuits forming part of the intended
subnanosecond timing system. The initial and
final vernier circuits of this system were not in
use. The range prediction provided by J. D. Mul-
holland was recorded on magnetic tape at 6-sec
intervals. The online computer read the range
prediclion, set the range gate TDG, and fired the
laser within 1 psec of the integral 6-sec epoch. The
TDG activated the MSTPHC, triggered a slow-
sweep oscilloscope (the display being recorded
on pholographic film) and a fast-sweep oscillo-
scope (recorded on Polareid), and activated a
10-psec gate into the time-interval meter (TIM).
The computer read the number of counts in the
TIM and calculated the difference between this
reading and the range prediction, printing out
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Freure 7-20. ~ Block ;liagram, time standard system for system B at Lick Observatory.

this difference on the teletypewriter to the near-
est nanosecond. The MSTPHC range aceuracy
depended on the TDG, whereas the TIM range
accuracy is entirely independent of the TDG,
The first high-confidence-level return was re-
corded by the MSTPHC for a 50-shot run at
approximately 2:50 Greemwich mean time
(Gm.t.) on August 20, 1869 (fig. 7-23). A part
of the corvesponding TIM printouts is displayed
as a histogram in figure 7-24. Here, the origin of
the time axis is at the predicted range. The lower
histogram shows a portion of the printouts for a
50-shot run taken a few minutes later in which a
5-psec internal delay was introduced. {This delay
has been subtracted in the drawing.) Noise scans
in which the laser was fired into a calorimeter
displayed no buildup. Four other scans recording
signals were made in the 50 min before the

Moon sank too low in the sky. Operation earlier
in the night had been prevented by cloud cover.
The randormmess of the difference between the
TIM printout and the ephemeris prediction en-
abled a statistical reduction of the data even
without the verpier circuits designed to inter-
polate between the 50-nsec digital intervals. The
result is a measured round-trip travel time in
excess of the Mulholland prediction by 127=-15
nsec of time at 3:00 G.m.t.,, August 20, 1969, from
the intersection of the declination and polar axes
of the 107-in. telescope. The uncertainty corre-
sponds to #=2.5 m in one-way distance. )
Return signals were again recorded on Sep-
tember 3 and 4, 1969, with equivalent uncer-
tainty.. Round-irip travel times were also shown
in excess of .the prediction by 497215 nsec on
September 3, 1969, at 11:10 Gun.t. and by
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Ficvre 7-21. — Range residuals from system B at Lick Observatory.

797424 nsec on September 4, 1969, at 10:10
Gam.t. Durirg these observations, Tranquility
. Base was in darkness, and the computer-con-
troiled drive of the telescope was used success-
fully to offset from visible craters and track the
reflector.

The Lunar Ephemeris: Predictions and
Preliminary Resulis

The fundamental input to the calculation of
predictions for the LRRR is the lunar ephemeris,
which gives the geocentric position and velocity
of the lunar center of mass. An ephemeris is
being used that was developed at the Jet Pro-
pulsion Laboiatory (JPL) and is designated LE
16. This ephemeris is believed to be far superior
in the range coordinate to any other extant
ephemeris, The available observational evi-
dence is meager bul supports this belief. The
modeling of the topocentric effects relating to
the motions of the chservatory and the 1eflector
about the centers of mass of the respective bodies
is completc and is similar lo that used in JPL
spacecraft tracking progiams. Universal time
{wt) 1 is modeled and extrapolated Dby poly-
nomials fit to the instantaneous,determinations

by the U.S. Naval Observatory Time Service.
The Koziel-Mitielski model is currently being
used for the lunar librations.

Coordinales of thetelescope and the reflactor
package are input variables to the prediction
program. Reflector coordinates presently used
are those derived at the NASA Manned Space-
craft Center from spacecraft tracking of the
Iunar ‘module, since this dynamic determination
is essentially the inverse of the predictive prob-

"lem and is, thus, more compaiible than the

selenographic determinations.

1t was anticipated that the topographic model-
ing would be the primary error source in the
earliest phase of ranging operations. This belief
was based upon the indications {rom command
and service module (CSM) tracking of Apollo 8 )
and Apollo 10, both of which indicated LE 16
ephemeris exrors of 40 to 50 m (0.3 psec), and is
based on the knowledge that various estimates
of the selenocentric distances of surface-locations
disagreed by perhaps 2 km for a specific region.
The decision to use the dynamic determinations
of the location simplified the real-time processes
but did not relieve the radial distance uncex-
tainly until laser acquisition was an accom-
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tory acguisition.

plished fact. As the current “best estimate” of
the landing site shifted, predicted ranges were
affected by approximately 4 km (28 pusec). Site
coordinates for Tranquility Base provided by the
NASA Manned Spacecraft Cenler on July 22,
1969, are currently being used.

Tracking information is available on both the
CSM and the lunar module during lunar sur-
face operations. The CSM data indicate an
ephemeris error not greater than 50 m. Computa-
tions of prediclions for comparison with the LM
ranging data, using the coordinates mentioned
previously, show residuals of approximately 2
an, with a drift of 0.3 km in 15 min. The expla-
nation of this anomaly is not yet known, but it
seems {o be associaled with the tracking station
location,
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August 20, 1969, at the MeDonald Observatory.

Initial acquisition of the LRRR was accom-
plished with predictions based on the coordinates
. of the Lick Observatoiy, as published in the
American Ephemeiis and Nautical Almanac. The
Lick Observatory 120-in. telescope used in the
experiment is aclually a distance of approxi-
mately 1800 {t from that location, causing drift
in the observation residuals. The result of intro-
ducing the proper telescope coordinates into the
computations is shown in figure 7-25. The resid-
vals relative {0 thé new tlelescope coordinates
appear to be given within 1 psec. Figure 7-25 s
provisional and subject to later refinement.
Within the limitations of figure 7-25, these data
are consistent with the subsequent obscrvations
at McDonald Observatory.

Although it is premature to discuss the data
from the standpoint of any meaningful applica-
tian, one aspect invites speculation and prelimi-
nary inference. The tbree indircet pseudo-obser-
vations (range biases on CSM tracking data)

e
] &0 § § 0
Amproved
2 o T j ./ prediclions
- N I
P |
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1o gach point
-2 ] ! J
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Fisung 7-25. — Result of usir‘xg adjusted telescope coor-
dinates for the Lick Observatory. The data are shown
for August 1, 1569.

and the first few laser acquisitions yield positive
observation residuals. If no obseivation sclec-
tion effect is involved, this may be an indication
that the ephemeris scaling faclor and hence the
lunar mean distance requires an adjustment in
the seventh place. Such a result would not be
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surprising because the uncertainty in the scaling
factor is five parts in 107 (ref. 7-10), based on

+ the results of Mariner spacecraft tracking.
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Iaser Ranging Retro-Reflector:
Continuing Measurements and Expected Resulis

Abstract Afrer successful acquisition in August of reflected ruby laser pulses
from.the Apollo 11 laser ranging retro-reflector (LRRR) with the telescopes at the
Lick and McDonald observatories, repeated measurements of the round-trip travel
tinme of light have been made from the McDonald Observatory in September with
an equivalent range p.ecision of £2.5 meters. These acquusition period observa-
tions demonstrated the performance-of the LRRR through Iunar night and during
sunlit conditions on the moon. Instrumentation activated at the McDonald Qbserv-
atory in QOclober has yielded a precision of +0.3 meter, and improvement to
= 0.15 mefter is expected shortly. Continued monitoring of the changes in the
earth-moon distance as measured by the round-trip travel time of light from suita-
bly distributed eartht stations s expected to contribute 10 owr knowledge of the
earth-moon system.

The performance () of the Apollo
11 laser ranging retro-reflector {LRRR)
left on the moon, as well as that of
the instrumentation at the ground ob-
servatories, has been in accord with the
original expeclaticns (2-5). The scien-
tific objectives are such that lengthy

fore results are available. The experi-
ment had iis origin in discussions
among members of the experimental
gravitational research group at Prince-
ton University (6). Because of the
many aieas of science and technology
involved in the experiment, a group (7)

analysis of a long-continuing scries of
frequent measurements is required be-

was organized Lo carry it oul.
The compact array of high-precision

Table 1. Lunar orbital data parameters

0.15-m Range accuracy®

Present
Quantity uncertainty . Time
(approximate) Unceriainty (yr)
Mean distance 500 m 25m 1
Eccentricity 1% 10—~ 4 % 10-° 1
Angular position of Moon .
With respect to perigce 2 X 10-%rad 4 % 10 rad 1
With respect to Sun 5 % 10%rad 4 X 10-° rad 1
Time necessary to check predictions of Brans- T
Dicke scalar-tensor gravitational itheory . 8

* Three observing statrons

Table 2. Lunar libration and relation of LRRR to center of mass.

0.15-m Range accuracy®

Presgnt
Quantity uncertainty K
(approximate) Uncertainty '{;’;t;c
Libraion paiameterst
B = (C-A)/B} 1 x i10= 3% 108 4
v == (B=-A}/C 5% 1072 % 107 1.5
Coordinates of LRRR with respect to cemrer of masst
A, ) 500 m 25m 1
X, - 200m Tm i
Xy 200m Sm 3

- I
* Three observing staticns are assumed. s AR the moment of inertia about the principal axis (o=
ward the earth, B 15 the moment about the principal asis tangent to the orbun, and € 1s the moment
abowt (he moons rotatien axis. Knowledge of the parameters 8 and < is important i determuning
the mass distribution within the moon TX,. X.and X, arc measured along the principal aves
abowl wiieh the moments 4. B and € are defined

Table 3 Geophysical date determinable from LRRR.

Present uncer- 0.15-m Range

Quantty tainty (cstimated} accuracy

Rotatior: period of carth (sec) sx 10 1 x 10
Distance of stawon Mom axis of 10tation {m) 10 0.3
Distanee of station from equatoiial plane (im)* . 20 0.6 to 2r¢
Moton of the pole (m}* 1t 2 01s
East-west conunental drift rate cbservable in

5 years (cm/ynD™ 30 10 6D 3
Time for observing predicted drift of 10 cm/yr

of Hawwi toward Japan (years) 15 1o 30 13

F Three or mate observing stations are requicd 7 Dupending upon the latiude of 1he stmion

optical retro-reflectors (cube corners)
deployed on the moon (I, 8) is intended
1o serve as.a reference point in measui-
ing precise ranges between the array
and points on the earth by using the
techmque of short-pulse laser ranging
The atmosphenc fluctuations in the in-
dex of refraction diverge a laser beam
and prevent thz spot on the moon from
being smaller than approximately 1.6
km in diameter The curvature of the
lunar surface results in pait of the short
pulse being reflected before the rest,
producing a reflected pulse measured in
nucroseconds, cven 1f the incident pulse
is measured in nanoseconds. The retro-
reflector array eliminates this spreading

. because of the small size of the array.

(The maximum spreading of a pulse
because of optical hibration tipping ol
the array will be approximately = 0.125
nsec.) In addition, the retro-reflective
pioperly causes a much larger amount
of light to be directed back to the tele-
scope from the array than is refiected
from the entire surface area ililuminated
by the laser beam.

The basic uncerlainty in measuring
the appioaimately 2.5-sec round-trip
travel time is associated with the per-
formance of photomultipliers at the
single photoclectron level. This uncer-
tainty is estimated to be approximately
I nsec. When the entire system 1s cah-
brated and the efiects of the atmospheric
delay are calculated from local tempera-’
ture, pressure, and humidity measure-
ments and subtracted from the travel
time, where the uncertainty in this cor-
rection is estimated to be less than 0.5
nse¢, an overalt uncertainty of = 15 cm
1n one-way range seems achievable.

The present uncerta:niy of three parts
in 107 in the knowledge of the velocity
of light will not affect the scientific aims
of the experiment, since it 1s the practice
to measure astronomical distances in
light travel time. Primary scientific ob-
jectives mclude the study of gravitation
and relativity (secular variation in the
gravitational constant), the physics ol
the earth (fluctuation in rotation rate,
motion of the pole, large-scale crustal
motions), and the physics of the moon
{physical librations, center-of-mass mo-
tion, size, and shape) (2-5). Estimates
of Improvements eapected in some of
these categories arc shown in Tables |
to 3. The estimated unceitainty for each
quantity is intended to be an upper limit

Refected signals from the LRRR
were acquired 1 August {and 3 August.
with a dilferent laser system} with the
120-inch telescope of the Lick Observa-
tory (2) at Mt Hamilion. Calilornia,
and 20 August with the 107-inch (ele-



Table 4, Measurements at the McDonald Ob-
servatory of round-trip travel time during
azequisition. The restduals represent the differ-
ence belween the observed tme of travel and
that predicted on the basis of the JPL LE16
ephemeris

Residual round-trip

Pay U.T travel time
(nsec)

2¢ August . 0300 96 = 15
3 September - 11:10 490 = 15
4 September 10-10 79524

22 September 04:00 —1430 %15
17 October 01:44 —798 & 157
18 October 01:17 ~978 = 157
1 November 15:40 —2034 == 5%
16 December 01:45 =—1232 £ 15¢

* The present accuracy is =15 nsec sn the knowl-
cdge of the electrome time delays. Upon comple-
tion of the cusrrent calibraton, the accuracy wil
be determined by the present overall resoluuon,
less than 2 nsec, Itmited by the laser pulse
length and photomuluplicr ntter

m'scope of the McDonald Observatory
= (10} at Mt. Locke, Texas. These ob-
servations showed that the LRRR did
not suffer any major degradation, if any
at all, from debris generated during: lift-
off of the lunar moduie. The signals are
consistent with the return expected from
the LRRR design, within the uncertain-
ties of atmospheric “seeing,” telescope
transmission, and other optical losses,
Continued acquisition period measure-
ments at McDonald in September (J0),
raken with the inuial observations, have
demonstrated the successful perform-
ance of the LRRR at several sun il-
fumination angles, as well as during and
after a lupar might, confirming the pre-

diction oi thermal  design  analyses

A first “geodetic result™ from the
acquisition observations at Lick (9) was
the discovery, {rom the drift of the re-
sidual round-irip travel ume with respact
to the JPL lunar cphemeris 16 (LE16)
predictions, that the coordinates for ihe
120-inch telescope are not those given
for Mit. Hamilton (Lick Observatory)
in the American Ephemeris and Nauti-
cal Almanac (9a). The Lick Observa-
tory parlicipated In the acquisition
phase of the experiment to increase the
probability of geiting early returns, The
weather and seeing are generally excel-
lent there in the summer. Laser ranging
activities ceased at Lick in Avgust.

In October a custom-built four-stage
ruby laser, made by Korad, was instalied
at the McDonald Observatory. This laser
was built to specifications developed for
long-term precision measurenients in the
lunar ranging experiment. The pulse
length is produced by a time-varying
reflectivity mode of operation and can
be as short as 2.8 nsec, although a more
typical value is 4 nsec. It transmits 5
joules with a beam divergence (full
width) of 14 mradian at a repetition
rate capability of one shot every 3 sec-
onds. At the same time, vernier timing
circuits (17—13) shown schematicaily in
Fig. 1 were activated. This insttumenta-
tion allows a resolution uncertainty of £2
nsec on each measured return. The ac-
curacy depends on thorough calibration
of all electronic delays. This will be com-
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1. Representation of the nanosecond-resolution time-interval measurement system

now in wse at the MeDonald Observatory, Special circmits ehinnate any ==} count un-
cerfainty i the 20-Mbhz, digitally measused interval The vernier components are time

to pulse height converters,

pleted soon to the t-nsee fevel The mea-
surements made m Oclober. November,
and December. and which are shown
“able 4, sull have a calibration unces-
tamty m accuracy of 13 nscc. These
later measurements are subject to redue-
tion of the accuracy unceriainty upon
completion of the final calibration.

As more experience 15 gained m the
use of the new 107-inch McDonald
telescope, the goal 1s thres measurement
periods daily Each perjod would last
about 15 minutes, enabling several hun-
dred laser shots to be fired: the periods
would be scheduled near the time of
meridian crossing, several nours belore,
and several hours after.

From these measurcments, one can
obtain the minimum range and s epoch
of occurrence. Harmonic analysis of this
range time series will permit the deter-
mination of the quaitities listed in Tables
I through 3.

In order to satisfy all the scientilic
aims of the experiment, it 15 hoped that
more U.S. and foreign ground stations
can be established to cairy out segulas
precision ranging to the L.LRRR. The
deployment of several more LRRR's on
the moon would ailow a more detailed
study of the lunar physical librauons.
independent of any model. One of these
should be designed to give a larger re-
turn than the Apollo 11 LRRR, so as
to allow participation in the ranging
program by smaller telescopes.
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Lunar Laser Ranging Experiment: Current Results and Future Plans

‘C. 0. Alleyl, P. L. Benderz, D. G, Curriel, R. H. Dickea; J._E.

Fallerh, W, My Kaula®, G. J. F. MacDonald®, J. D. Mulholland’,
H. H. Plotkin®, B. C. Silverberg?, and D. T. Wilkinson®

Summarz

Several hundred range determinations have been made of the point
to point distance between the McDonald Observatory in West Texas and
the Laser Ranging Retro-Reflector left at the Tranquillity Base by the
Apollo il astronauts. Measurements are being made routinely on a regular
and frequent schedule averaging about twelve to fifteen measurement periods
per month. The precision of the meagsuremeni of the time of flight is about
one nanosecond with an accuracy of about two nanoseconds (equivalent to
thirty centimeters in the one-way distance).

The accompanying plot of raw time of flight residuals with respect
to the JPL LE16 lunar ephemeris as a function of epoch of laser firing )
shows the results of a good run of fifty shots. The basic uncertainty -
per shot is + 2 nanoseconds due to the laser pulse width of 4 nanoseconds.
A jitter of sbout + 1 nanosecond is inherent in the photomultiplier tube
in current use. The statistics of such a run support a precision of + 1
nanosecond, The accuracy quoted above is the current level of calibration.
- The drift in the residuals during this run is due to the use of incorrect
geocentric coordinates for the McDonald Observatory. .

The accompanying histogram displays the backgiound noise for the
same run of fifty shots. The accompanying line drawing shows the optical
arrangement at the observatory. A brief description of the aims and tech-
niques of the experiment is contained in Science, Vol. 167, pp. 458-460, 1970.

Significant adjustments to the eccentricity of the moon's orbit and
to either its mean distance or to one reflector coordinate appear to be
indicated by the preliminary analysis of the data through June 1%70. Anal-
ysis of the twenty-four hour period terms in the range residuals indicates
rough agreement with the presently available geocentric coordinates for the
McDonald Obsexvatory. Full application of the laser ranging technique for
the establishment of ‘geocentric coordinates requires the measurement of the
polar motion which will only be possible when several more stations are op-
erating with comparable precision in well distributed earth locations.



Ground instrumentation has been:prepared by groups in France, the
USSR, and Japan, and the possibility of participation is being discussed
with scientists in a number of other countries. The Alr Force Cambridge
Reseaxch Laboratory in the United States has developed instrumentation
and the Smithsonian Institution is engaged in such development.

The French-made Laser Ranging Retro-Reflector placed on the moon
by the Soviet Luna 17 in the western part of Mare Imbrium emphasizes_the
international aspect of the lunar ranging program. 4 second U.S. LR will
be carried to the Fra Mauro region by Apollo 14 and a third U.S. reflector
hayving three times the number of cornmer reflectors as the Apollo 11 and 14
LR3's is planned for the Apollo 15 landing in the area near Hadley Rille.
These additional reflector sites on the moon will allow the direct measure-
ment by laser ranging of all the rotational motions associated with the
physical librations. The larger LR3 will also allow a larger number of
observatories to participate in the lunar laser Fanging Program.

Recent developments in lasers, timing techniques, and in the know-
ledge of atmospheric corrections indicate that an accuracy of better than
three centimeters can be achieved in lunar laser ranging.

¥

1 University of Maryland, Department of Physics and Astronomy, College
Park, Maryland . f )

2 Joint Institute for Laboratory Astrophysics, National Bureau of Standards
and University of Colorado, Boulder, Colorado
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Figufe 1



Fig. 3

The effective aperture and the subapertures of
a retroreflector for normal incidence of light.
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Fig. 5

- Three-dimensional illustration of ray~trace in a retroreflector.
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The same as Figure 15 except the polarizatien of light is in s- direction.
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Fig. 17

The same as Figure 15 except the polariiation of light is circular,
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Normalized central irradinnce is plotted versus § for ¢ = 0°. The depth of
the depression is expressed in the wnit of the diameter of the front face.
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ABSTRACT

A limit on the angle of incidence is imposed on a solid retro-
reflector with uncoated back surfaces because of the possible failure
of total reflection. An expression is derived for the critical angle
of incidence‘as a function of the index of refraction and the azimuth
angle. The critical angle is the angle at which the total reflection
initially fails.

The index of refraction must be greater than V372 = 1,23 if
we intend to utilize the total reflection in a retroreflector. On
the other extreme, if the index of refraction is greater than
V(3 + V3) = 2.18 the retroreflector will retain its reflecting

property at all angles of incidence.



In the range v¥3/2 < N < v2, the expression under the radical
sign in Eq. (8) is always non-negative therefore sin BC is always real,

which is a fact supported by the geometrical analysis that the cones
intersect each other.

A geometrical inspection on the cones of failure reveals that
sin Bc is a monoéonic functioq_of ¢ with its smallest value at ¢ = Q°
and its largest at ¢ = 60°, Now we shall prove that 6. is always less
than 8; in the range /575-< N < ¥2; the failure of total reflection
occurs before the effective aperture vanishes and the Iimit on the angle
of in;idence is 0, alone.

The largest 6 is given by‘Eq.(B) as L

sin 0 (¢ = 60°) = VZ73 (A@:I- /7). (10)
Comparing Eq.(10) -with Eq.(9), we obtain

r = sin Bc(¢=60°) / sin BL.= f%-(Véz—l - 2-N2). (11)
Since Eq.(1l) indicates that r = 1 when N = Y2 and dr/dN¥ > 0, it is cer-
tainly true that r < 1 if N < ¥2. Consequently, 6, < 6y for Y372 < N < V2
and 6, = 0 at $ = 60° when N = VZ.

The earlier geometrical analysis indicated that thexe should be a
certain range in ¢ where no failure of total reflection can occur. The
mathematical manifestati&ﬁ of the situation in Eq.(8) is that sin Gc'
becomes complex’because the eikpression under the radical sign becomes
negative when 60° > ¢ 2 ¢, where ¢5 = sin_1(¢§7§7N).

.Comparing sin O with sin Bc at ¢ = ¢, for the case of N > V2, we
find that gy is less than pé at ¢ = ¢,. -The implication is that the angle

6 becomes the limit even before ¢ reaches &,. The exact angle ¢ at which



8y = 6 can be evaluated by ?quating Eq.(8) to Eq.(9) and solving
for ¢.

If N > /g, Eq. (9) indicates that the effective aperture does not
vanish, therefore the limit on the angle of incidence is imposed by the

ultimate limit of 90°-or 6.~

The condition that a retroreflector retains its reflecting prop-.
erties at all times is N 3‘/317§. The condition is obtained froﬁ Eq. (8)
by setting ¢ to 0° and sin 6, = 1.

The critical anglé 6, combined with ®y as the overall limit on the
angle of incidence is plottea as a function of ¢ for various W in Figure 3.
The region below the curve is the region in which a retroreflector rerains

ite veflecting properties.

IV. CONCLUSIONS.

We have obtained the critical angle of incidence as a function of W
and ¢. The critical angle increases monotonically for increasing ¢ and N.
The minimum value necessary for the index of refraction is JE?E_if a retro-
reflector with uncoated back surfaces is to retaiﬁ its reflecting properties
The internal total reflection fails at all times when N < v3/2.

We also found that there was a range of ¢ where the intermal reflec-
tion does not fail if N > ¥2; the limit on the angle of incidence is then
the vanishing of the effective aperture. A retroreflector can be used even

for the 90° angle of incidence for a certain range of ¢ if N > Y3 and for

all ¢ if N > /3+/3.
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FIGURES

A geometrical representation of a retroreflector.

Cros§~section of a retrorveflector illustrating the
failure of total reflection at some angle
tof incidence.

Iilustration showing the disappearance of the

effective aperture,

The cones of failure for various wvalues of the

index of refraction.

The limit on the angle of incidence plotted as a
function of azimuth angle for different

values of the index of refractiomn.
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The limit on the angle of incidence plotted as a function of azimuth

“angle for differént values of the index of refractiom.
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ABSTRACT

Three aluminized 1-1/2" retroreflectors have been tested in the
laboratory for their optical quality. The diffraction patterns from
the retroreflectors are presented in comparison with the Airy pattern
from a flat ﬁirror. These retroreflectors are now in current use in
the 107" te]escoperor the purpose of pointing the telescope pre-

cigsely at the laser ranging retroreflector array on the moon.



	00000001.tif
	00000003.tif
	00000005.tif
	00000007.tif
	00000009.tif
	00000011.tif
	00000013.tif
	00000015.tif
	00000017.tif
	00000019.tif
	00000021.tif
	00000023.tif
	00000025.tif
	00000027.tif
	00000029.tif
	00000031.tif
	00000033.tif
	00000035.tif
	00000037.tif
	00000039.tif
	00000041.tif
	00000043.tif
	00000045.tif
	00000047.tif
	00000049.tif
	00000051.tif
	00000053.tif
	00000055.tif
	00000057.tif
	00000059.tif
	00000061.tif
	00000063.tif
	00000065.tif
	00000067.tif
	00000069.tif
	00000071.tif
	00000073.tif
	00000075.tif
	00000077.tif
	00000079.tif
	00000081.tif
	00000083.tif
	00000085.tif
	00000087.tif
	00000089.tif
	00000091.tif
	00000093.tif
	00000095.tif
	00000097.tif
	00000099.tif
	00000101.tif
	00000103.tif
	00000105.tif
	00000107.tif
	00000109.tif
	00000111.tif
	00000113.tif
	00000115.tif
	00000117.tif
	00000119.tif
	00000121.tif
	00000123.tif
	00000125.tif
	00000127.tif
	00000129.tif
	00000131.tif
	00000133.tif
	00000135.tif
	00000137.tif
	00000139.tif
	00000141.tif
	00000143.tif
	00000145.tif
	00000147.tif
	00000149.tif
	00000151.tif
	00000153.tif
	00000155.tif
	00000157.tif
	00000159.jpg
	00000161.tif
	00000163.tif
	00000165.tif
	00000167.tif
	00000169.tif
	00000171.tif
	00000173.tif
	00000175.tif
	00000177.tif
	00000179.tif
	00000181.tif
	00000183.tif
	00000185.tif
	00000187.tif
	00000189.tif
	00000191.tif
	00000193.tif
	00000195.tif
	00000197.tif
	00000199.tif
	00000201.tif
	00000203.tif
	00000205.tif
	00000207.tif
	00000209.tif
	00000211.tif
	00000213.tif
	00000215.tif
	00000217.tif
	00000219.tif
	00000221.tif
	00000223.tif
	00000225.tif
	00000227.tif
	00000229.tif
	00000231.tif
	00000233.tif
	00000235.tif
	00000237.tif
	00000239.tif
	00000241.tif
	00000243.tif
	00000245.tif
	00000247.tif
	00000249.tif
	00000251.tif
	00000253.tif
	00000255.tif
	00000257.tif
	00000259.tif
	00000261.tif
	00000263.tif
	00000265.tif
	00000267.tif
	00000269.tif
	00000271.tif
	00000273.tif
	00000275.tif
	00000277.tif
	00000279.tif
	00000281.tif
	00000283.tif
	00000285.tif
	00000287.tif
	00000289.tif
	00000291.tif
	00000293.tif
	00000295.tif
	00000297.tif
	00000299.tif
	00000301.tif
	00000303.tif
	00000305.tif
	00000307.tif
	00000309.tif
	00000311.tif
	00000313.tif
	00000315.tif
	00000317.tif
	00000319.tif
	00000321.tif
	00000323.tif
	00000325.tif
	00000327.tif
	00000329.tif
	00000331.tif
	00000333.tif
	00000335.tif
	00000337.tif
	00000339.tif
	00000341.tif
	00000343.tif
	00000345.tif
	00000347.tif
	00000349.tif
	00000351.tif
	00000353.tif
	00000355.tif
	00000357.tif
	00000359.tif
	00000361.tif
	00000363.tif
	00000365.tif
	00000367.tif
	00000369.tif
	00000371.tif
	00000373.tif
	00000375.tif
	00000377.tif
	00000379.tif
	00000381.tif
	00000383.tif
	00000385.tif
	00000387.tif
	00000389.tif
	00000391.tif
	00000393.tif
	00000395.tif
	00000397.tif
	00000399.tif
	00000401.tif
	00000403.tif
	00000405.tif
	00000407.tif
	00000409.tif
	00000411.tif
	00000413.tif
	00000415.tif
	00000417.tif
	00000419.tif
	00000421.tif
	00000423.tif
	00000425.tif
	00000427.tif
	00000429.tif
	00000431.tif
	00000433.tif
	00000435.tif
	00000437.tif
	00000439.tif
	00000441.tif
	00000443.tif
	00000445.tif
	00000447.tif
	00000449.tif
	00000451.tif
	00000453.tif
	00000455.tif
	00000457.tif
	00000459.tif
	00000461.tif
	00000463.tif
	00000465.tif
	00000467.tif
	00000469.tif
	00000471.tif
	00000473.tif
	00000475.tif
	00000477.tif
	00000479.tif
	00000481.tif
	00000483.tif
	00000485.tif
	00000487.tif
	00000489.tif
	00000491.tif
	00000493.tif
	00000495.tif
	00000497.tif
	00000499.tif
	00000501.tif
	00000503.tif
	00000505.tif
	00000507.tif
	00000509.tif
	00000511.tif
	00000513.tif
	00000515.tif
	00000517.tif
	00000519.tif
	00000521.tif
	00000523.tif
	00000525.tif
	00000527.tif
	00000529.tif
	00000531.tif
	00000533.tif
	00000535.tif
	00000537.tif
	00000539.tif
	00000541.tif
	00000543.tif
	00000545.tif
	00000547.tif
	00000549.tif
	00000551.tif
	00000553.tif
	00000555.tif
	00000557.tif
	00000559.tif
	00000561.tif
	00000563.tif
	00000565.tif
	00000567.tif
	00000569.tif
	00000571.tif
	00000573.tif
	00000575.tif
	00000577.tif
	00000579.tif
	00000581.tif
	00000583.tif
	00000585.tif
	00000587.tif
	00000589.tif
	00000591.tif
	00000593.tif
	00000595.tif
	00000597.tif
	00000599.tif
	00000601.tif
	00000603.tif
	00000605.tif
	00000607.tif
	00000609.tif
	00000611.tif
	00000613.tif
	00000615.tif
	00000617.tif
	00000619.tif
	00000621.tif
	00000623.tif
	00000625.tif
	00000627.tif
	00000629.tif
	00000631.tif
	00000633.tif
	00000635.tif
	00000637.tif
	00000639.tif
	00000641.tif
	00000643.tif
	00000645.tif
	00000647.tif
	00000649.tif
	00000651.tif
	00000653.tif
	00000655.tif
	00000657.tif
	00000659.tif
	00000661.tif
	00000663.tif
	00000665.jpg
	00000667.tif
	00000669.tif
	00000671.tif
	00000673.tif
	00000675.tif
	00000677.tif
	00000679.tif
	00000681.tif
	00000683.tif
	00000685.tif
	00000687.tif
	00000689.tif
	00000691.tif
	00000693.tif
	00000695.tif
	00000697.tif
	00000699.tif
	00000701.tif
	00000703.tif
	00000705.tif
	00000707.tif
	00000709.tif
	00000711.tif
	00000713.tif
	00000715.tif
	00000717.tif
	00000719.tif
	00000721.tif
	00000723.tif
	00000725.tif
	00000727.tif
	00000729.tif
	00000731.tif
	00000733.tif
	00000735.tif
	00000737.tif
	00000739.jpg
	00000741.tif
	00000743.tif
	00000745.tif
	00000747.tif
	00000749.tif
	00000751.tif
	00000753.tif
	00000755.tif
	00000757.tif
	00000759.tif
	00000761.tif
	00000763.tif
	00000765.tif
	00000767.jpg
	00000769.tif
	00000771.tif
	00000773.tif
	00000775.tif
	00000777.tif
	00000779.tif
	00000781.tif
	00000783.tif
	00000785.tif
	00000787.tif
	00000789.tif
	00000791.tif
	00000793.tif
	00000795.tif
	00000797.tif
	00000799.tif
	00000801.tif
	00000803.tif
	00000805.tif
	00000807.tif
	00000809.tif
	00000811.tif
	00000813.tif
	00000815.tif
	00000817.tif
	00000819.tif
	00000821.tif
	00000823.tif
	00000825.tif
	00000827.jpg
	00000829.jpg
	00000831.jpg
	00000833.jpg
	00000835.jpg
	00000837.tif
	00000839.tif
	00000841.tif
	00000843.tif
	00000845.tif
	00000847.tif
	00000849.tif
	00000851.tif
	00000853.tif
	00000855.tif
	00000857.tif
	00000859.tif
	00000861.jpg
	00000863.tif
	00000865.tif
	00000867.tif
	00000869.tif
	00000871.tif
	00000873.tif
	00000875.tif
	00000877.tif
	00000879.tif
	00000881.tif
	N7121466.pdf

