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Abstract

LOITA (Lunar Optical/Infrared Telescope Array) is a lunar-based interferometer composed
of 18 alt-azimuth telescopes arranged in a circular geometry. This geometry results in excellent uv
coverage and allows baselines up to 5 km long. The angular resolution will be 25 micro-arcsec at
500 nm and the main spectral range of the array will be 200 to 1100 nm. For infrared planet
detection, the spectral range may be extended to nearly 10 pro.

The telescope mirrors have a Cassegrain configuration using a 1.75 m dia. primary mirror
and a 0.24 m dia. secondary mirror. A three-stage (coarse, intermediate, and f'me) optical delay
system, controlled by laser metrology, is used to equalize path lengths from different telescopes to
within a few wavelengths.

All instruments and the fine delay system are located within the instnmaent room. Upon
exiting the f'me delay system, all beams enter the beam combiner and are then directed to the
various scientific instruments and detectors.

The array instrumentation will consist of CCD detectors optimized for both the visible and
infrared as well as specially designed cameras and spectrographs. For direct planet detection, a
beam combiner employing achromatic nuUing interferometry will be used to reduce star light (by
several orders of magnitude) while passing the planet light.

A single telescope will be capable of autonomous operation. This telescope will be
equipped with 4 instruments: Wide Field and Planetary Camera, Faint Object Camera, High
Resolution Spectrograph, and Faint Object Spectrograph. These instruments will be housed
beneath the telescope.

The array pointing and control system is designed to meet the fine pointing requirement of
1 micro-arcsec stability and to allow precise tracking of celestial objects for up to 12 days. During
the lunar night, the optics and the detectors will be passively cooled to 70-80 K temperature. To
maintain a continuous communication with the Earth a relay satellite placed at the IA libration point
will be used in conjunction with the Advanced Tracking and Data Relay Satellite System
(ATDRSS). Electrical power of about 10 kW will be supplied by a nuclear reactor based on the
SP-100 technology. LOITA will be constructed in 3 phases of 6 telescopes each. The total mass
of the first operational phase is estimated at 58,820 kg. The cost of the fully operational 1ST phase
of the observatory is estimated at $8.9 billion.

LOITA's primary objectives will be to detect and characterize planets around nearby stars
(up to 10 parsec away), study physics of collapsed stellar objects, solar/stellar surface features and
the processes in nuclear regions of galaxies and quasars. An interferometric array such as LO1TA
will be capable of achieving resolutions 3 orders-of-magnitude greater than Hubble's design goal.
LOITA will also be able to maintain higher signal-to-noise ratios than are currently attainable due to
long observation times available on the Moon.
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I. Introduction

Astronomy has always been limited by the state of the art in telescope resolving ability.

Space and lunar based interferometry promises great increases in telescopic performance. The

Hubble Space Telescope increased resolution by an order of magnitude over systems under the

earth's atmosphere. Space based interferometers will again push these limits back orders of

magnitudes. This type of ability will lead to many answers and, as good science always does, will

no doubt pose many more questions.

Of particular interest to this project is the search for other planetary systems. It is likely that

a powerful space based interferometer could even detect Earth-like planets within several parsecs.

Another field of astronomy that would gain from such a system is that of stellar evolution. Great

strides could be made by observing star formation regions at the level of resolution achievable

through interferometry. Insight into the death of stars could be gained through the observation of

collapsed objects such as white dwarfs, neutron stars, and black holes. Detailed imaging of

accretion disks surrounding such objects could be possible. Surveys concerning basic stellar

properties such as angular momentum could also be performed by resolving stellar surfaces on a

large sample of local stars, which would tell us more about our own sun through comparison.

Much could be learned about galaxies as well. The formation of galaxies could be

investigated by observing the motion of different types of stars within various types of galaxies.

Observations could probe into the dense cores of radio galaxies and quasars. High resolution

measurement of motion within the known universe would lead to information concerning dark

matter as well as Hubble flow and the expansion of the universe. Also of particular interest will be

high-resolution imaging of gravitational lenses. The first wave of observations concerning these

and other topics will surely lead to even more observations. Almost every branch of astronomy

could expect an answer to some of its more difficult questions.

I. 1 Scope of Project

The goal of this project is to design an interferometric array for operation on the far side of

the moon to the subsystem level. LOITA (Lunar Optical/Infrared Telescope Army) operates across

the visible spectrum of light with some capability in the near infrared and ultraviolet.

1.2 Design Requirements

The primary requirements established by NASA/Space Exploration Initiative Office are:
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1. Thearrayshall consist of optical elements with an observational spectrum of 5 nm to 5 mm in
wavelength (the primary operating mode will be in the visible spectrum).

2. The array baseline (length) must be sufficient to enable resolution of Earth-type planets at
distances of up to 10 parsecs.

3. The array total collection area must be sufficient to provide a signal-to-noise ratio (S/N) of not
less than 10.0 for a median wavelength of 500 nm.

4. The individual array elements are constrained to an optical aperture diameter of not greater than
2.0 m.

5. The individual array elements must be identical system components.

6. The array shall be located on the lunar far side at a latitude between 10 ° North and South (an
equatorial region) and shall not be located any closer than 15 ° to either limb.

A number of additional requirements, assumptions, and criteria have been developed

during the design process. These include:

1. All subsystems are designed for minimal achievable mass.

2. All data handling and system control is directed from the Earth.

3. Emplacement and operation of the system is to be done with minimal maintenance and repair.

4. The pointing and control system should be stable to 10 .6 arcseconds.

5. The system needs to operate reliably in the harsh lunar environment.

6. The system should be capable of forming true images of the observed source.

7. The system will be inoperative during the lunar day.

8. Current trends in technology have been extrapolated to the forecasted time of construction and
implementation of the system (2010- 2020).

1.3 History

Modern long-baseline optical interferometry began with the I2T (InterfSrorn_tm _ Deux

T_lescopes) by Labeyrie in 1974. It is presently being upgraded to include active fringe tracking as

well as a third telescope. The first stellar interferometer to demonstrate photoelectric fringe

detection and phase-coherent fringe tracking was the Mark I stellar interferometer by Shao and

Staeling in 1979. This instrument was succeeded by the Mark 1I and then the Mark RI which is



currentlyoperatingonMt. Wilson. Results of observations made with the Mark m include wide-

angle astrometric measurements, studies of binary stars, and determination of stellar diameters.

1.4 Current Projects

Two interferometers are currently under development by the U.S. Naval Research Lab and

the U.S. Naval Observatory. The Big Optical Array will operate at visible/near-infrared

wavelengths using 6 siderostats in a Y-shaped array with a 250 m radius. The Naval Observatory

Astrometric Interferometer will be a four-element interferometer with orthogonal baselines of 25 m

designed primarily for astrometry.

There are a number of other interferometer projects currently underway. These include:

the GI2T (Grand Interfdrorn_tre _tDeux Tdlescopes) at CERGA, France - a successor to the I2T

with baselines of 70 m; the SUSI (Sydney University Spatial Interferometer) prototype at Sydney,

Australia - a two-element interferometer with baselines up to 640 m; and IOTA (l_ffrarediOptical

Telescope Array), at Mt. Hopkins, is a three-element interferometer for visible/infrared

observations with baselines up to 45 m.

The potential of space interferometry has been known for some time and many groups have

studied possible configurations. Two such studies are POINTS (Precision Optical Interferometer

in Space) and OSI (Orbiting Stellar Interferometer).

POINTS uses two interferometers (4 siderostats) to look at two stars about 90 ° apart.

POINTS articulates the two interferometers and ties the two together via a laser metrology truss.

To keep the costs low, the design uses a short 2 m baseline with 25 cm apertures.

OSI consists of three interferometers (6 siderostats) with coUinear baselines. The baseline

lengths extend to 20 m with 0.5 m apertures. Two of the interferometers lock onto guide stars to

provide attitude control while the third interferometer switches among a number of stars,

measuring the position of the delay line at which fringes are found. The interferometers are tied

together with a laser optical truss.

Other space-based systems include: SAMSI (Spacecraft Array for Michelson Spatial

Interferometry), an orbiting spatial interferometer comprised of three free-flying spacecraft, two

collector telescopes and a central mixing station; TRIO, a kilometric array stabilized by solar sails

comprised of two to four free-flying telescopes and a focal station; and COSMIC (Coherent Optical

System of Modular Imaging Collectors), a high-resolution, large collecting area telescope.

The lunar surface as a location for optical interferometers has been addressed in a number

of studies. These include: NASA Publication 2489, "Future Astronomical Observatories on the

Moon;" LOVLBI (Lunar Optical Very Long Baseline Interferometer) by Langley Research Center;,
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VLFA (VeryLow Frequency Array, NASA Conference Publication 3039); and LOUISA (Lunar

Optical/Ultra-violetBnfrared Synthesis Array), consisting of 42 1.5 m mirrors distributed in two

concentric circles 10 km in diameter.

1.5 Design Team Approach

The priorities of the group were predominantly centered on the optical systems. The array

was designed with the primary objective of resolving Earth-like planets at 10 parsecs in mind.

Although the system will have many uses, planet detection was deemed to be the most demanding.

This was the primary consideration in the development of the array geometry as well as the design

of the pointing control system. The ability of the system to form true images of the source was

also of importance. This requirement placed strong demands on the metrology system and delay

lines. A key group decision involved the location of the instruments: should they be centrally

located, or placed within each telescope?

Other items of importance included: the power source, type of materials employed in the

structures, types of instnm_ents and detectors to be used, beam combination, type of motor and

gear system to move the telescopes, and radiation protection for the entire system.

1.6 Design Summary

The recommended design is that of a circular array consisting of 18 unevenly spaced

elements located in the crater Hertzsprung. The layout of the complete system is shown in Figure

1. The maximum baseline is 5 kin. Each telescope within the array contains a primary mirror 1.75

m in diameter and a secondary minor 0.23 m in diameter. The operating spectrum of the array

extends from 300 nm- 10 I.un. All instruments, detectors, data processing and transmission

equipment as well as conmal computers are centrally located near the center of the array in the

instrument room. The planet detection technique employed is an adaptation of achromatic hulling

intefferometry. The array will receive power from a SP- 100-like nuclear reactor. Data handling

and command functions are routed through a satellite positioned at L4 which is capable of handling

data at a maximum rate of 600 Mbits/sec.
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II. Background

An image formed by a single lens telescope (filled aperture) is created by focusing the light

waves collected from a source. When the telescope is pointed directly at a point source the waves

travel identical distances and are in phase as they reach the focus. For an off-axis source some

waves strike the lens before others, as shown in Figure 2a. This path difference causes various

phases of the incident light to reach the focus at any given instant. If this path difference is half a

wavelength (_/2) between two points D/2 apart (where D is the diameter of the lens) the light

waves are completely out of phase and cancel. Geometry shows that the angular distance between

the two minimums surrounding the primary maximum at the telescope's axis is approximately L/D.

No matter how small the angular size of the source is, it will be smeared to at least this size on the

focal plane. This angle is therefore the resolution of the telescope. If the source is further off-axis

the light waves begin to add again until a second maximum is reached at a path difference of one

wavelength. A series of diminishing maximum and minimum amplitudes (interference fringes) are

thus created over a range of off axis angles (0) as shown in Figure 2b. A polar diagram of this

effect (Figure 2c) is useful in visualizing the effectiveness of a telescope over a range of off axis

viewing.

The filled aperture principles of resolution can be applied to a two element interferometer.

The two telescopes act as two sections of a filled aperture lens. As before, the primary maximum

occurs when there is no path length difference as seen in Figure 3a. As with a single aperture, path

length differences (Figure 3a) will create a series of maximums and minimums. The angular width

of the primary amplitude maximum (resolution) will in this ease be _ where B is the distance

between the two telescopes (baseline length). The resolution of an intefferometer, therefore, does

not depend on the size of a single lens but upon the separation of its elements. The interference

fringes have a higher frequency, depending on the distance between the two telescopes as shown

in Figures 3b and c. Each point source will be smeared less, thereby allowing the resolution of

smaller angularities.

When viewing an object that is not directly overhead it is necessary to introduce a delay into

one of the light paths. This insures that only parts of a single wavefront are being combined and

hence, a point source will create a primary maximum when it is directly on axis. Otherwise

interference would occur due to the geometry of the array and not due to the off axis components

of the source.

An extended object may be considered as a composite of point sources. In this case, the

overall interference fringe will be a combination of each fringe from the sources in the field of
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view. This image is formed in the uv plane which is perpendicular to the incoming light path.

mixture of interference fringes can be decomposed into each of its elements through Fourier

analysis. Each separated fringe pattern yields the location and brightness of its corresponding

'point' source. Thus, an image with resolution _rB is produced.

The

II. 1 Imaging

When the light from any two telescopes is combined, the interference patterns produce the

Fourier transform of the actual image. This image will be transmitted directly to the earth to be

processed. A detailed examination of reconstruction techniques, therefore, is not required in the

design of the array. A qualitative knowledge of the requirements for various techniques, however,

is necessary so that the array can be designed accordingly. There are two primary approaches to

interferometric optical imaging: Michelson (pairwise) and Fizeau combination.

Michelson (pairwise) combination is similar to that used in radio interferometry. In this

system, fringes on all n(n-1)/2 baselines (for an n-element system) are measured simultaneously.

Beam combination in a pairwise intefferometer, such as LOITA, can be accomplished in either the

pupil plane by using beam splitters, or in the image plane with a combining telescope. LO1TA

utilizes pupil plane interferometry.

In Fizeau combination, the various interferometer apertures are re-imaged at the pupil of a

combining telescope exactly as they are seen by the incident wavefront. However, with this type

of combination, there are large sidelobes, which the signal processing must account for.

A complex visibility function F(u,v) can be obtained by collecting fringe visibility data for

baselines of various lengths and orientations. Each separate baseline observation yields a complex

value of F(u,v) at a particular point on the uv plane. These observations take the form of fringes

that are perpendicular to the baseline and whose period depends on the baseline length. The

amplitude component is measured from the contrast of fringes. It is the phase component of

F(u,v) that poses the greatest difficulty.

The Fourier transform, Ft, is applied once the uv plane sampling is finished. The Ft

separates the fringe patterns with different periods. Differences in fringe periods correspond to

differences in the phase of the wave fronts collected by different telescopes. The difference

depends on baseline length, telescope pointing, the specifics of the beam combiner, and naturally,

any delay line errors.

By taking the Ft of the complex visibility function the image of the source is obtained. The

resolution of its features along a particular axis are limited by the variety of baseline lengths. A

small object would be best imaged by many long baselines with little concern for moderate and
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short baselines (there arc no large features to resolve). Conversely, a more dispersed object such

as a nebula would need a better spread of baseline lengths.

Observations of the amplitude alone can lead to many worthwhile measurements. Although

reliable images of complex objects are not attainable, measurements of symmetric objects such as

stars and accretion disk can be made. This is the basic operating principle of the adding

interferometer which only produces axi-synmaetric images.

True image reconstruction is a necessity for a project of this scope. This requires

knowledge of both phase measurements and fringe contrasts at many points throughout the uv

plane. The processed image is convolved with a point-spread function (PSF). If uv coverage is

poor, then the PSF will have sidelobes and hence, the image will suffer. The quality of the image

can be aided by deconvolving with processes such as CLEAN or Maximum Entropy. This simply

reinforces the design goal of avoiding sparse uv coverage. Anything less than a full aperture will

most likely benefit from deconvolution techniques, but this is a topic for a discussion on earth-

based data processing.

In creating a true image via a coherent interferorneter the unmistakable goal is to determine

both the phase and the amplitude of the complex visibility. Many techniques have been developed

to accomplish this. The following is a summary of the more popular methods and their relevance

to the design of LO1TA.

A very direct method of measuring the phase of the complex visibility function involves

vibrating the path length of one of the beams being interfered. This is accomplished by placing a

vibrating (40 I-Iz)[38] mirror in the beam path which lengthens and shortens the effected beam a

quarter wavelength. By comparing the change of the fringe during this process it is possible to

determine the phase. The mathematical basis for this technique is shown in Appendix A.

Another technique is that of phase-closure. This technique requires at least three

telescopes, but becomes increasingly powerful with an increasing number of telescopes. Phase-

closure techniques are commonly used in Earth-based systems since atmospheric effects tend to

cancel out, leaving only baseline dependant featm'es. SELFCAL and RSC are two popular

methods of phase-closure processing. This approach is based on the fact that any combination of

two telescopes will contain phase errors from each element. The phase error is often produced in a

random fashion. A least-squares-like fit can be used to determine the phase of the source by

examining the measured phases of all the telescopes. The error can then be removed to reveal the

phase portion of the visibility function.

Another powerful tool in determining phase is the use of redundant baselines. As with

phase-closure, a combination of any two telescopes will contain errors from each. Any two



redundantbaselines should have the same visibility function under a given set of circumstances.

Errors can be calculated and removed by this type of comparison. Unfortunately, redundant

baselines reveal data about the same points on the uv plane, thereby reducing the overall coverage

of the array.

There are currently several efforts in the development of phaseless true image

reconstruction. All efforts require a model or 'guess' at what the form of the image is. They also

demand much greater uv sampling. Therefore, these methods are not considered appropriate for

this project.

LOITA is designed to meet several requirements for flexibility in the determination of

phase. It should have removable in-line vibrating mirrors. It should have substantially more than

three telescopes for phase-closure. Lastly, it should have some amount of redundancy for

redundant spacing calibration.

II.2 Resolution and Observable Bandwidth

The goal of resolving an Earth-like planet at 10 parsecs requires a resolution of 0.01 milli-

arcseconds. This represents a worst-case scenario. Figure 4 shows a plot of the resolution

obtained over a range of baselines at the primary observing wavelength of 500 nm. Resolution of

an Earth-like planet at 10 parsecs requires a maximum baseline of 12 kin, however, a Jupiter-like

planet at 10 parsecs can be resolved with a baseline less than 2 kin. It can be seen that a resolution

of 0.025 milli-arcseconds can be achieved with a maximum baseline of 5 km. A 5 km maximum

baseline would permit resolution of an Earth-like planet at a distance of 3 parsecs. To keep the cost

and complexity of the facility at manageable levels, the 5 km maximum baseline was selected for

this system. This will still permit resolution of planets around hundreds of nearby stars.

Figure 5 shows the maximum wavelength at which an object can be resolved for a given

baseline. It can be seen for a baseline of 5 kin, resolution of an Earth-like planet at 10 parsecs

dictates a maximum observable wavelength of 200 rim. This level of resolution at 3 parsecs

dictates a maximum observable wavelength of about 600 nm. As also shown in the figure,

resolution of a Jupiter-like planet at 10 parsecs is achievable with a baseline of under 3 kin.

Wavelengths above the stated limits, however, can be viewed with reduced resolving ability. The

lower bound of the observable bandwidth will be limited by the coating used on the mirrors and

beamsplitters. The observable wavelengths are therefore limited to between 300 nm and 10 I.tm.
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II.3 Collecting Area and Signal-to-Noise Ratio

The required collecting area of a telescope system is determined through studies of signal to

noise ratio requirements. To calculate the required collecting area of this array, the problem of

detecting an Earth-like planet at 10 parsecs is considered. The signal-to-noise ratio is found by the

following equation:

S 2 t2s A 8v t

--- = SQRT [ ................... }
N _2 (ehv/kT _ 1)

where, f_s = Ds2/(4d2) = solid angle of source

Ds = diameter of the source

d = distance to the source

A = collecting area

v = c / _ = frequency

c = speed of light

_. = wavelength

5v = bandwidth

t = observation time

h = Planck's constant

k = Boltzmann constant

T = temperature of source

This equation relates the brightness of the source, the collecting area, and the observation

time to S/N. The primary assumptions in this analysis were: the planet is 10-9 times fainter than

its star, the star luminosity and temperature arc the same as that of the sun: T = 5800 K, 5v/v = 1

(for a smaller bandwidth, 5v/v < 1), and near-perfect masking of the parent star.

This analysis was carried out for various wavelengths, observation times of 3 and 12 days

and for distances up to 10 parsecs for both Earth-like and Jupiter-like planets. The results of this

analysis are shown in Figure 6. This figure shows that for a signal to noise ratio of 10, the total

required collecting area (assuming CCD efficiency of 70%) of the array is 38.5 m 2 to detect an

Earth-like planet at a distance of 10 parsecs with an exposure time of 12 days at 500 nm. The total

required collecting area of the array is less than 10 m 2 to detect a Jupiter-like planet at 10 parsecs at

500 nm.
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II.4 PlanetDetection Techniques

A number of techniques may be employed in the search for nonsolar planets, including

both direct and indirect methods for planet detection. Two existing indirect techniques are

astrometry and radial velocity measurement. The fundamental problem of direct imaging is that the

light from the parent star must be suppressed so that the planet's light is not washed out. Direct

imaging of the planet would require apodization of the aperture. Interferometric imaging would

necessitate the suppression of starlight by interference in order to detect a planet.

Astrometry

This technique could be used to indirectly detect a planet orbiting a star. The motion of the

star would be measured and thus, the size of the planet or orbiting body could be inferred from that

information as in the case of the astrometric binary.

Astrometric techniques are employed in the proposed Astrometric Imaging Telescope

(AIT).[ 24] The technique is based on the concept of the Multicharmel Astrometric Photometer

which measures the centroid position of the stars in two orthogonal coordinates. This same

measurement technique is currently used in ground-based systems. The AFFs imaging capability

relies on a high efficiency coronagraph. Once space-borne, the AIT will be able to image planetary

systems.

Radial Velocity Measurement

Radial velocity can be measured by observing the Doppler shift of a star. If observations

were carried out over a period of a number of years, a periodicity could be found. This periodicity

would suggest that a body was orbiting the star. As in the case of astrometry, the planet itself

would not be observed, but its influence on the star would. Again, this technique would depend

on observations made in visible light.

Spectrometric Techniques

Since Earth's oxygen was most likely created by life, an abundance of oxygen in the

atmosphere of another planet would be a strong indication that life existed there. Burke[ 8] and

others have suggested looking for the oxygen A-band absorption as well as ozone absorption by

utilizing the greater spectroscopic resolution that can be obtained by the dispersed-fringe correlator.

Although this method may not assist in the initial detection of a nonsolar planet, it would be

instrumental in determining whether a newly discovered planet was capable of supporting life.
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H.4.1DetectionBy Imaging

Earthlike planets are completely undetectable by their gravitational influence on the parent

star and can only be found by direct imaging. Calculations show that infrared observations may be

more conducive to planet detection. There is an intensity factor of 10 5 favoring infrared over

visible radiation as a medium for planetary detection.J61 However, in the near-infxarexL the

advantage of viewing in the infrared becomes minimal and may be outweighed by the added

burden of cooling the optics and detectors. Because of this, the choice of wavelength is important.

The optimal wavelength for detection of Earthlike planets is 10 grn.

Apodization

Diffraction of the starlight at the edge of the telescope aperture obscures the planetary light.

This is the greatest obstacle in utilizing direct imaging for the detection of planets and is not

avoided by placing the telescope in space. To overcome the problem of diffraction it is necessary

to shade the aperture so that the transmission of light falls off gradually from the center to the edge

making the edge imperceptible. This results in a reduction of the side-lobe level and the aperture of

the system is said to be apodized. However, this reduction results in a greater width of the central

peak of the point spread function. Because of this, a planet residing relatively near the star could

be absorbed by the wider central peak.

Two types of apodizers for telescopes are possible. Both types must be located at any real

plane conjugate to the telescope aperture. In other words, both are placed over the opening to the

telescope. This is necessary so that light rays from every object are distributed over the

apodization device in exactly the same manner throughout.

One type of apodizer consists of a diaphragm that alters the shape of the aperture as shown

in Figure 7. The second type is a filter designed to cut transmission of light gradually, towards the

edge of the aperture (see Figure 7). Both possibilities would allow for imaging while in use

although they can slightly reduce the aperture size. With the proper design, detection of a star's

companion separated from the star 0.5 arcsec at 10pc with a brightness ratio of about 10 -8 would

be possible on a ground based system. Normally, distinction between two 'neighboring' objects is

possible only at a greater separation and a much larger brightness ratio than stated above. It would

not be unreasonable to assume that the brightness ratio could decrease fm_er and still be detected

by an array on the moon.

In order to utilize apodization to its fullest, any such masks or filters would have to be

rotated about its center in order to have nulls created by the apodizer blank out starlight in the

supposed region of the planet. This task would be extremely complicated when using an array of
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18telescopes.It would require at least one motor to rotate each of the 18 apodizers into position

and a system to check each apodizer to make sure all of them were synchronized. Even without

using rotation, a system would have to be designed in order to position the apodizers over each of

the telescope apertures when they are needed and out of the way when they are not.

Coronographic Technique

Another apodization technique is that of the coronographic telescope such as the proposed

Circumstellar Imaging Telescope (CIT)[ 36] and the Astrometric Imaging Telescope.[ 24] The

method employed uses the combination of a coronagraph to reduce the diffraction of starlight by

the telescope and a super-smooth mirror to reduce scattered light.

A telescope such as the CIT would be able to reduce the diffracted light in the wings of the

Airy Pattern by a factor of 1000 over the field of view of the instrument. Center light from a bright

object in the field of view is blocked out with an occulting spot in the focal plane as in the Lyot

coronagraph. The pupil of the telescope is imaged and masked off to remove light diffracted from

the edges and support structures of the primary and secondary minors. By apodizing both the

pupil and focal planes in multiple stages, objects close to the central source can also be imaged.

This is an improvement over other apodization techniques. However, this improvement can only

be realized ffthe scattering due to figure errors in the primary mirror is at least 1000 times less than

the diffraction of a conventional mirror.[ 36] Because of this requirement, very strong constraints

on the surface errors of the telescope are imposed.

11.4.2 Interferometric Imaging

Detection of interferometric fringes due to a faint nonsolar planet is not possible unless the

bright fringes due to the central star are suppressed. One method which would accomplish this

task was that of the spinning interferometer proposed by Bracewell.[ 5] Another method, proposed

by Shao and Colavita[30,32], is the achromatic nuUing interferometer.

Spinning Interferometer

This method consists of a two-element interferometer in which the light from the mirrors is

combined 180 ° out of phase so as to provide a null on-axis, where the star is located. The entire

system is then rotated about this axis so that the planet signal is modulated as the fringe pattern

sweeps through the sky. This system is not capable of synthesizing images of complex objects

unless many telescope pairs of varying baselines were in use.
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Achromatic Nulling Interferometer

In this method[30,32], light from two apertures is split at a beamsplitter into two paths, one

in plane, and one out of plane. Each beam is then reflected from a dihedral, then recombined at the

beamsplitter as shown in the Figure 8. Output from the beamsplitter is fed through single-mode

optical fibers to the detectors. The optical fibers act as spatial filters to eliminate the propagation of

scattered light, thus eliminating the need for super-smooth optics. The beamsplitter need not be

precisely 50/50 since it is used once in reflection and once in transmission in each arm. Unlike the

method of inserting a phase delay into the interferometer to produce a null, the null in this case is

achieved by a polarization flip. Since the quarter-wavelength phase shift is eliminated, the null is

achromatic. This is strictly a method for planet detection. True imaging of the planet will not be

possible since a phase shift is required in order to obtain all components of the complex visibility.

This is the technique that has been selected for LOITA; its implementation will be discussed

later.

11.5 Lunar Environment

The table below presents a comparison of advantages and disadvantages of Earth-based and

space-based intefferorneter systems.

Location

Earth

Earth

Orbit

Pros

•Easily serviced and repaired

•Relatively low cost

•Relatively few unsolved

technological problems

•No Atmosphere

*Light-weight due to reduced

gravity

•Long observation times

(depending on type and

altitude of orbit)

Cons

•Short observation times

•Atmospheric interference

•Need space for large

systems

•Light/radio pollution

•Cost: servicing and

maintenance

•Thermal cycling

•Technological problems:

construction, transport,

deployment

•Cosmic radiation
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Lunar

Surface • Stable base for large

telescopes

•Hard vacuum for diffraction

limited imagery

•Long observation times

•Stable baselines for

intefferometry

•Absence of light/radio

pollution

•Ample material on surface

for shielding

•Absence of magnetic field

*Light-weight structures

.Cost

•Transportation to and

landing on Moon

•Cosmic radiation

•Thermal cycling

•Dust contamination of

support systems

•Crew requirements for

assembly

•Require datalinkwith

relay station

The pros listed for the lunar surface are very inviting to scientists. Fairly light structures

could be used since the gravity of the Moon is 1/6 that of Earth and there is no weather to add

excess loads on the structures. There is a large, stable platform to support large structures. Also,

the long uninterrupted observation period of 14 days would mean images could be formed over

shorter time periods.

When LOITA is constructed in 15-20 years, some of the negative aspects could possibly be

reduced. For instance, ff a lunar base were established previous to building the array, some of the

costs would decrease. Astronauts stationed at the base would be tasked with making routine

repairs. The base would have a communications link with the Earth, so the array could use the

same system.

Putting the array in an orbit around the Earth has some of the same advantages as the

moon. The structures could be lighter because of no gravity, and there is no atmosphere to

interfere with the observation. This possibility, however, also has a very high cost of servicing

like the lunar site. It also presents more difficult technological problems of construction and

deployment.

The third option is putting the array on Earth. The biggest advantage is that the cost would

be much lower than for an orbital or lunar site. It would be easily serviced and repaired, and there

are no unsolved technological problems. However, on the Earth there would be relatively short

night observation times. Also, the atmosphere's distortion of the incoming light must be taken into
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account when producing the final image. Lastly, a place would need to be found on Earth large

enough for the array and far enough away from any disturbances.

II.5.1 Geology of the Moon

The lunar surface contains a harsh set of environmental consu'aints such as high thermal

gradients, a high vacuum, enormous levels of radiation, low gravity, an apparent lack of water

resources, meteoroid impacts, and an abundance of fine-grained particle material. The surface area

of the moon is approximately equal to that of Africa and Western Europe combined.

The top 30 cm of lunar soil is made up of grain-sizexi particles which arc slightly cohesive.

Meteoroid impacts over the centuries have blasted the soil, creating craters and layers of scattered

debris from the ejccta patterns. The density of the soil varies over short distances in both the

horizontal and vertical directions, but in general, the lunar surface has a sufficient bearing capacity

to support most structures at most locations. Subsurface Myers of the moon, which arc made up of

crushed rubble from extensive meteoroid impacts, arc such that seismic waves are quickly damped

near the disturbance. Typical ground motions arc about I nm. This is important for optical

interferometry where one must track the haseline to within a fraction of the wavelength being

studied.

During severalApollo missions,experimentswere carriedout todeterminetheproperties

of the lunar surface.One of the propertieswhich was measured was thedensityof the soil.This

isan important aspectto structuralsupporton any surfacebecause the densityof thesoilisdirectly

proportionaltothe structuralweight thatcan be supported.Measurements were taken atseveral

depths and arc shown below.

Depth Bulk Density RelativeDensity

(cm) (g/cm_) Dr (%)

0-15 1.50 + .05 65 + 3
0-30 1.58 :t: .05 74 + 3
30-60 1.74 + .05 92 + 3

From this table, it is apparent that the most stable depth to place the base of a structure is at least 30

cm. It could become important to place the structure deeper into the soil if the weight of the object

becomes very large.

The moon has a very thin atmosphere. Table 1 lists the components of the lunar

atmosphere and their concentrations. The low density of the atmosphere is ideal for high vacuum

materials processing and for high resolution astronomy.
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Thereis a large tcmpcratu_ variation at the surface ranging from 100 K at night to 385 K

during the lunar day. The proper materials and equipment used should be selected in order to

withstand this variation. However, 30 cm below the surface the temperature is approximately 250

K, and varies only 2-4 K. Therefore, the foundations of the equipment could be placed below the

surface to avoid the extreme temperature variation.

There are occasional moonquakes at and near the lunar surface, but they average only 1-2

on the Richter Scale. Table 2 shows a comparison of moonquakes with earthquakes. Seismic

waves are present, but they are quickly dampened near the disturbance due to the surface of

crushed rubble from meteoroid impacts.

The moon has a very small magnetic field -- 3 to 330 gamma at the surface, while the

earth's is about 30,000 gamma at the equator. Because of this small field and nearly absent lunar

atmosphere, solar particles hit the surface unimpeded. There are three sources of radiation with

different energies and fluxes hitting the moon. The first is high energy (1 to 10 GeV/nucleon)

galactic cosmic rays with a flux of about 1/cm2/sec and a penetration depth of a few meters. The

second is solar flare particles with energies 1 to 100 MeV/nucleon, a flux of about 100/cm2/sec,

and a penetration depth of 1 era. The third source is from solar wind particles with energies 1000

eV, a flux of about 108/cm2/sec, and a penetration depth of about 10 -8 cm.

Because of their high energy level and high flux, solar flare particles are the most

dangerous to electronic equipment. The equipment's exposure to this radiation should be

somehow limited. The best alternative to protect the majority of the equipment would be to cover

the equipment with a layer of lunar soil, which could shield the equipment from solar radiation.

The effects of lunar soil particles, or dust, will be a reasonably difficult problem to solve in

the design process. The large electrical conductivity change associated with visible and ultraviolet

(UV) irradiation, combined with very low electrical conductivity and dielectric losses, can produce

an extremely efficient electrostatic charging mechanism. This process is initiated with the lunar

terminator, or sunrise. "The sharp gradient in UV flux across the solar terminator (boundary

between day and night) may generate clouds of electrostatically-supported dust, and set them into

motion as the terminator moves across the moon."[ 126] This creates a dust storm which could

extend 10 meters above the lunar surface. These particles could adhere to surfaces, creating a

coating of dust. This increase in irradiation begins some 40 hours before sunrise and ends about

30 hours after it. The electrical conductivity is lowest during the lunar night, so the soil will have

the highest electrostatic chargeability at night. Nighttime surface activities that disturb the lunar soil

could generate thick coatings of dust on exposed surfaces. Clearly, all exposed equipment on the

lunar surface must be protected. The telescopes, electronic equipment, delay lines, and
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communicationsequipmentmustbesealed from such dust storms. The best method to close off

the telescopes would be to place a large door which could seal-off the end of the telescope during

such harsh conditions. Shown below is a table of the adhesion strength of lunar soil to certain

surfaces.

ADHESION STRENGTH OF LUNAR SOILS

PAINTED SURFACES
METALLIC SURFACES

10000 dynes/cm 2
2000-3000 dynes/cm 2

II.5.2 Meteorites

The role of meteorites in this design will be an important design consideration because of

the relatively large micrometeorite flux present on the lunar surface. From Figures 9, 10, and 11,

it is apparent that meteorites could possibly damage, or even destroy the entire lunar observatory.

It would be impossible to design a structure which could withstand the force created by a large

meteorites, but the structure must be able to withstand the unending flux of micrometeorites. For

instance, a 1 gram micrometeorite will on average strike within an area of 1 square kilometer once a

year. The kinetic energy of a 1 gram meteorite would be approximately 451068.51 Joules. The

equation for calculating the kinetic energy is

log E = log m + 2 log V + 9.70

where the kinetic energy, E, is expressed in ergs, the mass, m, in grams, and the velocity of the

meteorite, V, in kin/see. The average flux of this 1 gram micrometeorite is 1 per cm 2 per 273.97

years. There is a definite possibility that one or more of the telescopes could be destroyed from a

meteorite impact, but the risks are not exceptionally large. The majority of these micrometeorites

are so small that they leave craters of only about 0.1 micrometers in diameter. A particle of mass

10 -8 grams would be associated with an energy of 0.0045 Joules. The structures used to support

and surround the telescopes must be able to withstand many impacts with particles of this size.

One method which could be used to deal with the protection of the telescopes consists of

two thin layers of metals used to cover each individual telescope. One layer would be placed over

the second, and a small gap of 3-4 inches left between the two. The outer layer of metal would

serve as a barrier to reflect most of the micrometeorites. If, by chance, one of the micrometeorites

were to pass through the first layer of shielding, the kinetic energy associated with the meteorites

would be reduced so that it would not pass through the second layer of metal. The gap between

the two layers would serve as a means of ejecting the micrometeorites from the structure. The
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objectswould slide,or roll,down between thetwo layersof metal and fallharmlesslytothe lunar

surface.These layersof metal shieldingcould be leftopen totheenvironment because thedust,

radiation,and otherenvironmental phenomenon would not bc abletointerferewiththe structure's

abilitytofulfillitsobjective.

H.6 SiteSelection

Severalconditionsmust be consideredinthe selectionof a site.Some arcdictatedby the

qualitiesof themoon itself,while othersarcdependant on the typeof intendedobservations.The

marc sectionof Hertzsprung on the farsideof themoon isshown tobe idealby examining the

followingparameters:

1)

2)

3)

4)

Lunar libration

Communication linkrequirements

Desirableobservations

Topography

1) The observatoryisplaced on the farsideof themoon due tothe lightpollutingeffectsof

the earth.A map of thefarsideshowing the suitablelocationsisgiven inFigure 12. More than

halfof the moon's surfaceisexposed tothe earthdue to an apparentwobble of the moon called

libration.Librationisprimarilydue toinclinationofthe moon's orbitabout the earth.Hence, the

border between the near and farsideisconstantlyshiftingup to6° behind eitherlimb. Therefore,

theobservatoryisconstrainedtoa safedistanceof 15°from eitherlimb.

2) It is shown in the communications section that an L5 or L4 link can theoretically reach up to

60 ° behind the limb. The libration of the moon, however, reduces this figure to 54 °. Non-flat

terrain, in addition, would restrict this communication zone further. Requiring that the relay

satellite appear at least 9 ° above the horizon demands that the array be positioned no more than 45 °

behind the limb.

3) The detection of an earth-like planet is one of LOITA's primary goals. The five most likely

candidate star systems within 12 light years are given in Table 4. The location of the observatory

must be such that a maximum number of these systems are observable. The declination of these

sources are marked across the lunar map in Figure 12. This shows the lunar locations where the

particular source appears to pass directly overhead (not accounting for the 5 ° difference in the axis
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of the moon and the celestial sphere). An observatory within 90 ° of this 'overhead line' could

theoretically observe the source. A value of 80 ° is assumed, however, to account for the moon

axis' inclination and a non-flat horizon. It can be seen that all five of the sources arc within this

range of Hertzsprung. The most important source, Tau Ccti, passes only 20 ° from the zenith. The

worst case is that of Alpha Ccntauri which still passes 25° above a flat horizon.

4) There arc basica]ly two distinct terrains present on the lunar surface. According to Taylor,

the highlands area are very old and heavily cratered, while the maria arc much younger.[ 128]

Masursky defines a mare as "a dark, level, relatively smooth part of the lunar surface (so distinct

from the lunar highlands or terrae that most large mare areas on the near side are visible from Earth

with the unaided eye). Most geologists now agree that they are underlain by solidified (basaltic)

lava flows."[ 121] At one time, the maria were seas of liquid lava which have solidified to make

basalt, a volcanic rock. A smoother site is important for the construction and operation of this

array. If the site is fairly "rough", then it would be nearly impossible for the telescopes to

communicate via line of sight with some central insu'umentation building. The delay lines could

not be constructed along a horizontal plane, but instead would have to take on a jagged shape.

Without a colossal amount of reshaping the lunar surface, the delay lines would have to bend at the

top of hills, or crater rims. Laser metrology would be very difficult to carry out over rough terrain.

An extreme example would call for reflecting the laser around, or over mountains. Obviously, a

clear line of sight is important to the operation of a lunar array.

The crater Hertzsprung is located at a latitude of 2.0 ° N and a longitude of 128.1 ° W.

Hertzsprung has a diameter of 520 kilometers. The mare of Hertzsprung is approximately 160 km

from east to west, and approximately 200 km from north to south, which is many times larger than

would be required for our array. Figure 13 shows that the walls around Hertzsprung are

approximately 4 km tall. If the array is placed at the center of the mare section of the crater, then

the viewing would be restricted to 2.86 ° above the horizon. Figure 14 shows the basis for this

restriction.

Andersson has helped to define a new system of naming and locating craters on the lunar

surface. This enables us to learn about new, smaller craters located within our selected site of

Hertzsprung. Figure 15 shows a 24 hour clockface which is used to define these new letter

designations. According to Andersson,

The letter designation scheme for the far-side
was devised for maximum ease in locating craters
on maps, and works as follows: each "patronymic"
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crater is considered to be the center of a 24 hour

clockface in which the numbers have been replaced
with Roman capital letters, with Z at the north
point. Thus each letter represents a timed azimuth
from the patronymic crater, and the chosen subsidiary
craters are lettered according to their closest
azimuths.[ 113]

Using this lettering scheme, eleven different, smaller craters have been discovered inside

Hertzsprung. These are as follows:

Crater Latitude Longitude Diameter
Hertzsprung D 3.3 ° N 125.4 ° W 45 km
Hertzsprung H 1.3 ° S 124.4 ° W 21 km
Hertzsprung K 0.5 ° S 127.6 ° W 27 km
Hertzsprung L 0.4 ° N 127.8 ° W 33 km
Hertzsprung M 7.5 ° S 128.9 ° W 36 km
Hertzsprung P 0.0 ° N 129.3 ° W 22 km
Hertzsprung R 0.1 ° S 131.8 ° W 33 km
Hertzsprung S 0.6 ° N 132.5 ° W 47 km
Hertzsprung U 5.2 ° N 133.3 ° W 39 km
Hertzsprung X 3.8 ° N 129.1 ° W 24km
Hertzsprung Y 8.8 ° N 131.2 ° W 23 km

All of these requirements and restraints must be taken into account when the final site

selection is made. The array should be located in the mare section of Hertzsprung, but, if possible,

ought not be positioned in one of these smaller craters. A more detailed study of the mare section

of Hertzsprung will be required before the final site selection can be determined. This would

enable a determination of the exact position of each telescope, instrument room, metrology system,

power plant, communications station, etc.

TABLE i. COMPOSITION OF THE LUNAR ATMOSPHERE AT NIGHT

(from ref. 9}

Gas Concentration (mol/rr_
H2 1.1 x 10 -15
4He 6.6 x 10 -14
20Ne 1.3 x 10 -13
36Ar 5.0 x 10 -15
40At 1.2 x 10 -14

02 3.0 x 10 -16
CO2" 5.0 x 10 -15

*Carbon gasses (C02, CO, CH4) probably dominate
the daytime lunar atmosphere.
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TABLE 2. COMPARISON OF MOONQUAKE
INTENSITIES

(from ref.9)

AND

Number of events/year

Moon
5 shallow (m 2.2)*

500 deep (m 1.6)*

Energy release of
largest event 2 x 1010 J (shallow)

1 x 106 J (deep)

Magnitude of largest
event 4.8 (shallow)

3.0 (deep)

Seismic enery
release/year 2 x 1010 J/yr (shallow)

8 x 106 J]yr (deep)

* m = magnitude on the Richter Scale

EARTHQUAKE

109 J

9

1018 J/yr

TABLE 3. MICROMETEORITE FLUXES ON THE

(from ref. 9)

Crater diameter (ttm)
00.1 30000

1.0 1200
10 300

100 0.6
1000 0.0001

MOON

I°

2.
3.
4.
5.

TABLE 4. FIVE STARS WITHIN 12 LY MOST

EARTH-LIKE PLANET

(in order of likelihood)

LIKELY

Star _ Apparent Ma_maitude
Tao C.eft 16'- 3.5

Epsilon Indi -57 ° 4.7
61 Cygni +38030 ' 5.2 / 6.0
Alpha C.entauri -60038 ' 0.0 / 1.4
Epsilon Eridani -09 °38' 3.7

TO RAVE
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III. Optics

III. 1 Array Size

The number of telescopes and the size of each were selected through the use of a mass

minimization trade-off study shown in Appendix B. One of the primary objectives of the design of

the telescope array is to minimize the mass of the system. This is very important because of the

cost and technical problems involved with lifting large masses into space.

For each individual mirror system used, there is an associated mass of structural

components and instrumentation. With this information, several primary diameters ranging from 1

m to 2 m were considered. For each diameter considered, the approximate collecting area and

mass of the mirror system was computed, taking into account the primary area blocked by the

secondary mirror. Once the area for a single telescope was established, the number of telescopes

required to meet the collecting area requirement could be found. With the total number of

telescopes needed for a given primary diameter known, the total system mass for that diameter was

computed. It was this number which was to be minimized. The results of this trade-off study

suggest that the primary diameter should be between 1.5 and 1.9 m (see Figure 16). The selected

primary mirror diameter was 1.75 meters; the diameter of the secondary mirror is 24 cm. The

array will consist of 18 individual telescope units of this size to meet the total required collecting

area. The total system mass was initially estimated to be 21000 kg (this number does not include

the mass of the power system or data processing equipment). The following assumptions were

made: 1) the thickness to diameter ratio of the mirror is 1:25, 2) the density of the optical material

(Zerodur TM) is 2205 kghn3, 3) the mirror mass/solid mirror mass (construction efficiency) is

0.25, and the mirror is of light-weight honeycomb structure, 4) the mass of the mirror structure is

8x the mass of the primary mirror, and 5) the mass of the base and support structure is 500 kg.

IH.2 Telescope Optics

A systematic study was performed which considered a number of geometries. This study

made use of a paraxial ray-trace routine which included a third-order error analysis of coma and

astigmatism. Once a nominal range of mirror diameters that minimized the system mass was

established, each primary mirror diameter within this range was examined. For each diameter, a

range of separations between the primary and secondary _ was also examined. The

separation range was 0.5 to 2.5 m. The selected geometry is that of a standard cassegrain

telescope with parabolic primary and secondary mirrors which minimizes coma and astigmatism.
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Based primarily on optical performance, error analysis, and mass considerations, the

recommended design calls for a 1.75 m diameter primary minor, with a 0.24 m diameter

secondary mirror. The separation between reflecting surfaces is 1.5 m, as shown in Figure 17.

The collecting area of the aperture is approximately 2.36 m 2. Therefore, the total collecting area of

the array is 42.5 m 2. Both the primary and secondary mirrors are coated with Aluminum

(reflecting surface) and Magnesium Fluoride (protective coating).

III.3 uv Coverage and Array Geometry

The arrangement of the telescopes comprising the array was primarily determined by the uv

coverage. Two popular array configurations (circular and Y-shaped) were examined.

A computer program (Appendix C) was developed to process a given telescopic

arrangement at a given location on the moon and plots the uv coverage for a point source at a given

celestial location. This program was based on the basic baseline - uv formula[26]. The calculated

uv locus trace out ellipses in the uv plane as the moon rotates. The given plots show the potential

locus of uv coverage given all of the possible baselines over a full exposure of 360 °. Such an

observation will not actually be attainable experimentally due to blockage from the horizon. Plots

of a full exposure, however, provide valuable qualitative features concerning a given

configuration. A real exposure will sweep out arcs of these ellipses dependent on the exposure

time. This is an important consideration when predicting the results of an exposure but is

irrelevant when comparing one configuration to another. The program assumes that the moon's

spin axis is along the celestial pole. This is an invalid assumption due the moon's tilt and the flit of

its orbit about the earth. Again, this is an important consideration in exposure calculations, but is

not important in comparing configurations.

It is important when examining a uv coverage plot to realize that coverage furthest from the

origin corresponds to the amount of high resolution imagingl40]. The dimensions of the various

arrays considered are such that the maximum baseline is the same for all cases. The actual size,

and therefore the dimensions on the uv plane are ignored at this point. Only the qualitative features

of the coverage are important for this study.

The array analysis is done for a target declination of 20 °. This is a typical declination and

should show trends between various configurations that are representative of the coverage at any

angle. The preliminary analysis was done for six member configurations. Obviously a fair

comparison must be between options with the same number of telescopes. Six was chosen

because it is easily handled but should be expressive enough for an accurate analysis. This type of

configuration could be employed as a first-stage proof-of-concept construction.
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The proposed configuration given by the System Study Final Report[16] was the first

possibility fed into the program. The uv coverage is shown in Figure 18a. The uv coverage as

calculated via the program FAKE[ 16] is supplied in Figure 18b for comparison. The exact

agreement shows the validity of plots made with the program developed by this group.

A number of variations of a Y-type, 6 element array were considered. Figure 19a shows

the coverage for Case 1, a Y-type arrangement with two telescopes mid-way between the center

and the outermost telescopes and one at the center. The coverage is relatively even but irregular in

overall shape. Figures 19b and 19c show how the coverage changes for Cases 2 and 3 as the

intermediate telescopes are moved inward or outward, respectively. The coverage clumps and

separates in both cases. Figure 20a shows Case 4, another variation where the center telescope is

moved outward to the third limb. This configuration leaves large gaps in coverage. Figure 20b

displays the effect of simply rotating the array relative to the moon for Case 5. It too displays

severe clumping and only isolated coverage. Thus, Y-type designs demand great care in the

positioning of telescopes along the three limbs. Y=type would also requite a simultaneous study in

the effects of local North = South orientation. This study would necessarily include consideration

of the local N - S coordinates as related to the celestial sphere over a month (consider moon and

moon orbit tilt). Clearly, the conventional earth based Y-type configuration has, in our opinion,

limited applicability to a lunar project.

An evenly spaced six element circular array is considered in Figure 21a. While the

coverage is relatively even, it exhibits fewer ellipses than Figure 18 (8 as compared with 14). If

the telescopes are unevenly spaced, however, as in Figure 21b, the coverage increases many fold.

Doing this avoids redundant coverage from parallel baselines of the same length. The coverage

spans the uv plane and is evenly distributed within. Comparing with Figure 18, it is clear that the

unevenly spaced, circular design is far superior to the conventional Y-type configuration.

A more detailed examination of the circular configuration was then made for 18 telescopes,

the number used in the actual design. If uv coverage is adequate for this number then it should be

selected. This yields over 10 times as many baselines as was considered adequate[9]. The

coverage of an evenly distributed ring of 18 telescopes is shown in Figure 22a. It is spherical and

very evenly filled. Redundant baselines are eliminated by systematically increasing the angular

separation between each successive telescope. At this point the uv coverage is complete (within

the resolution of the printer) as shown in Figure 22b. The coverage for a source at 0 ° is shown in

Figure 22c. At a target declination of 0 ° the ellipses reduce to horizontal lines. The given

configuration, however, still manages to provide very full coverage. Table 5 is a list of telescope

coordinates.
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Typical uv coverage of the Very Large Array (VLA) is shown in Figure 23. The VLA has

27 telescopes in a Y-type design and is therefore comparable to the design considered above.

Figures 22b and 22c compare favorably with the VLA which employees 9 extra elements. In

particular, the circular design does not exhibit the overall irregularity in uv coverage that the VLA

does.

A pair of concentric circles is examined in Figure 24. Coverage is reduced, however, for

high resolution imaging.

A spiral configuration was briefly examined (not shown) but demonstrated little promise.

A more detailed examination of coverage will be performed now that the final configuration

is determined. The uv program developed will now be used to show the coverage at various

exposure durations. Figure 25a shows the coverage for a 12.5 day exposure in which the target

passes from 15 ° above one horizon to 15° above the other horizon. Coverage is still evenly

formed and distributed, although density has certainly decreased. Figure 25b shows the same

coverage for a target declination of 0 °.

Another important aspect is that of "snapshot" coverage. This is the uv coverage achieved

with an exposure short enough that the motion of the moon does not appreciably move the array.

The uv plane therefore consists of a point for each baseline. Figure 26 shows the snapshot (1

hour) coverage of LOITA for a source at the zenith. The coverage displays a relatively even

distribution from the orion. This corresponds to an even sampling over the range of resolutions.

In summary, the unevenly spaced circular array appears to be the superior option for

several reasons: 1) The array can be easily designed for a desired uv coverage pattern by

experimenting with the placement of telescopes one at a time. 2) The array does not have a

particular North - South orientation to be concerned with as one designs the arrangement of

telescopes along the ring. 3) Very good uv coverage can be achieved with a number of telescopes

corresponding to the optimal array mass. 4) Uniform coverage is maintained over the range of

possible source locations. 5) Uniform coverage is achieved at integration times ranging from the

full lunar night down to snapshot exposures.

An array composed of stationary elements was selected over one with movable elements.

The primary advantage of having movable elements is increased uv coverage over shorter exposure

periods. The fixed-position, 18-member design, however, gives acceptable uv coverage. In

addition, the precision required to move and measure non-stationary telescopes during an exposure

appears beyond the immediately foreseeable future technologies.



33

lIl.4 Optical Train

The optical train from the telescope entrance to the optical combiners will now be

examined. The primary mirror reflects the light to the secondary mirror, creating an afocal beam

23 cm in diameter. This beam width was established on the basis of diffraction effects calculated

from the Rayleigh criterion. At this diameter, the beam will be able to propagate across path

lengths of 7500 m with small losses in fringe visibility due to diffraction. Once reflected off the

secondary mirror, the beam is bounced through four reflections to the base of the telescope and

then to the entrance to the coarse delay system as shown in Figure 27.

HI.4.1 Delay Lines

Delay lines are needed so that the path lengths of all 18 incoming beams can be equalized.

This is necessary in order to retrieve any data through the interference pattern (fringes). The layout

of the delay lines is shown in Figure 28. When designing the delay lines, careful considerations

were made on how to best avoid polarization effects. This problem was overcome by designing

the lines such that each beam strikes the same number of minors, and is reflected through

rectangular paths.[ 31] Light from each array element must reach the beam recombination station at

the same time. Since our maximum baseline is 5000 m, the maximum path difference which must

be accounted for is approximately 7500 m; these lengths must be corrected to nanometer accuracy

in order to be able to construct true images. This task is accomplished through a three-tiered delay

system, coarse, intermediate and free. The optical configuration for a single telescope is shown in

Figure 29.

The coarse delay system reduces the path differences to within 600 m. Light from

individual array elements travels in a North-South dired_on until it encounters one of a set of two

parallel East-West delay bands. The northern band handles light coming from all elements east of

the instrument room (located 30m East of the center of the array along the East-West axis of the

array), while the southern band handles light from elements west of the instrument room. Upon

reaching these bands, the light hits a positionable mirror which deflects it to one of several fixed

reflectors 24 cm in diameter (10 on the North band and 11 on the South), depending upon the path

delay required. A schematic of the reflector is shown in Figure 30. In each delay band, the

stationary mirrors are placed at approximately 600 m spacings, and tiered vertically such that the

reflected beam may be directed over unused mirrors. Tables 6 and 7 show the location and relative

heights of each reflector. The maximum height of the reflectors relative to the initial beam height is

1.9 m. The light bounces back from this mirror to another positionable reflector, which routes the

beam to the intermediate delay system.
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Light from the East-West delay bands is passed through a series of reflectors before

entering the intermediate delay system. At this point, all 18 beams are in a single horizontal plane,

and parallel to one another, traveling in an East-West direction.

The intermediate delay system is comprised of a set of reflective units. A schematic of one

such unit is also shown in Figure 30. Light hits the top portion of this unit, and is folded through

two reflections to exit the lower portion of the unit in the opposite direction. There are 18 of these

reflectors, each mounted on its own set of 380 m long rails. The reflectors traverse the length of

the rails during an observation. All beams exit the intermediate delay system in a parallel plane,

slightly lower than the entry plane. This system reduces path length differences to within 2 m.

The fine delay system is housed within the instrument room. At the entrance to the

instrument room, the parallel beams are compressed to a diameter of 2 cm each, spaced 30 cm

apart. For each beam, the free delay system employs a single linearly positionable reflector. The

position of these reflectors must be controlled to nanometer accuracy. So that true images may be

constructed, the final mirror of the fine delay system can be oscillated at a frequency of 40 Hz (as

previously discussed). All beams exiting the fine delay system are equivalent in path length down

to a few wavelengths. This set of beams hits a row of reflectors which reduce the spacing to 1 cm

between beams. The maximum compensation of the fine delay system is 2 m.

At this point, all beams are in a single horizontal plane, and each beam has the same path

length from the observed source. All beams encounter a beamsplitter which bleeds off

approximately 10% of the light to the optical feedback for the pointing and control system. The

remaining light enters the beam combiner, and is directed to the various detectors.

llI.5 Beam Combination

At the end of the fine delay system there are 18 parallel light beams. These beams will be

sent to one of two combiners. The main combiner will process beams in the wavelength ranges of

200 to 1000 nm, while the secondary combiner will be for beams having infrared wavelengths of 1

to 10 grn. Figure 31 shows a diagram of the main beam combiner. Each beam has a 2 cm

diameter and the beams are 4 cm apart. Going into the main combiner, these beams are split into

two parts and deflected 90 ° apart into 2 sets of 18 beams. Each set of beams is then reflected back

90 ° by aluminum coated mirrors placed at 45 ° angles to the beams' paths.

After these reflections, the paths of the two sets of beams will cross. At these

intersections, beam splitters are placed to combine the light from two different telescopes. These

beam splitters can be moved horizontally in order to combine the beams from different pairs of

telescopes.
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Passing the incoming beams through the combiner results in two sets of 18 combined

beams. The beams are then sent to the aperture of one of the instruments which are all located 2.05

meters from the beam combiner (see Figure 32). From the combiner, each beam enters a prism

made of fused silicon, SiO2 (see Figure 33). The prisms have a height of 4 cm and angles of 30 °,

75 °, and 75°; the thickness is 3 cm. There are two such prisms at each of the 36 total combined

beams (2 sets of 18), and two prisms at each of the six aperua_s (the four instruments and two null

positions). Two prisms are needed to correctly direct the beams into the instruments. See Figure

34 for the aperture plane of the instrument package. The null positions are locations to which

beams that aren't being processed are directed.

Before the main combiner, after the polarizer, up to six of the 18 beams will be reflected to

the secondary beam combiner by movable mirrors. These mirrors are coated for infrared

wavelength ranges from 1 to 10 lain. This secondary combiner will be initially constructed for six

beams, but can be expanded to accommodate all 18 beams.

The same types of reflectors and splitters in the main combiner will be used in the

secondary combiner. All of the reflective surfaces will be coated to optimize the infrared

wavelength range specified above. The primary use of the secondary combiner is the study of

infrared light in the search for planets. Figure 32 shows the placement of the instruments at the

secondary combiner.

To obtain closure phases for imaging, more complicated schemes for combining three or

more beams will be necessary.

III.6 Instruments

LOITA will utilize pupil plane interferometry which offers a variety detection schemes.

Fringe detection and visibility measurements can be most easily accomplished in the pupil plane

because imaging the fringes in that plane allows increased tolerance to the path length errors. Note

that in order to resolve fringes in the focal plane of a system with a focal length f, it must be

possible to resolve a distance of fMB. Assuming 4 Ixm pixel size projected for the detector,

resolving fringes at 500 nm requires f = 40 kin!

HI.6.1 Array Instrumentation/Detectors

The instruments/detectors will be packaged together in a case of aluminum in order to allow

for easier transport and placement. See Figure 34 for a diagram of the enclosure of the

instruments. LOITA's insu'uments/detectors will include imagers and spectrographs for the

spectral ranges of 200 - 400 nm (UV), 400 nm- 1 Ixm (visible - near IR), and 1 - 10 gm (IR). The



36

field of view (FOV)will vary from afewarcsecto 1milli-arcsecandwill dependon thebandwidth

of the detected signals (FOV ~ (L/52L)(_)). Low and medium spectral resolution CCD

spectrometers will be used for imaging. Very large format CCDs will be needed for the wide-field

imaging. A 1 arcsec field in visible light will require 50,0002 pixels. Assuming 4 _tm pixels, the

detector size will be at least 20 x 20 cm and it will be constructed as a mosaic (at least in the east-

west direction) of monolithic CCD detectors. To minimize gaps in sky coverage due to inevitable,

small spacings between CCDs, the largest possible CCDs (e.g., 10,0002) will be utilized (shown

in Figure 35). To accommodate possible field curvature introduced by the optics, in the image

forming plane, the CCDs can be bent. Finally, to maintain reasonable readout times, multiple

simultaneous outputs will be incorporated.

Because the interferometric resolution is reduced in the infrared, the IR detectors will need

somewhat less pixels. At 10 pan, the 4 arcsec field requires 10,0002 pixels.

An instrument containing a fiber optic cable and a CCD detector is used with the secondary

(IR) combiner for planet detection purposes. The detector in this instrument is optimized for 1 to

10 Ixrn ranges. This instrument will be discussed in a following section.

III.6.2 Astrometry

LOITA is expected to have great astrometric capability of near 0.1 Ixarcsec. Achieving this

level of astrometric accuracy with a 5 km interferometer will require: (a) 2.5 nm accuracy in

baseline measurements, (b) maintaining the angle between the telescopes used for astrometry to 0.1

microarcsec accuracy, and (c) extreme precision in fabrication and assembly of retroreflectors and

optical components involved in the path length and baseline metrology. Therefore, the

interferometers selected for astrometry would be furnished with specialized metrology and

tracking/pointing systems and/or optical components capable of providing required levels of

accuracy. Development of these systems entails significant technical challenges.

Wide-angle astrometry will use three or more connected interferometer baselines and a

dedicated pupil-plane beam combiner. The phase and amplitude of the fringes will be measured

using path length modulation over a wavelength in one interferometer leg. The detectors will be

broad-band photon counters (avalanche photodiodes). It may be pointed out that 0.1 microarcsec

astrometric accuracy should allow an indirect detection of an Earth/Sun - like system up to a

distance of 12 parsec.
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I[1.6.3Single Telescope Option

One telescope will be capable of operating independently of the array to perform focal plane

direct imaging. The telescope will perform direct imaging in the focal plane after removal of the

tertiary (fold) mirror. This telescope will be equipped with four instruments: Wide Field and

Planetary Camera, Faint Object Camera, High Resolution Spectrograph, and the Faint Object

Spectrograph. These instruments are based upon those used aboard the Hubble spacecraft. The

instruments would be housed beneath the telescope. All instruments are operated at a minimum

temperature of 70 K to optimize performance. The telescope would offer significantly better

performance than the Hubble Space Telescope because of excellent stability, long observation

times and improved pointing/tracking capability allowed by the lunar location. Conceivably, this

telescope could even detect large planets around nearby stars by using long exposures, photon-

counting mode, coronagraphic masks and electronic image subtraction when the telescope is

rotated about its optical axis to various angles on the detector. The process of image subtraction

would remove the pattern of stray light while leaving the planet image at various angles

corresponding to those at which exposures were made.

111.6.3.1 Wide Field and Planetary Camera

The Wide Field and Planetary Camera (WFPC) shown in Figure 36 has an estimated mass

of 250 kg. The WFPC is estimated to use about 150 W of power during a normal operation. The

WFPC consists of two cameras: the Wide Field Camera (WFC) and the Planetary Camera (PC).

The WFC is used to image large areas of the sky and study galaxies or clusters of galaxies. The

PC is used with short exposure times for higher resolution of images of planets and galaxies, and

possible extra-solar planets.

111.6.3.2 Faint Object Camera

The Faint Object Camera (FOC) has a mass is 320 kg and uses 150 W of power during

normal operation. The capabilities of the FOC include imaging of the faintest objects (such as

possible planets) as well as providing the sharpest images of bright objects. A schematic of the

FOC is shown in Figure 37.

The FOC is made up of two cameras -- one with an effective focal ratio of F/9.6 to provide

the high resolution of bright objects; the other has an effective focal ratio of F/19.2 which is used

to image possible planets near bright stars. The second camera also has the option of having a

focal ratio of F/57.6 for even higher resolutions of a smaller FOV.
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III.6.3.3 Spectrographs

The High Resolution Spectrograph (I-LRS) is used to produce a detailed spectrum of partial

UV, visible, and infrared spectra. The mass of the HRS is 225 kg with a peak power requirement

of 200 W. A schematic of this instrument is shown in Figure 38. The Faint Object Spectrograph

(FOS) is used in creating a detailed spectrum of very faint objects detected by the telescopes. The

entrance to the instrument (see Figure 39) has multiple aperture capabilities by using a motorized

disc containing a variety of apertures. The disc contains apertures for maximum light, optimum

spectral resolution and to isolate targets in crowded fields. The overall mass is approximately 250

kg, and the estimated peak power requirement is 200 W.

NI.6.4 Infrared Detector for Planet Detection

This instrument is located with the secondary combiner (see Figure 32). A schematic is

shown in Figure 40. It consists of a fiber optic cable and a CCD detector. The focal ratio for this

instrument is 115.2. The detector is coated to optimize the wavelength ranges of 1-10 lain.

The fiber optic cable will be used with beams that have gone through the star-light

cancellation process. It will be a used in the search for extra-solar planets. If a planet is detected

then the light beam may be redirected through the main combiner to one of the other instruments

for further study.

The fiber optic cable will act as a filter for stray light. It will be single-mode and made of a

Germanium (Ge) core and a pure silicon (Si) cladding. The cable performs better when the core

material has an index of refraction only slightly higher than the cladding. For G-e, n = 4.00 and for

Si, n = 3.45. The diameter of the core is 8 microns, and the diameter of the cladding is 30

microns. The fiber is supported by a silica tube of diameter 160 lxm.

The light from the aperture is focused by a lens onto the fiber optic cable. The cable is

approximately 1.5 meters long. When the light comes out of the cable it is focused by a lens onto

the CCD detector, and the image is read out.

1II.7 Planet Detection Scheme

Of the detection techniques that were examined, apodization and nulling interferornetry

were selected as being the most feasible solutions. Nulling interferometry has been selected over

apodization as the planet detection scheme for LOITA. The nuUing interferometry system offers

ease of installation and operation since its components are centrally located within the instrument

room instead of at each telescope. Observations with the specific aim of detecting nonsolar planets

will be made in the infrared. This system will be able to achieve starlight cancellation at a level of
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108. For detection at a wavelength of 10 lain, the required pointing/tracking accuracy will be 40

microarcsec (10% of the angular resolution).

IIl.7.1 Selected Design

The technique employed in this design is an adaptation of the achromatic nulling

interferometer[30,32]. Two separate and independent polarizing arms are used for any pair of

beams. The polarizing arms are shown schematically in Figure 41. The primary feature is that the

light path through each arm is identical in length so that the hulling is due to only a polarization

flip, rather than interference. As can be seen in the figure, a majority of the structure of each arm is

identical.

The polarizing arms will be situated in the lower level of the instrument room just ahead of

the beam combiner. When not in use, the top-most reflectors on each arm will retract straight

down so that they are not in the beam path. Also, each arm will rest on a set of tracks

(perpendicular to the beams) so that they can be moved from one beam to another. All of the

reflecting surfaces will be coated with aluminum and will have tolerances matching those of the

primary mirror.

For any telescope pair, one beam would travel through arm 1 while the other beam would

travel through arm 2. Upon leaving the polarizing arms, the beams travel to the combiner where

they are combined. The nuUing actually occurs at the combiner. The combined beam is then

reflected to the Infrared Detector.

Before any observation can be made, the baselines to be used must be selected. For planet

detection, only two baselines are absolutely necessary (one North-South and one East-West,

utilizing 4 telescopes). With this system, a maximum of nine baselines can be utilized during one

observation.

III.7.2 Choice of Wavelength

The primary factor in determining the wavelength at which these observations will be made

was the time required to detect the planet. The signal-to-noise ratio determines the required

observation time to detect a planet.

Calculations were first performed assuming that an Earth-like planet could be detected

through observations made in the visible spectrum (500 nm) and that the planet was 10 -9 times as

bright as the parent star. The calculations revealed that the detection of an Earth-like planet at 3

parsecs required an observation time of 61 days (10 nm bandwidth, utilizing all 18 telescopes).

Since the array will have many missions, a single application that absorbs 4.5 months of
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observationtime is unreasonable.Therefore,detectionof Earth-like planets in the visible spectrum

is not feasible.

In the irtfrare_ the planet emits its own radiation. The ratio of infrared powers received in

a narrow band from the star and planet is given by:

Pp/Ps= cr 'rs) pa s) 2,
where T is the temperature and D is the diameter. Using the following values: Tp = 128 K, Ts =

5800 K, Dp = 12756 km (Earth), and Ds = 1.39 x 106 km, we find

Pp/Ps = 1.86 x 10 -6.

There is a component of stellar infrared radiation reflected from the planet, but it is negligible.

Now, for a wavelength of 1000 nm and a bandwidth of 10 nm, the required observation time is

only 4.5 hours to detect an Earth-like planet at 3 parsecs (utilizing only 4 telescopes). The same

calculation was performed for a Jupiter-like planet at 10 parsecs. Pp/Ps is then 2.27 x 10 -4 and the

required observing time is 30 minutes (4 telescopes).

Since the required observing time is greatly reduced, observations with the specific task of

detecting planets will be made in the infrared The observation time is further reduced as the

wavelength is increased.

TABLE 5. TELESCOPE LOCATIONS

given in meters

origin is at center of array

Telescope X (East-WesO Y (North-South)
1 2500 0
2 1606.965 1915.11
3 - 1056.545 2265.765
4 -2414.81 -647.045
5 855.05 -2349.23
6 1915.11 1606.965
7 -2500 0
8 1433.94 -2047.88
9 -434.12 2462.015

10 0 -2500
11 -217.885 2490.485
12 1056.54 -2265.77
13 -2165.06 1250
14 2349.23 855.045
15 -217.885 -2490.485
16 -1767.75 -1767.75
17 434.11 2462.02
18 2462.015 434.125
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TABLE 6. NORTH DELAY BAND

all dimensions in meters

Height is relative to initial beam height

Distance East
0

6OO
900
1200
1500
1800
2100

0.0
0.23
0.46
0.69
0.92
1.15
1.38

Distance West H.c,ig.kt
600 0.46

1200 0.23
1800 0.0

TABLE 7. SOUTH DELAY BAND

Distance Wfst _ _
0 0.0 340 1.15

480 0.23 940 0.92
1080 0.46 1240 0.69
1800 0.69 1840 0.46
2205 0.92 2140 0.23

2440 0.0
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W. Metrology

In order to accomplish the objectives of this array, it is necessary to make very accurate

measurements of large distances. The only technique that presently appears capable of meeting

these requirements is laser metrology. This section analyzes the various requirements associated

with the project and investigates the application of this technology.

Two different types of measuring systems are _Vxluired for the operation of LOITA. One is

used to fix the geometry of the array. This is accomplished via external metrology towers which

work in tandem to locate the position of each telescope. The other system is used internally to

determine the path length of the complete optical train for each member of the array. This data is

used to maintain equal path lengths between all of the telescopes.

IV. 1 Internal Metrology

The accuracy of the internal metrology system must be such that it is possible to maintain

equal optical path lengths from each telescope, through the delay system, and on to the beam

combiner. The optical paths must be continuously corrected so that coherence is maintained

between light beams coming from each of the telescopes. Image reconstruction is accomplished

through Fourier analysis of the combined light beams. Error in the equalization will result in a

degraded image quality. Maintaining the optical path lengths within three or less wavelengths

(1200 nm) of each other should provide adequate fringes for quality image reconstruction.

There are two different types of laser metrology systems that are used to measure distances

in this realm of accuracy. The f'trst, and simplest, is the time of flight or pulse method. The other,

is that of interferometric metrology. Separate discussions of these techniques follow.

IV.1.1 Pulse Metrology

Time of flight metrology is a radar-like technique that utilizes laser beams instead of radio

waves. A laser pulse is emitted from a source and passes through a beam splitter as detailed in

Figure 42. The camera registers both the initial pulse, and then the targeting pulse. Geometry

shows that this results in a measurement of the laser travel time from the beam splitter to the target.

The primary source of error in such a system is the temporal accuracy of the detection unit. It has

been demonstrated that modem sweep cameras can measure the incoming pulse with a temporal

width on the order of 1 ps[73]. This corresponds to an error of 300,000 nm.
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IV. 1.2 Interferometric Metrology

A more promising technique of distancing is that of interferometric laser metrology. A

schematic of a laser intefferometer is shown in Figure 43. A laser emits a continuous beam which

enters a beam splitter. As in the pulse method, one of the beams is directed to a stationary mirror

that is located near the laser. The other beam is sent onward to the reflector positioned on the target

to be distanced. Both beams return to the beam splitter where they are recombined and interfered.

The interference fringes are monitored by a CCD or a simple photoreceiver. Any change in the

path length of either of the laser beams will be indicated by a motion of the interference fringes.

The beam reflected from the plane mirror is used as the reference wave. Hence, any motion of the

reflector can be ascertained. This simple approach does not yield the absolute distance, however,

unless this distance is less than the laser wavelength.

Very powerful techniques for ranging using absolute distance interferometry (ADD have

been recently developed using data from more than one laser wavelengthIT0]. Two observations

are performed for each distance measurement. The laser is first set to frequency 1 and allowed to

travel through the system. The phase (01) of the interference is recorded. This is the phase of the

laser beam after traveling the path length difference between the stationary mirror and the reflector.

Measurements are then made after the laser is switched to frequency 2. The phases are given by,

01= z/_.l and 02=z/_.2

where z is the difference in path lengths traveled by the two beams between the time they are split

and when they interfere on the CCD, and _ is laser wavelength. Either measurement alone is

ambiguous in determining the absolute distance because all distances that contain multiples of the

particular wavelength have the same phase. Combining the two, however, yields,

(a) 01 -02 = 0L = z ( l/X2 - l/X1 ) = Z/XL

where (b) = /

and _,L is called the synthetic wavelength. The distance that can now be determined without

ambiguity must be within this synthetic wavelength. By thinking of the many complete waves and

the one incomplete wave that occur over the distance z, it can be noted that,

(c) z ffi( N1 + 01 ) Z,1

where N1 is an integer, and phase is measured in fractions of a wave. Combining (c) and (a)-(b)

yields,

(N1 +01 )_I = (0L) (_L)

which determines NI. Substituting N! into (c) yields z, the absolute path length distance between

the stable mirror and the reflector. The smallest difference between two frequencies in a tunable

laser is approximately 0.1/_. The corresponding synthetic wavelength is 0.036 meters. The
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geometry of the array will be known within this level before the use of any metrology.

Interferometric metrology alone, therefore, will be capable of measuring the necessary distances.

The error of such a system can depend on several factors.[ 70] On the moon, however, only

the instability of the laser frequency will be important. Any difference in the actual wavelength

from the wavelength being used in the above calculations will result in an error. Instabilities of

5(X)/'L are currently obtainable below 10 -9 and may reach less than 10-12 in the foreseeable future.

This results in metrology errors of 7500 nm and 75 nm, respectively (with a 600 nm laser over a

7.5 krn measurement). This system will be capable of equalizing path lengths from within 19

waves, downward to potentially less than a fifth of wave.

IV. 1.3 Laser Selection

The process of selecting a laser involves examining several criteria. The laser should have

a wavelength larger than 400 nm so that the reflectance of the reflector will be relatively large

(>90%).[ 77] This detail will be discussed a little later. The output power of the laser should be

such that the beam entering the detection system has sufficient strength to permit fringe analysis.

Beam divergence should be kept to a minimum so that the overall efficiency of the laser can be

maximized. The lifetime of the laser should be as large as possible to prevent frequent

replacements of the units. Table 8 gives detailed information concerning this list of criteria for four

promising lasers.[ 70] A brief analysis of each of these follows.

The carbon dioxide (CO2) laser is very powerful, but its characteristic wavelength of

10,600 nm is much too large to provide the accuracy required for this scheme. The beam diameter

of 10-20 mm is also very large. For these reasons, the CO2 laser is unacceptable for this

metrology system.

The neodymium-yttrium-aluminum-garnet (Nd:YAG) laser has a large wavelength of 1064

nm. The long-term stability prohibits its usage.

The helium-neon (He-Ne) laser is characterized by a respectable wavelength of 632.82 nm

and a lifetime of 20,000 hr. However, the output power of 0.5-50 mW is rather small. In

addition, the beam divergence of 0.5-2 mrad is too large.

The argon laser exhibits a reasonable wavelength of 514.5 nm, a relatively strong

maximum output power of 100 mW, and an adequate lifetime (>13000 hr). In addition, this laser

exhibits an extremely minuscule beam divergence of 0.4 na-ad. The argon laser also has the ability

to be pulsed at 100 picoseconds.

The LOITA laser metrology system will employ tunable solid-state lasers having stability of

10-12 for internal metrology and 10 -9 for external metrology.
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IV. 1.4 Retroreflectors

Reflectors must be incorporated into the metrology system for the purpose of redirecting

the laser beam back towards the detection unit. The reflectors must send the laser beams parallel to

the incoming rays, but in the opposite direction. The reflectance should be as large as possible so

that the strength of the beam returning to the detection unit will have the intensity needed to

accurately perform the fringe analysis. The reflective material is normally a metallic layer which is

10,000-20,000 nm thick. Both silver and aluminum exhibit a reflectance in excess of 90%.

A retroreflector returns light back in the direction from which it originated. Some

retroreflectors consist of a prism with three edges that intersect at right angles to one another. One

such type of retroreflector is the trihedral mirror which consists of three perpendicular plane

mirrors. A corner cube is an example of this type of retroreflector. A second type of retroreflector

consists of a focusing element with a plane mirror in the focal plane. Several examples of

retroreflectors, as well as a plane mirror, are shown in Figure 44. The hemispherical retroreflector

will be used for this system because of its simplicity when compared to both the spherical cat's eye

and the twin mirror cat's eye reflectors. In addition it has demonstrated an accuracy of 1/12 of a

wavelength in the Mark 111.[74] This would limit the maximum achievable accuracy to 43 nm.

For the internal metrology system, a total of 18 tiny retroreflectors will be required. Each

one will be placed in the center of the secondary mirror of each telescope as shown in Figure 45.

IV. 1.5 Detectors

The interferometric metrology system requires a system that is capable of measuring

interference fringes. This can be accomplished with a single photodetector which will detect

fringes as light and dark periods as they pass over the detector. Alternatively, a CCD could be

used to record the interference plane. It appears at this time that the CCD would be best able to

observe various fringe patterns.

The metrology system will have to initialize itself each time it starts a new measurement.

The laser will not hit the retroreflector and return to the CCD ff there exists even the smallest

misalignment of minors between the laser and the telescope. The system will begin by sweeping a

continuous laser beam until the camera detects the returning beam. The interferometer will be used

to determine the path length as previously described. These measurements will be fed to the

computer controlling the delay system so as to maintain equal paths. Since the interferometric

system is continuous, it will maintain the error to a low level at all times. This will be maintained

throughout a given exposure. The insertion of the laser beam into the optical path is demonstrated

in Figure 46.
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IV.2 ExternalMetrology

Theexternalmetrologysystem establishes the topocentric baseline vectors of every

possible pair of telescopes. The only change in these topocentric baselines will be a result of

shifting in the array configuration.

These baseline vectors are constantly changing in the celestial sphere as the moon rotates

relative to the observed source. Ergo, an exact determination of these baseline vectors will be

required for uv plane analysis. The measurements of the baseline vectors will be less stringent

than the measurements for internal metrology. The same system that is used for internal

metrology, therefore, will be more than adequate for external metrology.

Four metrology towers will be positioned within the circular array as seen in Figure 47.

The design involves each tower to be located 1.25 km from the center of the array in a square

formation.

A single retroreflector shall be placed on the base of each telescope. Again, a plane mirror

will not work in this case because four different metrology systems will each require the return of

their laser beams from a single retroreflector. As before, the hemispherical retroreflector is

selected. In this case, however, they will be approximately 8 cm in diameter to allow for ease in

targeting.

IV.2.1 Operations

The first step in determining the geometry of the array will require each metrology station to

distance each other metrology station. Hence the coordinate location of each station will be

determined. The position of a single tower will be defined as the topocentric origin. Next, all

stations will measure the distance to a given telescope. The measurements from the two metrology

stations closest to the telescope being distanced, along with the location of these stations, will form

a triangle as seen in Figure 47. This determines the location of the telescope in the ascribed

coordinate system. The other metrology measurements will similarly define this location with

decreasing accuracy. These measurements will be weighted less than the two primary

measurements and will be used as verification. A greater number of metrology stations decreases

the average distance from a given telescope to its closest station, thereby increasing accuracy.

Due to the curvature of the moon, the metrology towers will have to be at an elevation such

that the farthest retroreflector from any given tower will appear above the apparent bulge of the

surface. The set of metrology stations which are located in the eastern section of the array will be

located closer to the instrument room. An analysis, shown in Table 9, revealed that the towers

need to be 1.84 m and 1.92 m high to account for the curvature alone. The laser metrology towers
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would requireanadditionalelevationof 8 cm in order to account for the size of the retroreflectors.

It is desirable to have the metrology system positioned higher than the point where the light exits

the telescope so that the delay lines do not interfere with the path of the laser beams. By

constructing the metrology towers so that the laser is positioned 1.92 m and 2.00 m high, the laser

beam will travel above the delay lines until it is reflected by the retrorefleetor, and returned to the

detection system.

All of the metrology lasers and retrorefleetors will be in a horizontal plane. In this manner,

any given laser can point at any given retrurefleetor by a simple rotation. Each of the four

metrology towers will distance each telescope and each other tower in a coordinated cycle. The

four systems will aim at a given single telescope and begin ranging via interferornetric metrology as

seen Figure 48. The location of the telescope will then be determined as discussed above. The

four towers will then rotate towards the next telescope or tower to be distanced. Once the complete

cycle of ranging is complete, the metrology systems will rest until another cycle is necessary.

The power requirements for each station must be estimated in order to design the power

distribution scheme throughout the array as well as to estimate the total power demands of LOrrA.

Table 10 shows a breakdown of power estimates within the metrology system. A total demand of

approximately 692 W is shown. This power consumption is heavily dominated by the lasers

themselves. This is due to laser efficiencies on the order of 0.1%. A typical laser emits 1 W for

every 1 kW consumed. Therefore an effort to reduce metrology power consumption should focus

on creating more efficient lasers or using fewer lasers to perform the same tasks.

T_a.BLE 8 . L_SER SPECTFTC_TTONS

Laser Type CO 2 Nd:YAG Ar He-Ne

Wavelength (nm) 10600 1064 514.5
Output Power (W) 3000 >300 mW 20

Beam Divergence(mrad) 1.5-3 <2.4 0.40
Beam Diameter (ram) 10-20 0.9 1.9

Lifetime (hr) NA 3000 13140

632.82
0.0005-.05
0.5-2
0.5-2
20000
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TABLE 9. HEIGHT OF LASER METROLOGY TOWERS REQUIRED

ACCOUNT FOR CURVATURE OF LUNAR SURFACE

POSITION HEIGHT OF STATION

X (kin) Y meters

1.25 1.25 1.84378
1.25 -1.25 1.84378

-1.25 -1.25 1.91570
-1.25 1.25 1.91570

TO

TABLE i0. ANALYSIS OF

_m

INTERNAL
18 Lasers
18 CCDs

EXTERNAL

4 Lasers
4 CCDs

4 Radial Motors

POWER REQUIREMENTS

Consumption
per item

25 W
lW

Total Internal = 468 W

25 W
lW

30 W

Total External = 224 W

Total Metrology = 692 W
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V. Pointing and Control System

The telescopearraypointingand controlsystem isdesigned tomeet thefinepointing

requirement of 10-6arcsecstability,tomaneuver each telescopeina combined 180°rotationof the

base -80°verticalrotationof the telescopeitselfin 15 minutes and to allow forprecisiontracking

of a desiredcelestialobjectforup to 12 lunardays.[80] For theplanetdetectionscheme at10 }.tm,

the needed pointingaccuracy is40 x 10-6arcsec.These objectivesaremet through theuse of a

charge-coupleddevice (CCD) image sensor-drivensystem used forthedeterminationof thecontrol

law,incrementalmaneuver updatesand misalignedtelescopesincooperationwith two motor

drivenprecisiongearsystems used toprovide the torquerequiredformaneuvering and pointing.

(Note:themotor drivengear systems and theiroperationareaddressedina latersection).

The pointingand controlsystem isdrivenby a main centralcommand centerlocated

externaltothe telescopeswithintheinstrumentroom. This centralcommand centergenerates

commands for operationof the telescopesand alsoservesas an interfacebetween ground control

and thc telescopearray.This interfaceprovidesa means of handlingreal-timecommands from

ground controlin conjunctionwith storedprogram commands.[ 80]

The process of a typicalobservation,as depictedintheblock diagram ofFigure 49, begins

with the acquisitionof theinitialtargetcoordinates,predetermined toapproximately 10-5arcscc

accuracy through astrometry,and the telescopescheme determined fzom eitherground controlor

through storedprogram commands. Afterthecoordinatesand scheme arc determined an initial

trackingratemust be calculatedand maintainedfortheentireobservationinordertoprevent

"jerky"movements of the telescopeduringpositioningand toeliminateany errorsdue to

mechanical imperfections,such as "overshooting"a desiredposition.This initialtrackingrateis

comprised of two separateparts:I)A rotationof thetelescopebase which should notexceed

PA°/minute and 2) A verticalrotationof thetelescopecylinderitselfwhich shouldnot be greater

than 5.3 °/minute. (Note: The maximum rates are based upon the assumption that the telescope

should not be repositioned through a 180 ° base rotation - 80 ° telescope rotation in less than 15

minutes due to high sensitivity). Both of these rates can be precisely determined to an accuracy of

10 "3 arcsec given the initial coordinates of the telescope and the target along with the orbital

mechanics of the moon itself. Based on this information the pointing and control system will

calculate the position of the desired target after a given amount of time and then determine the

tracking rate that the telescope must achieve in order for it to point precisely at the target's position

at the given time.
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After theinitial ratesarecalculated two separate signals are transmitted from the pointing

and control system to a motor signal processor located at the base of each telescope. This

processor in turn interprets the signals and transmits them to the two motor driven gear systems

which then begin the tracking rate.

After initial pointing of the telescopes has been completed the fine pointing stage begins.

This stage will achieve and sustain the desired 10 -6 arcsec accuracy and requires use of the

previously mentioned CCD image sensor-driven system, the predetermined tracking rates, and two

steerable mirrors which are part of the coarse delay system.

At the beginning of the fine pointing stage the telescope is positioned within 10- 3 arcsec of

the target. Although this is highly precise, it is still not the accuracy that is desired and therefore

another system must be used for improving the telescope pointing and eliminating any existing

error. First a highly precise device, such as the CCD image sensor-driven system shown in Figure

50, must be used to detect the magnitude of the pointing error. After the error is detected it must be

eliminated by one of two means: 1) By updating the tracking rate of the telescopes through the

motor driven gear mechanisms or 2) By adjusting the two steerable mirrors in the coarse delay

system. The latter of these options must be used during planet detection in order to keep the

telescopes' axes precisely aligned. After the necessary adjustments are made in the fine pointing

stage it is imperative that updates be made periodically during observation to ensure the accuracy is

maintained. These updates should be performed approximately two to three times per hour of

surveillance.

Figure 50 shows the main components of the CCD image sensor-driven system: a

beamsplitter device, a shutter apparatus, a trdtration system, an off-axis mirror and a CCD image-

sensor. Each instrument in the system plays an important part in achieving the desired accuracy

starting with the fast element -- a beamsplitter. The beamsplitter must be positioned in the path of

the beams after they have passed through the delay system and entered the instrument room in

order to directly utilize the light from the telescopes for pointing and control. This beamsplitter will

reflect approximately 10% of the incident beams for use in the fine pointing system and allow the

remaining 90% to proceed on to the instruments.

Due to the fact that the telescope scheme will vary from observation to observation it is

necessary to be able to associate an incoming beam with its corresponding telescope; therefore, the

reflected beams will pass through a shutter device. This device is such that at any given time any

one of the eighteen individual shutters may be closed. By alternating the closing of the shutter

windows it is possible to determine which telescopes are incorrectly positioned and send correction

signals to those specific telescopes through the central command center.
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Theincomingbeamswill differ in intensity based upon the brightness of the object being

observed. To compensate for this variation and to prevent flooding of the CCD a filtration

mechanism is incorporated into the system. Its filtration impact on the reflected beams is directly

proportional to the intensity of the incoming light.

A CCD image sensor is used in cooperation with an off-axis mirror in order to determine

the pointing error, the actual impact of that error and the updates required to eliminate that error.

The off-axis mirror is placed in the beam path and focuses all of the incoming beams onto the face

of the CCD which is placed precisely at the focal point of the mirror. If the beams pass from the

individual telescopes through the delay system and end up parallel to one another in the pointing

and control system then they will all focus at the same point on the face of the CCD, but ff they are

not there will be a variation in their positions on the CCD and an error will be detected. The

significance of the error will then be determined and utilized in determining the magnitude of

adjustment needed. This adjustment includes alterations to the tracking rates and/or adjustments to

the two steerable mirrors previously mentioned.

All of the individual elements of the fine pointing system have been addressed in minor

detail. It is important, however, to examine each piece separately and describe in particular the

specifications of each which are critical in order to ensure that the objectives are met and the

requirements are fulfilled.

V.1 Beamsplitter

The type of beamsplitter device chosen for use in the pointing and control system is a

circular plate beamsplitter. Three separate types of beamsplitters were investigated: 1) Pellicle

beamsplitters, 2) Cube beamsplitters and 3) Plate beamsplitters. The fast type of beamsplitter

examined, the pellicle beam.splitter, was found to have certain advantages over the other options:

absorption was very low and ghost image problems were virtually eliminated.[ 84] There were also

several disadvantages as well: there was easier deformation in the beamsplitter due to stress on the

mounting frame, there was a high sensitivity to acoustical disturbances, and the bearnsplitter itself

was intangible due to its high sensitivity.[ 84] Because of these disadvantages the pellicle

beamsplitter was not chosen for use in the system.

At fast glance the cube beamsplitter seemed the optimum choice for use in the pointing and

control system. The cube beamsplitter was easy to mount, deformed much less than the other

options when subjected to mechanical stress, had very small ghost imaging problems and had little

trouble with reflection coating degradation over time since the coating was sealed within the body
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of thecube.[84] Thecubebeamsplitter,however,was extremely heavy and hence was not chosen

for use in the fine pointing system either.

Two types of plate beamsplitters were investigated: a circular plate and a square plate.

Both plate beamsplitters were found to have two main advantages over their cube counterparts;

they were significantly smaller and lighter and they were not limited by the endurance level of an

optical cement.[ 84] For this particular beamsplitter application the lack of an optical cement was not

necessarily a high consideration, but as Table 11 shows there was a significant weight savings

from the use of a plate beamsplitter, especially a circular plate. Because of the weight constraints

involved in space applications the obvious choice for the beamsplitter was a circular plate.

The plate beamsplitter chosen is a modified Melles Griot circular plate beamsplitter (See

Figure 51) and is placed in the beam path in such a way that the incident beams strike the surface at

an angle of 45 °. The circular plate is 55 cm in diameter, has a width of 3 cm, and is made of BK 7

grade A fine annealed glass. This material was chosen because it "is a relatively hard glass, does

not scratch easily and can be handled without special precautions."[ 84] The glass also has a very

low bubble and inclusion content as well as a fairly low density value and coefficient of linear

thermal expansion.[ 84] Table 12 lists the value of these and other physical constants of BK 7

glass.

There are two types of coatings required for the beamsplitter: a partial reflection coating

and an antireflection coating. The partial reflection coaling is deposited onto one of the sides of the

circular plate (the side facing the incident beams) and will allow a 10% reflection of the incident

beams.[ 84] The antireflection coating is applied to the reverse side of the plate to minimize ghost

images and reflection losses.[ 84] The chosen coating should be comparable to HEBBAR TM (High

Efficiency Broadband Antireflection), a MeUes Griot antireflection coating. This coating is applied

to the surfaces in multilayered films. These films are comprised of alternate layers of various index

materials that combine in such a way as to reduce the overall reflection to an extremely low level

for the broad spectral bandwidth covered.J84] The reflectance value does not exceed 1.0% over the

entire range and is more typically below 0.6%.[84]

In order to provide a stable environment for the cube beamsplitter, a mount such as the

modified MeUes Griot mount in Figure 52 is suggested. The mount is constructed with

dimensions comparable to those of the beamsplitter itself and is specially designed to provide

precise angular control of the plate beamsplitter.
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V.2 ShutterApparatus

Theshutterdevicechosenfor use in the pointing and control system is an electronic

shutter. While a mechanical shutter was also investigated the electronic shutter proved to have

several advantages. Because it contains fewer parts and linkages the electronic shutter is inherently

more accurate, more stable, and longer-lived than the mechanical shutter (under normal operating

conditions a life of 1,000,000 operations may be expected from electronic shutters compared to

200,000 operations from mechanical shutters). Furthermore, variations in opening and closing

times are substantially less for electronic shutters than for mechanical shutters, and with electronic

shutters the time between command and opening of the shutter blades is constant and repeatable.

Despite these advantages two concerns remain about use of the electronic shutter. First,

while the electronic shutter does contain fewer parts and linkages than the mechanical shutter it

nevertheless depends upon a mechanical opening and closing mechanism and is therefore still

subject to mechanical wear and failure. Second, even with an expected lifetime of 1,000,000

operations this number may be insufficient for our observation purposes. For example, if the

shutter was to open/close every 0.5 seconds (2 operations per second) constant observation over a

twelve day period would entail 2,073,600 operations.

The actual shutter device chosen is a modified Melles Griot electronic shutter. The

apparatus consists of eighteen 2.50 cm diameter electronic shutters (each consisting of five steel

shutter blades) placed side by side (0.5 cm spacing between each shutter) and surrounded with a

lacquer - finished aluminum housing (See Figure 53). Clearances of 2.0 cm exist between the top

of the housing and the shutters, 2.0 cm between the bottom of the housing and the shutters, and

0.5 cm on the two sides resulting in an overall width of 54.5 em and height of 6.5 cm with the

shutters and housing extending to a depth of 2.0 era. The estimated mass of the electronic shutter

system is 1.56 kg.

The electronic shutters were placed with the assumption that if all telescopes are properly

pointed at the viewing object then the eighteen incoming beams (which make up 10% of the

original light and are separated by the aforementioned beamsplitter) will all be parallel with each

2.0 cm diameter beam spaced 1.0 crn apart, and that the center of each beam will travel down the

center axis line of its respective shutter.

The electronic shutter is activated by an elecurnnagnetic solenoid. Standard solenoids are

rated at 48VDC.[ 84] When the solenoid is energized a lever arrangement draws all shutter blades

open simultaneously and de-energizing the solenoid causes blades to be redrawn by a spring. An

opening DC signal of 4 times the rated solenoid voltage (e.g. 192VDC) should be applied for 3-5

milliseconds[ 84] and for the shutter to remain open a holding DC current of one-half the solenoid
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rating (e.g.24VDC)mustbemaintained.Removalof thissignalwill quickly closethe shutter.

Each shutter will require between 2 W and 5 W of power;, therefore, operation of all eighteen

shutters will require a maximum of 90 W of power.

The duration of open time is controlled through an electronic shutter controller (see Figure

53), which may be housed separately and located some distance from the actual shutter. The

controller provides precise drive voltage to actuate the electronic shutters and also accurate pre-

calibrated timing signals to operate the shutter at speeds ranging from four seconds to 1/125

second. Two cables connect to the electronic shutter controller, one which attaches to the modified

MeUes Griot electronic shutter apparatus and another which is for connection to a 230VAC power

source.

V.3 Filtration Device

To prevent extreme light intensity from flooding the charge-coupled device (CCD) the

incoming light beams pass through a filtration device. This device consists of a set of rectangular 2

mm thick neutral density filters (See Figure 54). The filters are made of BK 7 grade A fine

annealed glass (the same material used and previously mentioned in the discussion of the

beamsplitter). A light meter is used to measure the intensity of the incoming light and transmits a

signal for selection and placement of an appropriate density filter into the beams' paths.

V.4 Off-Axis Mirror

The off-axis, or Herschel mounted, mirror used in the fine pointing system has one main

purpose: to focus the incoming beams onto the C'CD plane which lies directly in the position

corresponding to the focal point of the minor. In order to ensure that the desired accuracy is

retained throughout this portion of the fine pointing system the mirror is constructed similar to the

primary mirrors of the telescope array. It has the same aluminum reflection coating applied to its

surface, is constructed of the same Zerodur TM material and must have a maximum deflection of 3

rim.

The mirror design is based upon a complete parabolic reflector and as Figure 55 shows, the

off-axis mirror is actually a section of the entire reflector. The minor has a focal point of 35 cm

(i.e., a curvature of 70 cm), an actual length of 55 cm and a thickness of 1.6 cm. These

dimensions will provide a very rigid mirror as well as a minimum value for the mirror mass which

is approximately 1.44 kg (See Appendix D for calculations of mass).
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V.5 Charge-coupleddevice

Themostimportantelementin thefinepointingsystemis thesiliconcharge-coupled device

(or CCD). The device is precisely positioned in the system such that the center of the CCD

corresponds exactly to the focal point of the off-axis mirror. As the beams are reflected from the

mirror they each form a photon "image" on the CCD face having the same shape and dimensions as

that of the incoming beam (i.e., a circular shape with a 2 cm diameter). Digital data is developed

from the electrical charges on the CCD and becomes a record of the position of the photons in the

original array. This information is sent to a computer for analyzing (See Figure 56).

The computer uses the CCD images to determine the initial error during the fine pointing

stage and the presence of a pointing error at any time afterwards. As the incoming beams strike the

mirror surface their orientation with respect to one other is a key in determining the error. All

beams which are exactly parallel to each other will focus precisely onto the same position of the

CCD face: the center, whereas, any deviation from a parallel direction will cause the beams to be

focused onto an area of the CCD other than the center and will indicate an error. (Note: The error

may occur due to the misalignment of the telescope or from an imperfection in the path from the

telescope to the pointing and control system). Because the beams are all focused together onto one

surface the ability to determine which telescope is in error is not possible directly from the CCD

image; therefore, the system will use the shutter device previously described. The computer will

systematically send signals to open and close the shutter windows until the misaligned telescope is

found. Each time an individual shutter window is closed a new CCD image is processed and the

error is determined. If the closing of the shutter did not eliminate any part of the error then the

process continues. Figure 57 shows an example of the possible CCD images produced by using

two telescopes, one of which is misaligned, and the shutter closure process (described above) to

determine the identity of the misaligned telescope.

The CCD device chosen for this application has to be an imager that has a "large" active

area, a relatively fast integration time, an anti - blooming circuit and a high quantum efficiency. In

order to obtain these desired specifications a specially designed CCD must be developed. It is

suggested that the CCD be designed as an array of 9 individual quadrants of 3072 x 3072 with 4 -

micron pixels (see Figure 58). The array can be assembled together by edge - butting along the

quadrant edges which will leave approximately 400 micron gaps between the quadrants or about

100 pixels.[ 83] Each quadrant will have an active area of 1.23 em square resulting in an imager that

will measure close to 3.7 cm on each side.[ 83] It will take approximately 1.75 minutes of

integration time for a nine quadrant CCD of this pixel size and overall dimensions.
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It is alsosuggestedto includeananti-bloomingcircuitwith theCCD. Thisdeviceis used

to preventblooming,aconditionwhichoccurswhentoomuchlight hitsa spoton theCCD.[78]

Whentheexcesslight reachestheCCDthevoltageis toomuchand"spills" overontotheadjacent

locations,sometimesaffectinganentirerowof pixels;therefore,to avoidthisharmfulsituationan
anti- bloomingcircuit is highly recommended.[78]

TABLE II . BEAMSPLITTER MASS COMPARISONS

Beamsplittgr Radius
Cube ......

Plate (Circular) 27.5
Plate (Square) ......

Dimensions (cm) Mass

Width Hf, ighI Thickness
55 55 5 37.96

........... 3 17.89
55 55 3 22.78

TABLE 12. PHYSICAL CONSTANTS OF BK 7 GLASS

Density

Coefficient of Linear Thermal Expansion
-30 deg to + 70 deg (per deg C)
+20 deg to + 300 deg (per deg (2)

Transformation Temperature
Young's Modulus
Modulus of Rigidity

2.51 g/cm 3

7.1 * 10 -6
8.3 * 10 -6
559 ° C

8.10 * 109 dynes/mr_ 2
3.4 * 109 dynes/ram
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FIG. 49. Pointing & Control System Block Diagram
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VI. Communications

The design of a far side lunar observatory creates communication requirements that have

never been encountered before. Clearly, a direct link between the observatory and the processing

station on the earth is impossible. Several schemes for maintaining a communication link are

examined.

1)

2)

3)

4)

One low-altitude lunar satellite

Three mid-altitude lunar satellites

One geostationary lunar satellite

One lunar satellite placed at a Lagrange point

1) A single satellite placed in the proper orbit could upload data from the observatory when it

was over the far side of the moon. It could then transmit this data to the earth at a later time when

its orbit had carried it to the near side of the moon. This is, in a sense, the simplest option.

However, it has, many drawbacks.

First is the fact that the communication link is not continuous. This requires large memory

storage capabilities at both the observatory and the satellite due to the massive amount of data being

obtained during an exposure.

Choosing the correct orbit also requires a great deal of consideration. Low orbits have the

advantage of more frequent flybys but suffer from shorter observatory-to-satellite links. This is

partly due to the fact that a closer satellite appears to be moving faster overhead. It is also because

the lower the satellite, the closer it needs to be to the observatory to clear the horizon. A higher

orbit allows longer links but necessarily exhibits longer blackouts. The optimal orbit would be

eccentric. Placing the apoapsis over the observatory would lengthen the link duration and the

increased velocity at periapsis would shorten the period. The details of such a communications

system are discussed in reference 159. An orbit[ 159] with a periapsis altitude of 400 km and an

eccentricity of 0.47 is shown schematically in Figure 59. Such an orbit would provide an

observatory-satellite link duration of about 160 minutes. This is less than half of the 383.4 minute

orbit.

The satellite tracking involved in such a system creates further problems. The satellite and

observatory must target and track each other during every link. This would involve an

approximately 180 ° track 102 times a month. The satellite must also track the earth while making

each orbit. As the satellite passes over the observatory its range decreases and then increases. The
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possibilityof Doppler effects as well as variable data transmission rates for various observatory-

satellite distances would further complicate matters.

2) Three satellites could be placed in equally spaced orbits as also shown in Figure 59. Line

of sight telemetry between the three satellites would form an uninterrupted triangle. The

observatory would link with whichever satellite was passing overhead at the time. This satellite

would then relay the transmission to earth. If the satellite was eclipsed by the moon then the

satellite would transmit to either of the other satellites. The second satellite would then transmit

directly to earth. Thus a constant link between the earth and the observatory could be established.

The most obvious disadvantage of this system is the expense of three satellites. Other problems,

however, come in to play as well.

Tracking is a major concern with this scheme. It is shown geometrically that the orbits

must have an altitude of 1740 km to provide coverage at any given location on the moon. This is a

bare minimum due to the mountainous lunar terrain. Such an orbit has a period of 5.11 hours.

During any given period the observatory will have to target and track each of the three satellites

across the sky. This would involve acquiring a satellite at the horizon, tracking it across the sky

over 102 minutes and then going back to the horizon and finding the next satellite. This demand

could be lessened by utilizing higher, and hence slower moving, orbits. Gravitational effects from

the earth, however, would soon begin to interfere with the orbits, thus requiring more powerful

orbit correcting rockets.

3) An ideal solution would appear to be a single satellite orbiting about the moon with a

monthly period. Such a satellite would appear stationary over the surface of the moon and, if

positioned correctly, would have an unobstructed view of the earth. Such an orbit would have an

altitude of 86,660 kin. This is a quarter of the earth - moon distance. Clearly the more massive

earth would have a large effect on such a plan. This approach is discarded.

4) A host of alternatives is introduced by examining the Lagrange points. There are five such

points where the force vectors of the earth and moon's gravity balance with the centripetal

acceleration due to the rotating earth-moon system. Such locations offer the potential of being a

non-moving relay directly between the observatory and earth.

The locations of L1 and L3 have no value in communicating to the far side of the moon.

The relevant Lagrange points (L2 and L4) are shown in Figure 60. The location of L5, not shown

in the figure, is symmetric with L4.
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ThedecisionbetweenL4 andL5 wouldsimplydependonwhichhemisphereof themoon

theobservatoryis located.L4 isexaminedbasedonplacingtheobservatoryin themareof

Hertzsprung.Figure60showshowthegeometryallowstheL4 relaysatelliteto communicate
about60° behindthelimb of themoon. Therefore,eithertheL4 or L5 optioncouldbeusedunless

theobservatory was placed in the 60 ° of longitude furthest from the earth. The earth, moon, and

L4 satellite roughly form an equilateral triangle. The remoteness of the satellite from the moon

demands a more powerful transmission link between it and the observatory.

The L2 point is in a straight line with the moon and earth. The earth, therefore, is always

eclipsed by the moon. The satellite is high enough, however, to communicate with the Tracking

and Data Relay Satellite System (TDRSS). This fact is demonstrated in Figure 61. Furthermore, a

Lissajous orbit could be utilized. Such an orbit is a three dimensional, quasi-periodic motion about

the L2 point. The properly chosen orbit could give the satellite enough distance from the earth-

moon line that it could communicate directly to the earth. Such an orbit, however, would be

relatively hard to predict and track.

Both Lagrange options (L4 - L5 and 1_2) have advantages with regards to tracking. Since

the satellite is approximately stationary relative to the earth and the observatory, it does not require

very much motion to stay pointed correctly. Similarly, the observatory does not need to track the

satellite across the sky.

A major disadvantage is that of stability. Any errors in the location of a Lagrange satellite

will exponentially grow with time into a failed orbit unless corrected. The satellite will in fact be

disturbed by the effect of the sun as well as the non-circularity of the moon's orbit. This drifting

can be reasonably overcome through the use of small rockets on the satellite. It is predicted[ 158]

that a delta-v capability of approximately 4 m/s per year would be necessary to maintain a satellite

at the sun-earth L2 location. The location of L2 is less stable than L5 or L4 because it is much

closer to a massive body (the moon). Therefore, a given perturbation at L2 would result in a

greater offset of forces away from equilibrium than a similar perturbation at L5 or L4. Figure 62

demonstrates this fact graphically by showing the force vectors that result from 100 meter

perturbations in various directions. Therefore, the L4 location is chosen as the site for the relay

satellite between LOITA and earth.

VI. 1 Data Transmission

The transmission specifications of the satellite(s) and the observatory require consideration

of several factors.

1) The transmission system used at the earth
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2) The transmission distances (dependent on relay scheme)

3) The data transmission rate

The requirements of the satellite will be molded by the abilities of the system being used at

the earth. Its electronics will dictate the operating frequencies, the data bit rate capabilities, and the

amount of satellite transmission power that must be collected. Its antenna capabilities will

determine the size of the satellite's antenna and its required transmission power. There are two

earth systems appropriate for this mission. The array of geostationary satellites called the Tracking

and Data Relay Satellite System (TDRSS) and the Deep Space Network (DSN) are examined here.

The TDRSS is presently operational and consists of two primary geostationary satellites

positioned at 41°W (over the Atlantic) and 171 ° W (over the Pacific)[ 154]. A third backup satellite

orbits in between the two. The system is shown in Figure 61. This system allows for radio

coverage of any part of the sky by at least one satellite. The receiving satellite relays any

transmission to the White Sands Ground Terminal (WSGT) where the data can be processed. The

TDRSS satellites have three types of communications systems as seen in Figure 631154]. There is a

30 element low gain antenna for multiple user applications on the S-band. There are two 4.9 meter

parabolic antennas that can each support single user S-band systems or single user Ku-band

systems. The low gain antenna works at low data rates (50 kbit/s) and, hence, would not suit the

requirements. The parabolic S-band communications can operate up to 6 Mbit/s while the

parabolic Ku-band system can relay up to 300 Mbit/s. The Ku-band mode clearly has the best

chance of handling the massive amounts of data that will be collected during an observation. The

technical data[16U of this system is given in Table 13. The addition of more advanced satellites in

the late 1990's will create what is called the Advance TDRSS (ATDRSS). These satellites are

planned to operate at even higher frequencies (Ka-band) and may approach data rates of 650

Mbit/s.

The TDRSS is designed primarily to relay data from satellites in a lower orbit than itself to

WSGT. It would be necessary, therefore, to make sure that the parabolic dishes have the range of

motion to track a communication satellite that is further away from the earth than itself.

The Deep Space Network (DSN) is a distribution of at least three steerable ground based

antennas ranging in size from 26 meters to 70 meters. There are twelve such antennas located at

three different locations (California, Spain, and Australia). The link is passed from one station to

another as the earth spins and the source passes overhead. Hence, a constant link with a given

extraterrestrial source can be maintained. There is a disadvantage in the fact that this requires the

cooperation of several nations. In addition, certain sites may experience atmospheric interference
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or be subjected to man-made signals. One advantage, however, is the need for a less powerful

relay satellite because the gain of the DSN is so much higher than that of the TDRSS.

It is in the area of receiver design that the TDRSS truly shows its superiority. The primary

disadvantage of the DSN is its increasing technical incompatibility with modem instrumentation.

The DSN antennas use a cooled maser amplifier and residual carrier phase modulation with phase-

locked loop tracking as shown in Figure 64.[ 161] The present usage of the DSN has nearly reached

the upper data rate limit possible with this system. This is clearly far too slow when one recalls the

slow, frame by frame, images from Voyager and then thinks of the many high resolution frames

per second that will be generated during a LO1TA observation. The TDRSS (as well as the shuttle)

operate primarily with Costas-loop, suppressed carrier modulation as shown in Figure 65.[ 161] All

of the transmitted power in such a system is contained in the data itself (rather than mostly in the

carder wave). At this time it appears logical to proceed assuming the best system to use win by the

ATDRSS working in the Ka-band.

VI.2 Relay Satellite

The distance between the earth and the relay system must next be factored into the design of

the relay satellite. This distance is roughly the earth-moon separation regardless of the relay

arrangement decided upon (even for the IA case). The parameters of the relay system are directly

dependent on the data rate used. This will depend on the operation of the CCDs (how long each

exposure takes and how often a pair of separate beams are combined). A similar observatory[ 157]

plans to transmit one CCD image every 30 minutes at a data rate of 2.5 Mbit/s. LOITA will most

likely require a significantly higher rate of CCD frame transmission. The calculations presented

here use the near maximum ATDRSS data rate of 600 Mbit/s to be conservative. This bit rate

could theoretically transmit 6 (10,000 X 10,000) frames per see. Considering the TDRSS data

given in Table 13, it is shown that the relay satellite requires a 10 watt transmitter and a 4.15 meter

dish to achieve this data rate with an error rate of 10-5 as calculated in Appendix F. A more careful

study of the losses within the components of the relay satellite itself will no doubt lead to

refinements. This configuration leads to a total collecting power of 2.75 X 10-14 W at the TDRSS

receiver as calculated in Appendix G.

At any given time, a single satellite antenna can be transmitting to (forward link) or

receiving transmissions from (return link) the observatory or earth. The two frequencies must not

be the same, however, or the two signals will interfere. The Ka-band consists of the frequency

range of 20 - 34 GHz. The subrange of 22.55 - 23.55 GHz has been assigned for forward links.

The subrange of 25.25 - 27.50 GHz has been allotted for return. Figure 66 schematically shows
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the relay satellite and tabulates its specifications. The overall specifications of the communications

system are given in Table 14.

For the L4 option the system at the moon would need to be similar to the transceiver of a

typical ATDRSS satellite (because the relay is approximately equidistant from the moon and earth).

The array, then, would be equipped with a 20 Watt, 4.9 meter transceiver. This antenna could be

mounted atop the instrument room, with the electronics inside the building. Proper shielding of the

observation equipment from the radio equipment must be planned. This should not be difficult if

one considers the close proximity of the antenna to the sensitive equipment onboard space probes

(Voyager). An overall schematic view of the communications system is given in Figure 67.

Table 13. TDRSS DATA

(from reference 161)

BER
User EIRP, dBW

Space Loss, dB
Polarization loss, dB
TDRS antenna gain at 13°, dB
Ps at output of antenna, dBW
Ts (antenna output terminals), K
Ti (due to direct other user interference), K
K(Ts + Ti), dBW/Hz
Ps/K(Ts+Ti), dB-Hz

Transponder loss, dB
Demodulation loss, dB
PN loss, dB

Antenna beam forming loss, dB
User margin, dB
RP_lui_l EbtNo, dB(I_K)

FEC gain, R = 1/2, K = 7, dB
*Achievable data rate, dB

10-5
EIRP
-192.2
-1.0
28.0
-165.2 + EIRP
824
255
-198.3
33.1 +EIRP

-2.0
-1.5
-1.0
-0.5
-3.0
-9.9

5.2
20.4 + EIRP

*This achievable data rate is the user's information rate. It should not be confused with the channel symbol
rate, which is twice the information rate.
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Table 14. LOITA LINK

An_nna

Diameter = 4.90 in

Area = 18.85 m 2

Efficiency = 0.6

Gain (Ka) = 764,360.9 = 58.83 dB

Transmitter Power = 10 W

EIRP = 68.83 dB

Operating Freq. = Ka Band (24-30 GHz)

Data rate = 600 Mbit/s

Relay Satellite

Antenna

Diameter = 4.15 m

Area = 13.50 m 2

Efficiency = 0.6

Gain (Ka) = 547,265.6 = 57.38 dB

Transmitter Power = 10 W

EIRP = 67.38 dB

Operating Freq. = Ka Band (24-30 GHz)

Data rate = 600 Mbit/s

Solar Power

Type = GaAs Cells with Battery Storage

Power = 1.3 kW

Area = 15.2 m 2

Frequency Allocations

Relay- LOITA

Forward = 22.55 GHz

Return = 25.25 GHz

Relay - Earth

Forward = 23.55 GHz

Return = 27.50 GHz

Life Expectancy = 10 yrs
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FIG. 63. TDRSS Satellite (taken from ref. 154)

dtt

-ftl

I°
Phased-LockedLoop

FIG. 64. Block Diagram

im immg

i

. Rump,,, [

! _"_'"rH, ..,,row,.

m

Costas_op
FIG. 65, Block Diagram



89

Solar CelIs

Equipment

htem Diueter - 4.15•

htem Glit -- 57._ dB

Iddeu|le hit hie : 600Fos

TrumiterPour= 10!

Openting_eqmc I, [a had (20-34G_)

_.56 glizForvard25.25_ Rerun

RadioSignal

FIG. 66. Schematic of Relay Satellite

t4mIAY

FIG. 67. Schematic of Communications System



9O

VII. Power

VII. 1 Power Requirements and Source Consideration

The estimated electrical power requirements for LOITA are tabulated in Table 15. The

instrument requirements are representative of the duty cycles of the instrument. Only two

instruments will be utilized at any one time and the necessary standby power is shown for the

instruments. The mechanisms subsection consists of the required motors for the various

subsystems of the array. With a contingency of 25%, total power required is on the order of 10

kW.

Both solar and nuclear power options are considered in the study for a suitable power

system. The two nuclear systems examined are the SP-100 and the TOPAZ II nuclear reactors.

The solar options considered include InP, GaAs, and Si solar cell arrays with either battery or RFC

energy storage systems. Factors considered include: the total mass of the system, resistance to the

damaging effects of the lunar environment; required time and effort spent on the moon to initiate

operation of the system; and the ability of the system to operate unattended for lengthy periods of

time.

VII.2 Nuclear Power

VII.2.1 Reactor Type

The most viable option is the SP-100 nuclear reactor scaled down to 15 kW. Figures 68

and 69 show the current SP-100 design. Figure 68 is a cutaway view of the reactor power system

with a diagram of the core. Figure 69 is a representation of the SP-100 in a deployed

configuration. In a stowed configuration, the system is approximately 12 meters in length and 5

meters in diameter.

The SP-100 has advantages over the TOPAZ II. It is a modular system, with a specific

power of 25 W/kg, designed to produce 100 kW of electrical power. The TOPAZ 1I has a specific

power of 5.7 W/kg and a maximum electrical power output of 6 kW. The use of TOPAZ II for

LOITA will require two reactors with a total combined mass of 2122 kg as opposed to a single 15

kW SP-100 type reactor with an estimated mass of 750 kg. The mass of the SP-100 system

increases with the increase of electrical power output, as can be seen in Figure 70, however, it is a

gradual increase due mainly to the additional shielding requirements. The operational lifetime of

the SP-100 source is seven years at full operation and ten years at a reduced power output. By
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scaling the SP- 100 to 15 kW instead of the required 10 kW, the operational lifetime of the reactor

is expected to be ten years. The TOPAZ II system has an operational lifetime of only three years.

The design oftbe scaled down SP-100 reactor will take into account all aspects of the lunar

environment, i.e. lunar gravity, background radiation, dust, micrometeoroids, thermal cycles, and

minimal astronaut involvement with deployrr_nt and installation while maintaining a minimum

95% reliability.

VII.2.2 Heat Rejection

The heat rejection subsystem will include heat pipes and possibly pumped loops. The

radiator panels, which can be seen in Figure 69, consist of modular heat pipe sections. The

sections offer a built-in redundancy because of the multitude of individual heat pipes employed in

each panel. In essence, each heat pipe acts as a small separate radiator. If penetration of an

individual heat pipe by a micrometeomid occurs the overall ability of the panel will be largely

unaffected. Proper orientation of the panels will be necessary to minimize the radiator area and to

prevent interference with observations. A horizontal configuration would require a larger area than

a vertical configuration because of one-sided heat rejection. The vertical offers two-sided rejection.

The total area required is approximately 80 square meters.

VII.2.3 Safety

The system will be non-operational at launch. The accident risk is equal to that accepted in

other flight missions. The lithium coolant will be in a solid state. Start-up of the reactor would not

take place until it has been deployed on the lunar surface and the lithium has thawed. The entire

start-up process will be completed in a twenty-four hour period. The probability of a core melt is

less than 10 -3. Radiation protection for the astronauts will be the same degree as for workers in

terrestrial nuclear power plants. The dose limit will be kept under fifteen milliRems per day.

VII.2.4 Shielding

Maximum use of in-situ materials will be made. The distance between the array and the

source will be such to minimize the mass required for the shielding and to remove as much

background noise as possible. Figure 71 illustrates three options for the shielding of the reactor.

The first option is recommended since it requires the least anaount of materials to be transported

from earth. The size of the excavated cylinder is approximately 2 m in diameter and 5 m deep.

The cylinder wall needs to be lined to prevent the activation of the soil.
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VII.2.5 PowerConversion

Thenextareaof studyis the conversion of the heat into electricity. The power conversion

subsystem to be implemented will be a thermoelectric one. Thermoelectrics is the production of a

voltage utilizing the temperature difference between the two junctions of dissimilar materials; this is

the Seebeck effect. This conversion method is not the most efficient because of the materials used

but the minimization of dynamic machinery is basic to provide a low maintenance schedule.

"Good" materials exhibit a high Seebeck coefficient (a), low electric resistance (p), and high

thermal resistance (R). The thermoelectric system is designed for a lifetime of five years.

VII.3 Solar Power

The other most viable option for a power generation system is solar power. Three solar

cell materials were examined; silicon, gallium arsenide, and indium phosphide. The end of life

(EOL) performance of each cell material must be determined in order to accurately compare the

three materials and select the lightest most compact array. Table 16 shows the results of this

comparison. Table 17 contains properties of the three solar cells. The main criteria affecting the

EOL performance of a solar cell material was its ability to cope with the lunar environment. The

lunar environment features radiation, high thermal gradients, and dust. In addition to

environmental effects, a 3% loss attributed to manufacturing error was included.

VII.3.1 Environmental Effects

Radiation effects were determined using a 3 x 1015 e/cm 2 (1 MeV) irradiation level. In

addition a 4% decrease in efficiency was used to simulate ultraviolet radiation damage.[ 135]

Temperature and thermal cycling also affect a solar cells performance. During the lunar day

the surface of the moon reaches a temperature of about 90* C. This value was used as the

operating temperature of the array. The temperature of the array could be reduced by use of a

reflective backing to decrease absorption of unused wavelengths of light. The effects of thermal

cycling were represented by a 2% decrease in performance for Si cells, a 5% decrease for InP

cells, and a 4% decrease for GaAs cells.[ 135]

The effects of lunar dust can not easily be calculated. There is little data on its effects on

solar cells. It is known that the lunar dust is made up of charged particles. It will therefore adhere

to the charged surface of the solar array, decreasing the amount of incident sunlight and thereby

decreasing the output of the array. It has been proposed that a thin conductive film could be placed

over the solar array and grounded to eliminate electrostatic charge and reduce adhesion of dust

particle.[ 128]
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VII.3.2PhotovoltaicArray

The photovoltaicarraywillconsistof a flexiblearrayof solarcellsmounted on a stationary

triangularsupportstructure.A stationarysystem was chosen over a sun-trackingsystem fortwo

masons: 1)stationarysystems utilizeno moving parts,and 2) stationarysystems require

considerablylesstime and efforttoassemble duc tolackof moving parts.The supportstructure

chosen, a NASA patented[137]triangularconfiguration,mitigatesthenccd forextended

constructiontime sinceitistransportedina foldedstateand autonomously erectedby way of

integratedcontainersof compressed air.The average angleof inclinationselectedforthetentarray

is45 °.This provides the maximum possibleincidentlighttofallon thearrayover the courseof a

lunar day.

Three materialswcrc examined forthe array:InP,GaAs, and Si. A galliumarscnidcsolar

arraywas selected.Indium phosphide cellsdisplayedthebestEOL performance duc totheirhigh

radiationresistance.However, though InP cellsarccurrentlybeing used topower atleastone

orbitingsatellite,the amount of realworld performance dataisnot ascomplete aseithertheGaAs

cclisor the Si cells.Another drawback of InP cellsistheirhigh cost,estimatedat$440 per cell,

compared to GaAs at$155 per cell,and Siat$12 per cell.[135]

Siliconcells,though the leastexpensive by a considerablemargin, have a much lower

performance levelthan thegalliumarscnidccells.Currentreportsclaim thattheoldermore

developed siliconcellshave almost reachedtheirperformance plateau,15.8% efficiency,whilc the

newer lessdcvclopexigalliumarscnidccells,with a theoreticalpredictedefficiencyof23%, still

have room forimprovcmcnt.[ 138]The highercostof the galliumarscnidscellsshouldalso

decrease asproduction processesarcfurtherrefined.

Other areasof solarcellresearchstudiedincludemultijunctionsolarcellsand thinfilmsolar

cells.Both of thesetr,chnologicsarenew and unproven ina space environment,however both

have potentialto bc low mass energy productionarrays.Efficicncicsabove 30% have bccn

achieved by multijunctioncells,however, multijunctioncellsarcmore susceptibletoradiation

damage. Thin filmsolarcellshave theattributeof very low specificmass. They have lower

cfficicncics,on theorderof 5-I0%, thannormal solarcellsbut they am much thinner,on the order

of micrometers. The resultisa largerbut extremely lightweight array.

VII.3.3Energy Storagc

Energy storageforoperationof thetelescopesduringthe354 hour lunarnightwillbc

accomplished by gaseous I-I/Oreactantfuclceils.Regenerativefuclcellswere chosen over

batteriesduc tothe mass pcnahy associatedwith a batterysystem. Ni/H2 batterieshave predicted
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near future specific energies in the range of 50-60 Whrs/kg while Na/S batteries have predicted

near future specific energies of 153 Whrs/kg. Current H/O RFCs provide specific energies on par

with Ni/H2 systems, however there is tremendous potential for increased energy production.

Predicted specific energies for the year 2000 for gaseous RFC systems are around 500

Whrs/kg[142]. Current overall round trip efficiencies of these systems are about 66%[ 148].

Solar power units are readily adaptable to increases in power required due to their modular

deployment. Assuming a total power requirement of 10 kW for the telescope array, plots were

created (Figures 72 and 73) to show the relative growth in array area and array mass from 5 kW to

30 kW.

VII.4 System Comparison

A comparison of the most suitable solar and nuclear options, the GaAs array with gaseous

regenerative fuel cells and the scaled down SP-100 reactor, is illustrated in the table below. This

comparison reveals the SP-100 as being the most viable power source for the array.

Power Source Comparison

C_t_a SP-IO0
Weight 1 2
Reliability 1 2
Potential Danger 2 1
Vulnerability I 2
Lifetime I 2
Maintenance I 2

Operation Initiation 1 2
Cost | 2

Total 9 15

* Lowest total indicates best alternative.

VII.5 Power Profile

Figure 74 represents the power profile during one lunar cycle with the maximum. The

minimum requirement occurs during the lunar day while the maximum falls on the time period

corresponding to the initial positioning of the telescopes.

VII.6 Distribution

The distribution network consists of the eighteen telescope units being interconnected with

four power lines moving outward from a distribution point within the circular array (Figure 75).

The circle will be cut into four arcs. Each arc will not contain more than five telescopes. In this

configuration with a dual line setup all of the telescopes will be interconnected such that if the lines
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alongtheperimeterbetweentwo units are lost then the two telescopes will not become inoperative.

The location of the distribution point will be off center in the direction of the source about 1 km

away from the instrument room to prevent interference from the high voltage (Figure 75). The

source will be located in the area of the lowest unit population, outside of the perimeter, in this case

the lower right quadrant about 5 km from the distribution point.

The primary transmission line runs from the source to the power distribution unit (Figure

75). The power distribution unit is designed to distribute the incoming voltage to the five

subsystem distribution points where the voltage will be lowered to the proper level. There axe six

AC-DC or DC-AC converters along the primary line; one in proximity of the source, another one in

the proximity of the instrument room and the other four along the perimeter of the array at the

intersection of the primary and secondary lines. These converters are necessitated by the

transmission voltage in the line, 2 kV. The 2 kV voltage necessitates a line current of 5.0 Amps in

the primary. This high voltage is to reduce the line losses to acceptable levels. Also, the high

voltage decreases the cable mass by lowering the requisite wire diameter. A block diagram of the

proposed system is shown in Figure 76.

The conductor in the transmission lines will be aluminum. Aluminum was chosen due to

its low mass, low resistivity, and low cost. A line operating temperature of 300K is sufficient to

minimize the power loss incurred by the material and diameter of the conductor. A minimal

amount of insulation will be needed for the lines, and will be cross-linked polyethylene (x.l.p.).

The two line setup is necessary to _ the line heating due to one another. It increases the

mass but greatly lowers the opportunity for overheating. The lines will be deployed at a depth of

about 10 centimeters where the temperature gradient is relatively small. An underground setup is

necessary to keep the mass of the insulation to a minimum, to remove thermal strains caused by the

greatly varying surface temperature and to offer protection from meteoric and radiation stresses.

The diameter of the cable, including insulation will be 3.0 ram. For the conductor, this translates

into about 0.034 kg needed per meter. The secondary lines will need to be of a slightly larger size

to handle the increased current.

The power system mass is estimated to be 1,050 kg excluding the mass of the cabling. The

mass of the cable will be approximately 2,650 kg. The cable mass is such a large percentage

(70%) of the system mass due to the required length of approximately 66 kin. A breakdown of the

masses of the components in shown in Table 18.
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Instnlments:

Subsystems:

Mechanisms:

TABLE 15 . ARRAY POWER REQUIREMENTS

(Watts)

Wide Field/Planetary Camera
Faint Object Camera
High Resolution Spectrograph

Faint Object Spectrograph

150 (2 @ I0%) 30

150 (2 @ I0%) 30

200 (1 @ 10%) 20
(1 @ 100%) 200

200 (I @ 10%) 20
(1 @ 100%) 200

Subtotal: 500

Central Computers
Communications

Pointing Control: Pitch
Yaw

Thermal Control

50 (18)
lO0 (18)

Subtotal:

1500

400
900
1800

4OO
5OOO

Shutters

Metrology
Doors

Additional Motors

5 (18)
50 (22)
2.5 (36)

Sub¢o_:

Contingency 25%:
Total:

90
1100

900

500
259O

2023
10113

TABLE 16. SIZE AND MASS

EOL Power (W)
EOL Power at 9o° C (W)
BOL Power after radiation &

thermal effects (W)
BOL after 3% assembly losses (W)
Cells required with 66% elf. H/O

storage
Array area (m 2, packing factor 0.9)

Array mass (kg) with flexible support
structure (1 kg/m 2)

Array area for tent con_fig. (m 2)
Array mass for tent config. (kg)
Total cost ($MIL)

ESTIMATES

ARRAY

Si
10000

12847

23440.2

24143.4
208004

193.8

288.6

255.6
481.0

3.7

FOR

10000

11334

13873.6

14289.8
105310

93.6
236.5

132.4

334.4

65.6

INITIAL PHASE

Ga_
10000
11053

16904.6

17411.2

121912

108.4

281.8

153.2

398.6

26.8

SOLAR
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TABLE 17. PROPERTIES OF 2cm x 4cm Si,

CELLS
GaAs,

Predicted efficiency 15 20 19
Bandgap (eV) 1.13 1.43 1.35
dP/PdT (%/°C) -0.438 -0.162 -0.206
Decrease in efficiency due to 0.57 0.68 0.85

radiation, 3 x 1015 e/cm 2
(eff./initial eft.)

Cell mass (gin) with metallization & 0.438 1.423 1.357
coating of 0.06 gm/ceU)

Cell cost (S/cell) 12 155 440

AND InP SOLAR

TABLE

SP-100 SRPS with TE Conversion
Converters
Main Power Distribution
Subsystem Distribution
Cable

18. POWER SYSTEM MASS

10@ 200

5@ 10

Tot_(k2)
3200
2000
25
50
1O55O
15825
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FIG. 70. Mass vs. Power
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FIG. 75. Power Distribution Network
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VIII. Structures & Thermal Control

VIII. 1 Structures

The individual telescope elements will consist of a cylindrical tube that houses the primary

and secondary mirrors. The tube is supported by a fork-type mount, providing two degrees of

freedom to the system. This fork is supported by a truss base. The tube structure must protect the

optics from the hostile environment while maintaining a high level of stiffness. The telescope tube

will rotate about its vertical axis by means of a thrust bearing and a set of motor/actuators (fast and

slow rotation) mounted to the underside of the fork. Elevating motion will be provided by side

mounts using a similar system in the vertical plane. This system will allow for rotation of 360 ° in

the horizontal plane and 160 ° in elevation (through the zenith). In order to achieve smooth,

continuous motion during periods of observation, anti-friction bearings will be used. The entire

telescope can be viewed in Figure 77.

VIII. 1.1 Telescope Mount

A hydraulic hexapod mount and an altitude-azimuth mount were the primary alternatives

studied (types of mounts are shown in Figure 78). Since movement is required about two axes,

the best choice for smooth movement is a fork mount with the center of gravity located as close as

possible to the rotational axis. The hexapod design was ruled out due to the complicated

movements required for the system, the relatively large power requirement for the hydraulic-type

lifts, and the questionable reliability of hydraulic systems exposed to the lunar environment. The

alt-az fork mount utilizes existing technology with proven reliability and minimal maintenance as

well as provide a rigid structtLre which can be passively balanced. An alt-az mount has been

selected for LOITA.

VIII. 1.2 Materials

A graphite epoxy composite was chosen as the primary structttral material for LOITA.

Table 19 contains the critical material properties. Material selection was based on the following

requirements:

- High stiffness to minimize deformations.

- Low density in order to minimize weight and decrease transportation
costs.

- High strength and modulus of elasticity.
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- Very low coefficient of thermal expansion (CTE) to minimize the effects of
extreme thermal cycling.

- The ability for the parts to be combined easily without critical surface
treatments or bonds. The connections can be molded specifically to
interface with other pans during construction.

- The material is very easy to form, allowing contoured shapes which can be
specially tailored to the project.

- Very low outgassing properties with maximum losses of 1% gross mass.

The precision alignment of the optical components demands that the structural members

supporting the primary and secondary mirrors must not deflect more than 3 nm. The low CTE and

high stiffness of the structural material are important in this regard.

Another important factor considered included the strength of the fibers and their volume

fraction in the material. A high volume of fibers decreases the possibility of failure. The selected

volume of 63% is well within boundaries of safety. The individual fibers will be approximately 10

microns, giving strengths listed in Table 19.

Fiber materials such as Boron were not chosen due to their higher cost and higher

coefficients of thermal expansion. A high CTE could cause problems during long periods of heavy

thermal cycling. In addition, the tensile strength of many materials decreases when the temperature

is increased substantially.

Tensile strength and modulus of elasticity are the highest for graphite composites vs. other

composites. Disadvantages of graphite epoxy include poor resistance to high humidity (there is

none on the moon) and poor impact resistance. These are not serious problems for our application.

Table 20 shows some of these comparisons.

VIII. 1.2.1 Structural Considerations

In order to compute estimates of the necessary dimensions of the structural elements, the

values of compression, shear, buckling, deflection, and deformation were considered. The

following sections explain the analysis undertaken. The numerical results of these analysis appear

in Table 21.

VIII. 1.2.2 Stress Considerations

The required cross-sectional area of each member was calculated for compressive failure,

shear failure, and buckling based on the following assumptions: the weight of the telescope was
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placed on a single robe 2 m length and, the diameter of the truss members used in the base was

estimated by dividing the load over 6 robes and performing a simple truss analysis. Extremely

small areas were required to eliminate the problems of compressive failure and shearing of the truss

members.

VIII. 1.2.3 Buckling Considerations

Further calculations were performed to determine the necessary cross-sectional area to

support the telescope with its weight evenly diswibuted across the six 2 m long tubes without

buckling. It was determined that the tubing should have an inner radius of 2.75 cm and an outer

radius of 3.0 cm. These figures take into account the minimum area needed, as well as a margin of

safety to maintain structural stability. The calculations for buckling assumed: the system mass of

500 kg, tube members 2 m long, and material properties from Table 19.

VIII. 1.2.4 Deformations and Deflections of the Base

Deformations of the base truss were assumed to be small and evenly distributed since the

load of the telescope sits symmetrically over the base and is directed very nearly through the center

of the structure's frame. Due to this, any deformations would be carded equally over the

structure's base. It was assumed that since the weight was evenly distributed, the base would

deform a constant amount at all points.

VIII. 1.2.5 Radiation Protection

The constant influx of radiation due to cosmic rays, solar flares and the solar wind has a

degradative effect on the material properties of the telescope structure. Of primary concern is the

telescope mirrors. It has been calculated that the mirrors can withstand a dose of approximately

106 rads before damage occurs.[ 117]

The radiation dose behind 2 cm of aluminum shielding over a period of 2 years in deep

space has been found to be 5022 rads.[ 117] Extrapolation results in a 50220 rad dose over a 20

year period. This is well below the critical 106 limit so 2 cm of aluminum shielding around the

optics should be sufficient.

VIII. 1.3 Base

The base structure, seen in Figure 79, will utilize a hexagonal truss structmre to support the

telescope at a height of 3 meters. This height is necessary because the light beam exiting the

telescope at the top of the base can travel unimpeded to the instrument room (0.980 meters above
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the lunar surface). Calculations performed to account for curvature of the lunar surface were based

on the following assumptions: the lunar surface is unobstructed (smooth) and the telescope would

be constructed locally vertical. Table 22 shows that the 3 m height provides adequate clearance

from the ground to the bottom of the exiting light beam.

The number of legs chosen was based on the thickness and diameter of the tubing. These

parameters were crucial in regard to buckling constraints. Results of these studies are shown in

Table 21. Twelve robes were chosen because there was no significant gain in using a larger

number of tubes. The tubes will connect together at the upper and lower points of the hexagons

with prefabricated joints. These joints will be fabricated on Earth so that they can be easily

snapped together during construction. The lowest tier, which connects to the ground through the

footings has a distance of 3.0 m between opposing comers of the hexagon. The dimension of the

second tier is 2.0 m and the top tier is 1.0 m. The inner and outer radii of the tubes have

dimensions of 2.0 cm and 3.0 cm, respectively. This was chosen after a finite element analysis

was done using the program EAL.[ 96] Due to the nature of the program, a two tier truss could not

be analyzed because no connections exist between the top and bottom tiers. This adds an extra

degree of f_eedom which could not be corrected in the numerical analysis. Therefore, the scenario

used for the computations was that of a one tier truss of 12 members between tiers and 24 total

members. The truss was 3 meters high with the six joints on the lunar surface fixed. This

assumes the footings to be fully embedded with no movement allowed. Choosing 3 cm as the

reference outer radius for the tubing, a series of cross sectional areas was analyzed to determine

stress levels and displacements of joints in the x, y, and z directions under a static load due to a

1200 kg mass in lunar gravity. The study showed that a substantial decrease in displacement

occurred as the area moved from approximately 0.00025 to 0.001 m 2. From here on, the curve

leveled out considerably. This can be seen in Figure 80a. The cross sectional area of 0.0015 m 2

was chosen. This corresponds to an inner radius of 2 cm. It can be seen from Figure 80b that the

stresses reduced considerably at this cross sectional area. The data for this robe size (obtained

from EAL) can be found in Table 23. The results for the one tier analysis can be extrapolated to

the two tier truss. This is done by adding more members to the truss.

In order to guarantee stability, a system of footings will be placed on the base of the

structure (one at each joint) to distribute the weight equally to the lunar regolith. The system used

will not require the use of bedrock. In addition, little experience has been acquired in driving

footings into the lunar surface.

Settlement of the telescope into the soil is of major concern. Resistance to lateral movement

also is important, since vehicles and construction efforts could cause ground motion. The three
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major types of footings (Figure 81) are rectangular, spudcan, and hemispherical. From tests

conducted for NASA to be used in conjunction with a design for a lunar telescope, loads on lunar

soil and displacements were studied for a three inch wide footing of the kinds outlined above under

loads up to 400 lbs. It was cortffLrmed that the spudcan footing is self installing and performs just

as well as the conventional rectangular one. The hemispherical footing was shown to displace

more dirt but was seen to be unstable. After a sufficient amount of time, the spudcan footing will

show the same stiffness and stability as the rectangular footing. It is known that increased

penetration results in stability. The spudcan gives more penetration over time than the rectangular

type. Once fully embedded into the soil, the soil's mechanical properties have more effect on

future behavior than the type of footing. It has been shown that the spudcan footing can easily be

supported by the stiffer layers of regolith found just inches below the surface. The installation of

these footings will require only slight entrenching and vibratory compaction to settle the regolith.

This will be done during the construction phase. The footings can be drilled directly into the

surface to a depth such that the joint connection at the surface is just above ground level. The truss

structure can then be built directly atop the footings. Dirt can then be pushed around any open

areas to allow the base to settle fLrmly into the regolith. Furthermore, they allow for adjustment in

orientation to achieve a completely level platform. This is done through the use of embedded

actuators.

VIII. 1.4 Fork Mount

The fork mount was designed with two primary goals: to provide adequate support for the

tube structure and to create a suitable enclosed path for the light beam to exit the telescope tube.

The fork was designed so that light exiting the tube would strike elliptical mirrors placed along the

rotational axes. These mirrors are mounted with ceramic actuators for minute adjustments. For

rigidity, the fork mount will be formed as a one piece graphite epoxy structure. The thickness

required for the walls of the mount was seen to be 5 cm. The inner region is hollow with a width

of 72 cm. The mounting fork will enclose all of the mirrors required for the exit path, as well as

the motors required for movement of the telescope. When not in use, this system can be sealed off

in order to shield the optics from dust and excess radiation. The motor will sit directly against the

bearing on the side opposite the light exit path. This can be seen in the schematic shown in Figure

82.
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VIII. 1.5 Cylinder Structure

The original truss-ring design of the telescope tube was based on the structure used in the

Hubble Space Telescope. This design proved to be inadequate with regards to rigid positioning

and deflections of the optical elements with respect to one another.

The tube structure will be comprised of a structural graphite epoxy mirror mount, graphite

epoxy tubing from the primary to secondary and primary to stationary exit mirrors. An aluminum

shell and door will protect the optics from dust and radiation, as well as shield the aperture from

stray light.

The structural graphite epoxy mirror mount will house the primary mirror and provide

support for the truss members holding the secondary and stationary exit mirrors in place. The

stationary mirror will be held in place by 4 truss members 1.9 cm in diameter. The secondary

mirror will also be supported by 4 truss members running from the beyond the outer edge of the

primary to the outer edge of the secondary. The diameter of these tubes will be 3.8 cm. The tube

diameters were computed such that the deflection of the stationary and secondary mirrors was less

than 3 nm when the tube was in a horizontal position. The structural graphite of the cylinder will

extend forward, mating with horizontal mounting struts which fit snugly inside the vertical

bearings. The cylinder itself is also shown in Figure 82. The thickness of this structure was

calculated using the method of finite element analysis. The panel arrangement on EAL is shown in

Figure 83. Data from the program indicates thicknesses of 8.0 cm for the mirror backing, 0.8 cm

for the large cylinder, and 4.5 em for the support arms cylinders will provide the necessary rigid

support. The graphite epoxy shell tested consisted of eight layers with the fiber laminates aligned

at the following angles: 90", 0", 45", -45", -45", 45", 0", and 90*. This arrangement provides high

structural rigidity and eliminates the need for additional rear support of the primary mirror. In

Table 24, some of the results for deflections from the EAL method can be seen. The deflections

for the rear support ranged from a few nanometers to just over 60 nm. This is a reasonable result

due to two factors. First, the two mirrors are connected with rigid truss supports which keep the

mirrors in the correct alignment with one another. Second, the EAL program was analyzing a

series of panels that came to a point on the back of the cylinder. In this area the panels were

irregular in shape and fairly large. This would cause the points to show larger deflections that

might actually occur. So, it is reasonable to think that the 60 nm is an overestimate coming from

the program's limitations. The deflections of the panels on the sides of the cylinder's tubing are on

the order of micrometers. This would be reasonable since the mirrors are held rigidly in place by

the four truss members running from the cylinder to the secondary mirror. Further, EAL showed
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that all stresses were much less than the yield stress. If further support was deemed necessary,

different angles for the layers or a thicker cylinder should be considered.

Around the graphite epoxy support structure, a shell of aluminum 2 cm thick will be used

to protect the optics from radiation and micrometeor impacts. This aluminum sheath will extend

0.5 m past the secondary mirror, serving as both a light shield and surface for mounting of the tube

door. This 2 cm thickness will keep the bending of the tube to less than approximately 6

micrometers. This will be adequate for our design because the optics arc held rigid regardless of

the outer aluminum shell.

Affixed to the end of the cylinder tube will be an aperture door similar to the one on the

Hubble Space Telescope. Fabricated of 1.5 cm thick graphite epoxy, the door will seal off and

protect the mlescope's internal optics from dust and micrometeors during periods of non-use. With

a total mass of approximately 31 kg, the door will be opened and closed by a small electric

actuator. When opened, the door will rotate back and rest on top of the cylinder's casing.

VIII. 1.6 Mechanical Congol and Error

As previously stated, the telescope will have two degrees of freedom. One mode will be in

the horizontal plane where a 360 ° rotation can be traversed. In the vertical plane it will be possible

to traverse 160 °. This offers distinct advantages over systems which can only rotate through 90

degrees of elevation. Such systems have difficulty tracking through the vertical (zenith), a

condition which requires an impossible acceleration. Permitting the telescope to rotate through

160 ° allows for smooth, continuous observation.

The altitude-azimuth design chosen requires servomechanism control of rotation about the

vertical axis (azimuth) and the horizontal axis (altitude). A thrust bearing mounted on the fixed

base will support all of the equipment. The rotating structure, consisting of the entire elevating

mechanics and telescope structure, forms the load. Motion will be imparted to the structure by a

gaining motor offset from the rotational center line of the main thrust bearing. The motor will be

rigidly mounted to the rotating fork along with the bearings since the resilience of this link directly

affects the stiffness of the main drive. The altitude axis will be controlled by a servomotor

mounted on the fork unit. The bearing will have an inner diameter of 43 cm to accommodate the

light beam out of the system. The bearing will be a tapered roller bearing, which allows for motion

in the horizontal. These type of bearings have an excellent load capability in the radial direction

and a good running accuracy. The bearings will be made up of cylindrical rollers which have

successfully been used in high accuracy applications. The outer diameter is specified for this

bearing as 72 cm. The bearings on the side will be mounted roller bearings. Once secured into
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position, they will allow for rotation around the horizontal axis. They will have an outer diameter

of 72 cm and will also utilize cylindrical rollers. All three bearings will have an approximate width

of 30 era. The positioning of the bearings can be seen in Figure 82.

Bearings made of plastic have several advantages over bearings made of metal and

ceramics. Metals require lubrication to reduce friction. Ceramics exhibit the same problem and

require fine finishes (i.e. high cost). Therefore, the best choice is that of a plastic. The relatively

weak intermolecular bonds of plastics generate less friction and wear than metals do. The plastics

also serve best as "dry bearings", especially for low speed applications where freedom is necessary

from stick-slip problems. It has been shown in satellite tracking stations that, when flooded with

oil, a stick-slip action appears which renders the electronics inoperable. The plastic bearings create

a transfer film between contacting surfaces. This, in a sense, performs the function of a lubricant.

The choice for our system is that of a metal bearing with a plastic coating. This enhances the

abilities of the bearing by giving it extra strength while providing increased heat dissipation. This

will also increase the beating's life. The lifetime for our bearings is estimated at 100,800 hours of

operation (25 years).

Selection of the servomechanism is critical to the accuracy of the system, and minimizing

the steady-state error is of prime importance. The errors introduced by a servomechanical system

can be classified as (i) pointing errors, and (ii) tracking errors.

In the interest of reducing these errors, the system chosen will couple a high precision

torque motor and set of bearings. The motors (described in a following section) are mounted

against the bearings and will turn at the necessary velocities via a control box.

A closed loop system (detailed in the pointer control section) is required to account for

errors which exist in this type of system. A computer will specify the system's direction for

pointing, and the motors and gearing will turn the telescope to that position.

VIII. 1.7 Mass Estimates

Mass estimates for structural components are computed in Appendix B.

VIII.2 Motors

Each telescope in LOITA will be required to move independently with accuracies on the

order of 10-6 arcsec over a 12 day period. A crucial element of the pointing and control system

will be the drive system used to control the azimuth and elevation rotations of the telescope. There

will be two sets of motors for each telescope; one for fast and slow azimuth rotation and one for

fast and slow elevation.
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To meet the stringent accuracy requirements of the system the motors selected will be direct

drive DC torquing motors. As the name implies, these motor directly control the movement of the

telescope thus negating the need for a gear system. The disadvantage to this scheme is that a

larger, more powerful motor will be required since there will be no mechanical advantage gained

from a gear system. However, the accuracy to which the telescopes may be positioned is

significantly improved: the limited precision with which gears can be machined will not impact the

accuracy of the motion produced by the motor, and unwanted motions due to gear backlash will be

eliminated.

VIII.2.1 Types of Motors

There are two types of direct drive DC torquing motors, brush-type DC motors and

brushless DC motors. For this application, brushless motors are the best choice. Brushless

motors will save weight since they typically produce more torque per pound than brush-type

motors. Brushless motors are also more conducive to the space environment. The lack of

humidity would not provide sufficient brush filming for a brush-type motor. In addition brushless

motors require less maintenance than brush-type motors.

In order to continuously rotate, a motor must receive an alternating current. A direct

current power supply requires that the alternating current be provided by a mechanical or electrical

process known as commutation. Brushless motors, however, have no means of mechanical

commutation and must be commutated electronically. This is accomplished by an amplifier. A

sinusoidal commutation amplifier would provide the best possible control of position and velocity

at low speeds. Sinusoidal commutation also produces lower ripple torque than the standard six

sequence commutation, roughly 1% as opposed to around 5-6%. This allows for more precise

position and velocity regulation.

VIII.2.2 Operating Modes

The drive system will have 2 operating modes: 1) fast initial positioning of the telescope,

used when first locating the object to be viewed, and 2) slow tracking of the object as it moves

with respect to the observatory during the period of observation. The initial pointing operation has

been allotted to occur within a time span of approximately 15 minutes. During this 15 minutes, the

telescope may have to rotate 180" about it's vertical axis and 80* about it's horizontal axis. The 80 °

angle of elevation rotation is a result of limiting the telescopes to only 80* of motion from a purely

vertical orientation. These time requirements and degrees of motion correspond to an azimuth

rotational velocity of about 0.00349 rad/sec and an elevation rotational velocity of about 0.0015514
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rad/scc. During the 12 day tracking phase, the angular velocities will be on the order of 2.693 x

10 -6 rad/sec for elevation and 3.03 x 10 -6 rad/sec for azimuth. Maximum accelerations required for

the system were based on a one second acceleration from a zero initial angular velocity to the

maximum required angular velocity. This assumption resulted in a maximum azimuth angular

acceleration of 0.00349 rad/sec 2, and a maximum elevation angular acceleration of 0.0015514

rad/sec 2.

The motor will be controlled electronically as shown by the schematic in Figure 84. During

the initial pointing phase the position of the telescopes will have to be controlled very accurately,

but during the tracking phase both the position and velocity of the telescope will need to be

carefully monitored. Two feedback loops will be utilized to accomplish this, one loop will adjust

for position errors while the other will compensate for velocity errors. The command signals will

be fed into an amplifier which then applies the required voltage to the motor. The error detection

devices will find any discrepancies between the actual and the desired position or velocity and send

a correction signal back to the amplifier. The amplifier will then supply a correcting input to the

motor. The cycle will continue until the error detection devices show that the motor is running at

the desired speed or at the desired position. The position feedback loop will utilize a high precision

optical encoder for precise motor angle control. The velocity loop will contain either a tachometer

or a resolver with which it can accurately detem_e the velocity of the motor. For these minute

angles and velocities of rotation the accuracies of current feedback devices will have to be

significantly improved upon.

In order to ensure the best possible accuracy of motion, the motor and telescope should be

a critically damped system. The inertia of the load and the inertia of the motor should be matched.

This could possibly be achieved by the addition of an inertia wheel, affixed directly to the motor.

The motors finally chosen to drive the telescope system will be designed specifically for

this application. Motor parameters have been calculated from the final estimates of the torques

required, available voltage and current, and by setting the maximum power consumption of each

motor to a specified level. Results of calculations for motor parameters are provided in Table 25.

The torques required were multiplied by a factor of 1.5 to account for starting torque and other

uncertainties. The static friction value used for calculations was estimated from currently available

motors.

The maximum power allotted for the azimuth and elevation drives has been set at 100 W

and 50 W, respectively. Since the two motors will be connected in parallel the current, 20 A, must

be divided among the motors. 10 A have been allocated for the azimuth drive while 5 A have been
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allocated for the elevation drive. This leaves a 5 A for the necessary motor control devices. The

voltage supplied to the motors and other equipment has been set at l0 V.

The temperature rise coefficients were determined by the 155 ° C maximum standard

winding temperature for brushless DC motors. Maximum ambient temperatures were taken as

100 ° C during the lunar day and -150 ° C during the lunar night.

Table 26 displays the torque calculations and their results. The center of gravity of the

telescope, used in the moment calculations, was taken to be at the center of the structure. The

moment of inertia was calculated based on a hollow cylinder having a mass equal to the total mass

of the telescope, i.e. composite structure, aluminum shell, primary and secondary mirrors. The

masses used for the calculations are those mentioned previously, 500 kg for the telescope and 1200

kg for the telescope and fork combination. The accelerations used were the maximum accelerations

computed above. Allowable bearing friction was set at 0.05 for static conditions and 0.025 for

kinetic conditions. For the calculations of azimuth bearing friction effects, the formula for a block

on a flat surface was used The value for the friction force was then converted into a moment by

placing it 15 cm from the center of the support disk which will house the bearings. 15 cm is an

approximation for the distance to the center of the bearing ring, allowing for a 24 cm diameter hole

at the center of the bearing through which the light beam coming from the telescope will pass. The

elevation bearing friction effects were simulated by using friction equations for a journal bearing.

It must also be noted that the torque values used in the calculations are the maximum values

which can be expected during operation. During an observation period, the power consumed by

the azimuth-axis drive will probably remain fairly constant. The power consumed by the elevation-

axis drive however, will fluctuate considerably as the telescope moves during it's operation. As

the telescope's angle of inclination increases, the torque and power required will decrease.

Conversely as the elevation angle decreases, torque and power required will necessarily increase.
_r

VIII.3 Instrument Room

The fine delay system, instruments and detectors, computers, and communications

equipment are housed within the instnnt_nt room. The room is located 30 m East of the center of

the array along the East-West axis of the array. The light beams will enter the instrument room

(f'me delay system) 50 m cast of the center of the array.

The instrument room is made up of two levels as shown in Figure 85. The upper level

houses the fine delay system while the lower level houses the beam combiners, pointing and

control equipment, computers, detectors, and other instruments. The communications antenna is

mounted above the upper level of the instrument room.
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The upper level covers over 83.3 m 2 with its floor at ground level. Most of this area is

occupied by the fine delay system which sits 0.5 m off the floor. Access is provided through a set

of doors on the western end of the upper level. The doors are situated on the Western side so that

dust disturbed by maintenance crews entering the instrument room will not accumulate on the

reflectors which are on the eastern side of the room.

The lower level covers 273 m 2 and is 4.5 m below the surface. This depth and the added

soil that will be placed on top of the instnm_nt room will aid in the protection and cooling of all of

the electronic and optical systems located within. As can be seen in Figure 85, the polarizing arms

as well as the beam combiners and instruments are located in an enclosed room. The surrounding

wails serve two purposes. First, they will prevent stray light from bleeding into the beam

combiners, and second, they will serve as an insulation for the instruments (which will be cooled

during observations).

The entire instrument room was designed so that all instruments, computers, and other

components could be easily accessible for routine maintenance. Lunar soil will be placed over the

top of the entire structure (as shown in Figure 86) to shield the electronic equipment from cosmic

rays. The structure itself will be made of aluminum. A power convener will be housed within its

own structure next to the instrument room.

VUI.4 Thermal Control

In order for LOITA to operateefficiently into the infrared spectrum, it has been deemed

necessary to cool the telescopes and instrumentation to 70K. Additionally, any cooling techniques

or apparatus must be highly reliable and of minimum mass. With these requirements in mind, the

thermal analysis consists of:

1) Determination of the equilibrium temperature of the telescope structure for both the lunar day

and night with and without the use of radiation shields to protect the telescopes from both lunar and

solar radiation.

2) Transient temperature analysis of the telescope structure throughout the lunar cycle.

3) A proposed refi-igeration system for cooling the instrumentation systems within the central

housing.
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VIII.4.1 Passive Temperature Equilibrium and Exterior Coatings

To simplify the analysis of the equilibrium temperature reached by the telescope structure, it

was assumed that the telescope could be treated as a greylxxty, the moon and sun as blackbodies,

and that there was negligible internal heat generated within the telescopes' cylindrical casing.

During the lunar day, two sources of radiative heat effect the telescope: the sun and the moon.

The solar heat flux was taken to be constant at 1350 watt/m 2. The moon's albedo is 0.0711341 so

the solar flux actually reaching the moon surface was 1256 watt/m 2. Treating the moon as a

blackbody radiating at 375K during the lunar day results in a lunar heat flux of 1120 watt/m 2.

The changing position of the sun was not taken into account for the equilibrium

calculations. Instead, the sun was taken to be directly overhead at all times throughout the lunar

day. This results in the solar heat flux affecting a larger area of the telescope then really occurs, so

the maximum temperature calculation is slightly higher than expected. During the lunar night the

only source of radiant heat is the lunar surface. The moon was treated as a blackbody radiating at

120K resulting in a heat flux of 12 watt/m2.

The thermal equilibrium calculations displayed in Appendix H show the clef'ruing parameter

for the equilibrium temperature to be the absorbtivity to emissivity ratio for the exterior surface.

For a given ratio the equilibrium temperatures for the lunar day and night can be determined. This

was done for a range of absorbtivity/emissivity ratios with the results plotted in Figure 87. The

plot shows an exterior absorbtivity/emissivity ratio in the range of 0.1 to 0.2 which would result in

temperature fluctuations of no more than 170K.

In determining the appropriate exterior surface coating, not only does the ratio of

absorptivity to emissivity have to be low, but the resistance of the coating to radiative degradation

must be considered. Exposure to ultra-violet radiation can trigger chemical reactions within the

surface coating that tends to change its radiative properties. With time, the absorptivity to

emissivity ratio of some coatings can rise resulting in a change of temperatttre conditions for the

whole structure. Because the telescopes will be exposed to ultra-violet light for extended periods

of time, an exterior coating resistant to radiative degradation is necessary.

Two possible exterior surface coatings were considered: anodized aluminum and

magnesium oxide aluminum oxide paint. Anodized aluminum has a sufficiently low absorptivity to

emissivity ratio of 0.12, but data concerning its resistance to radiative degradation was unavailable.

Magnesium oxide aluminum oxide paint also has a low absorptivity to emissivity of 0.098.

Additionally, this coating has shown some resistance to radiative degradation.[ 133] As a result,

magnesium oxide aluminum oxide paint was chosen as the exterior coating of the telescopes

cylindrical casing.
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Using magnesium oxide aluminum oxide paint results in equilibrium temperatures of

212.5K during the lunar day and 58.7K during the lunar night. Assuming the telescope reaches

thermal equilibrium in a reasonable amount of time, the use of temperature control systems for the

telescope structures may not be necessary.

VM.4.1.1 Radiation Shield Considerations

The large variations in the equilibrium temperatures of the telescopes cause thermal stresses

in the structures. In an attempt to minimize these stresses, the use of radiation shields was

considered. These shields would be made of thin aluminum sheets with the possibility of adding

insulation to further impede the temperaturevariations in the shields and, consequently, in the

telescope structures. The shields would be coated in a similar manner as the telescope structures in

order to reduce their equilibrium temperaunes. Calculations similar to those performed in the

telescope temperature equilibrium section indicate that the equilibrium temperature of both the lunar

and solar shields would be 253.1K during the lunar day. These calculations are conservative as

they do not take into account the radiation protection that each shield would provide for one

another. They also assume that the temperann'e distribution is constant throughout the thickness of

the shield. Insulation would limit this effect. Using these figures, the maximum temperature of the

telescope would be 141K. This is a 70K decrease in temperature when compared to the

calculations without the shield.

The primary problem with the use of radiation shields is the additional weight. For one

telescope, a shield protecting against radiation from the sun would require a surface area of

approximately 7 x 3 m. If a 0.5 cm thickness is used, the mass of that one shield would be 284

kg. The total weight would therefor exceed 10,000 kg. This does not include insulation,

supports, and additional motors to uncover the telescopes during operation time.

When comparing the advantages of using radiation shields against the additional mass

involved, the shields were deemed unnecessary.

VM.4.2 Transient Temperature Analysis

Whether or not the telescopes need to be maintained at a constant temperature through the

use of thermal control systems depends primarily on how fast the telescopes can dissipate heat with

the onset of the lunar night. To determine this, a Crank-Nieholson implicit finite technique was

used to model a simplified transient heat conduction problem.
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In simplifying the transient heat analysis, an attempt was made to approximate

conservatively. As a result, while the analysis does not accurately reflect the problem, the errors

involved tend to be pessimistic.

It was assumed that no heat was conducted through the telescope structure either in the

direction of the cylinder's length or around the cylinder's perimeter. In actuality, unequal amounts

of incident radiation flux would result in cooler parts of the telescope which would dissipate heat

more quickly after conduction around the cylinder's perimeter. Also, since the radiation heat flux

within the interior of the telescope casing is negligible compared to the conductive heat flux, the

cylinder was assumed to be solid. The solid was assumed to be isotropic and the material

properties of aluminum were used. With these two simplifications, the situation reduces to a

transient heat conduction problem in one dimension.

Incident radiation from both the moon and the sun changed with time in this problem. The

moon temperature was taken to vary from 375K to 120K with a 5K/hr linear gradient. The time of

sunset was taken to occur in the middle of the moon temperature variation. Before sunset, the

incident solar flux was constant. As the sun dipped below the horizon, the solar flux was assumed

to vary linearly.

To determine the boundary conditions it was assumed that the thin exterior coating

instantaneously came into thermal equilibrium with the incident radiation. The resulting

temperature was used as the boundary temperature value. Half the cylinder has assumed to be

exposed to both the lunar and solar radiative fluxes while the other half is exposed to only the lunar

flux.

Figure 88 shows the changes of the outside boundary temperatures, the temperature at the

center of the cylinder, and the temperature of the moon. From this it can be seen that the cylinder

center reaches the same temperature as the outer surface roughly eight hours after the variation in

the lunar temperature ends, or approximately 32 hours after sunset. This time lag has been deemed

a reasonable waiting period for the start-up of telescope operations and the use of active

temperature control for the telescope structures should not be necessary according to these results.

VIII.4.3 Refrigeration of Instrumentation

The housing in which the instrumentation is to be stored is at an ambient temperature of

250K below the lunar surface.[ 130] Therefore, it is necessary to use a refrigeration system to cool

the instrumentation to the desired value of 70K.

In cooling the instruments, three design constraints were kept in mind. Two constraints

were the high reliability and minimal mass mentioned in the beginning of the section. To
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accomplish this, the system needed to be simple with few moving parts. Additionally, the system

nez, d_ to subject the instmn'_nt casing to an extremely low vibration level.

Four instrument encasings need to be cooled. To reduce the required cooling heat loads,

the instrument boxes ne_xl tO be insulated against radiant and conductive heat fluxes. For

insulation, multilayerexi aluminized mylar sheets of 10 micron thickness is proposed. The sheets

arc cdnlded so no spacer material is required between successive layers. Using 3 cm of insulation

with 33 sheets per cm thickness results in an effective thermal conductivity of 4.2 x 10 -5

watts/(mK). Using Fourier's law of conduction, the heat load through the insulation is 3.65 W.

Additionally, heat will leak through the sensor aperture openings which cannot be wrapped in

insulation. Radiation fluxes through these areas results in an additional 0.22 W of heat load for

approximately 4 W of total heat load per instrumentation box. The cooling system is designed to

handle up to six watts of cooling power for each box.

The propose, d cooling system is based upon the Stifling refrigerating cycle. Figure 89

depicts the refrigeration system configuration and its positioning with regard to the instrumentation

casing. Four identical systems am reqtdred, one for each set of instruments. The system works

by coupling cold hydrogen gas to a copper plate within the insmunent box through stainless steel

heat pipes utilizing nitrogen. The copper plate is maintained at a temperature of 70K. All

instruments within the casing am thermally coupled to the copper plate. As a thermal sink, another

stainless steel heat pipe using Freon-12 and operating at 295K is coupled to 300K hydrogen gas.

This pipe radiams heat into the 250K thermal radiation field of the instrun_nt room.

To minimi_ the vibration levels of the instrument box induced by the refrigeration system,

the Stifling refrigerator is not connected to the instrument casing directly. Instead, the refrigerator

acts to maintain a 0.2 x 0.2 x lm pressurized hydrogen tank at 60K. Heat pipes arc run from the

refrigerator to the hydrogen vessel box and from the hydrogen vessel to the instrument casing.

Within the hydrogen vessel, natural convection forces act to transfer heat to and from the heat

pipes. Vibrations from the refrigerator am reduced by using elastic seals around the heat pipe entry

locations.

Appendices H - N show the heat transfer calculations used to determine the required

dimensions of the refrigeration sysmm.

The Stifling refrigeration system works through alternately compressing and expanding

hydrogen gas using reciprocating piston machinery. A cross-section of the Stifling engine is

shown in figure 90. A reciprocating compressor compresses gaseous hydrogen at 300K from a

pressure of 1 atm to 1.88 atm. The hydrogen is then pumped through aluminum tubing at 10 m/s.

Six watts of heat is transferred by forced convection from the hydrogen to the Fmon-12 heat pipe
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and radiated out into the colder 250K housing environment. The hydrogen then passes through a

dense bronze metal matrix mesh that is the regenerator of the system. The regenerator acts as a

thermodynamic sponge, alternately accepting or rejecting heat from the hydrogen gas as required.

For perfect or near perfect regeneration, the regenerator must have a heat capacity much greater

than the total heat capacity of the gas passing through it. Based on calculations of the total

hydrogen gas mass and the total bronze mesh mass, this requirement was fulfilled (see Appendix

N). As a result, perfect regeneration was assumed. The mesh consists of 100 micron diameter

bronze strands. The strands are packed together 250 x 250 per cm.

As the hot hydrogen passes through the regenerator, the bronze absorbs heat from the

hydrogen, cooling the gas to 55K. The cool gas then flows into aluminum tubing which is coupled

to the instrument casing, providing six watts of cooling. As heat is transferred to the working

fluid, the fluid temperature is maintained at a constant 55K because of decreased fluid pressure due

to expansion. After the fluid passes through the regenerator its pressure is 0.443 atm; after

expansion, the pressure is reduced to 0.230 atm.

After the expansion process and refrigeration is complete, the hydrogen flow reverses

direction, passing back through the regenerator where it absorbs heat to come to 300K, and goes to

the compression tank. At this point the cycle is complete.

The total mass of the system is estimated to be 30 kg.

VIII.4.4 Radiation Shielding

To insure the effective operation of the interferometry instrumentation, it is necessary to

shield them from physical damage due to and noise produced by cosmic rays and solar flares.

Since the instruments are to housed at least partly beneath the lunar surface, it is proposed to use

excavated lunar regolith as shielding material. Calculations have been made suggesting that 5m of

compressed lunar regolith of a density of 2 to 3 g/cm 3 would reduce the radiation flux to levels

tolerable for telescope instrumentation.[ 18]



119

TABLE 19. PROPERTIES

Axial Stiffness
Transverse Stiffness
Shear Stiffness

Modulus ofElasticity
Poisson'sRatio

Axial Tensile S1Jength
Axial Compressive Strength
Transverse Tensile Strength
Transverse Compressive Strength
In-Plane Shear Strength
Curod Density
Cured Fiber Volume

Ahmmum
Ultimate Tensile Strength
Yield Strength in Tension
Yield Strength in Shear
Modulus of Elasticity
Coefficient of Thermal Expansion

OF GRAPHITE

181 GPa
10.3 GPa
7.17 GPa
165 GPa
0.28
1500 MPa
1500 MPa
40 MPa
246 MPa
68 MPa
1.6 g/cm 3
63%

400 MPa
250 MPa
145 MPa
200 GPa
11.7 x 10_/°C

EPOXY & ALUMINUM

TABLE 20. RELATIVE PROPERTIES OF
FILAMENTS

(taken from reference 100)

pro_tv _ Boron
Mechanical

Specific Strength high high moderate
Specific Modulus low high very high
Uniformity of Properties excellent excellent moderate
Impact Resistance excellent fair poor
Elongation to failure high low low
Compression load-

carrying ability low very high moderate
Erosion resistance moderate high low
Notched fatigue life low moderate mod_ate
Creep behavior high very low very low
Stress rupture strength low high moderate
Shear bond to matrix good excellent fair-good

Thermal/physical
Density high high moderate
CIE high moderate very low
Thermal conductivity low moderate high
Thermal stability high high high
Damping ability good fair fair
Dielectric properties good poor poor

Chemical

Oxidation resistance excellent excellent poor
Resistance to solvents high high high
Resistance to high
humidity fair fair poor

HIGH PERFORMANCE

Graphite

high
high
moderate

poor
moderate

high
low
moderate
low
moderate
good

moderate
very low
high
moderate
fair-good
poor

poor
high

very high
modm-ate
excellent
excellent
moderate

low
high
high
moderate

high
fair-good

low
very low
low
limited
excellent
excellent

not established
high

poor excellent
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TABLE

OVERCOME

21. NECESSARY HEIGHT OF TELESCOPE SUPPORT TO

CURVATURE OF THE MOON & TO COMPENSATE FOR THE

ENTRANCE HEIGHT TO THE INSTRUMENT ROOM

Telescope Position (kin)
from tearer of array (x, y)

2.45, 0
1.56, 1.92
-1.11, 2.27
-2.47, -0.65
0.81, -2.35
1.87, 1.61
-2.56, 0
1.38, -2.05
-0.48, 2.46
-0.05, -2.50
-0.27, 2.49
1.01, -2.27
-2.22, 1.25
2.30, 0.86
-0.27, -2.49
-1.82, -1.77
0.38, 2.46
2.41, 0.43

Height of Structure (m)
2.707
2.733
2.809
2.848
2.754
2.724
2.851
2.738
2.791
2.779
2.785
2.748
2.841
2.711
2.785
2.830
2.766
2.708

TABLE 22

Compression
Axial Strength = 1500 MPa
Load:

kg N Needed cross-sectionalarea(m2J
500 816 5.44 x 10 -7
750 1225 8.17 x 10-7
1000 1633.3 1.09 x 10- 6

Assuming telescope mass = 500 kg, and astronaut mass of 180 kg x 2 = 360 kg, then total mass is 860 kg.

860 1404.7 9.36 x 10- 7

If using 6 tubes, an area of 1.56 x 10 -7 m 2 is needed. Then 1% --0.03 m and R i= 0.0299998 m.
If using 8 tubes, an area of 1.17055 x 10 -7 m2 is needed. Then R,= 0.03 m and Ri = 0.2999 m.

Shear
Supports holding cylinder
Assuming 816 N down, the cross-sectional area needed is 6 x 10 -6 m 2. Thus R o = 0.03 m and Ri = 0.0299681 m.

Buckling
Assuming a truss tube to be 3 m long with the structure held by 6 tubes: Pc, = n_EI/L_ 2

0.03 0.0300
0.04 0.0400
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TABLE 23

Note: All joints 1-6 on surface were considered fixed and carried no displacement or stress. Analysis was done for a
single tier truss of 3 m height. Outer radius for the tubes was chosen to be 3.0 cm. The load applied was that of a
1200 kg mass. Results shown here are for a 2.0 cm inner radius.

Static Displacemeptg
Joint X Y Z
7 0.142372 0.082085 0.019766
8 0.002985 -0.159236 -0.018766
9 -0.132347 0.078290 0.018152
I0 O.141458 0.081556 -0.019643
II -0.001082 -0.163538 0.019667
12 -0.141980 0.082085 -0.019729

Member Highest Felt (105 ) Member Highest Felt (105)
7 -1.290360 17 -8.698470
8 0.881711 18 -8.884500
9 -1.317690 19 6.776650
10 0.789611 20 6.383920
11 - 1.290280 21 -8.49788
12 0.788826 22 -8.368740
13 -8.367770 23 6.253310
14 -8.367220 24 6.254810
15 6.253840
16 6.589360

TABLE 24. RESULTS OF CYLINDER FINITE ELEMENT ANALYSIS

Results shown here are for various panels across the cylinder. The results show a sample of the deflections for the
panels on the cylinder.

Main Cylinder Deflections (l(Y-e m) Rear of Cylinder (IIT-_ m)
-0.01444154 0.0948077
-0.04087860 0.144530
-0.1158740 0.189048
-0.1238980 -8507.13
O. 1264690 -6296.40
O. 1397350 -6804.56
-0.14931 O0 -5672.57
-O.166609O

TABLE 25. REQUIRED MOTOR CONSTANTS

Peak Torque Rating 51.7 Nm 28.1 Nm
Peak Power I00 W 50 W
Motor Constant 5.27 Nm/W 4.03 Nm/W
Static Friction 1.0 N 0.5 N
Max. Winding Temperature 1550C 1550C
Temperature Rise per Watt 0.55"C/W 1.10oC/W
Torque Sensitivity 5.27 Nat/amp 5.72 Nm/amp
1)(2 Resistance 1.0 fl 2.0
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TABLE 26. MOTOR CALCULATIONS

Moment of In_tia About Rotation Axis:
I = (1/2) mr2 + (1/12) ml 2 + m((3/10)l) 2
I=2.5 m, rm = 1200 kg, m,= 500 kg, r = 0.9 m
Io = 1785.6 m +
I. = 744.0 m 4

Azimuth-Axis Calculations:
lxk = 0.025, It, = 0.05, a = 0.00349 rad/sec 2, Wm= 1962.0 N
Friction force:
Static, F, = I&Wm = 98.1 N Dynamic, F_ = KkW= = 49.05 N
Conversion to moments, MF, = g, Wmd= 28.25 Nm, where d = 0.288 m, MF_ = 14.13 Nm
Summation of moments:

Mm, = I.a + MF, = 34.48 Nm
lVl,o=, = MFk = 14.13 Nm

Elevation Axis Calculations:

a = 0.00155 rad/sec 2, r = 0.05 m, Wpm = 817.5 N
Friction moment:
Static, MF+ = 8.79 Nm, where d = 0.215 m
Dynamic, MFk = 4.395 Nm
Mmu = 18.73 Nm

I. - estimate for moment of inertia of telescope and fork mount
Ie - estimate for moment of inertia of telescope
m, - mass of the telescope unit and fork mount
me - mass of the telescope unit
W m - weight of telescope unit and fork mount
Wpm " weight of the telescope
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Hexapod Mount
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FIG. 78. Types of Telescope Mounts
(taken from ref. 98)
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SCALE

FIG. 79. Base Truss Structure

(from EAL)
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FIG. 83. Cylinder Panels from EAL
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FIG. 86. Elevation View of Instrument Room
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IX. Launch, Construction, & Cost

IX. 1 Launch Scenario

For the successful implementation of LOITA, three requirements must be met. First, the

manned space station (Space Station Freedom, SSF) must be operational and useful as a transfer

point for lunar transit. Second, a heavy lift vehicle (I-ILV) capable of launching a larger (bulk)

payload must be operational. Third, a new lunar lander and a lunar excursion vehicle (LEV) must

be developed. The design of the launch system is beyond the scope of this project and is not

addressed.

The launch sequence described here does not include the preliminary site survey which

would have to be completed prior to any construction endeavor. Also, the time table for the

described launch sequence has not been considered, however, the launch schedule should be

developed such that LOITA could begin operations in the years 2010 - 2015.

The proposed launch sequence for the construction and initial operation of LOITA (Phase

1) is listed below.

Launch# _ Vehicle
1 Earth Atlas II/Centaur

2 Earth Titan IV/Centaur

3 Earth Shuttle

4 SSF LEV

5 Earth Shuttle

6 SSF LEV

7 Earth HLV

•Communication satellite
toL4

•Nuclear reactor/converters to
lunar surface

•3 complete telescopes to
SSF

• 3 telescopes to lunar
surface

•3 remaining telescopes
for phase 1 to SSF

•Remaining telescopes to
lunar surface

•Power cable & remaining
power system, metrology
towers, coarse delay
system, thermal control,
utility vehicle,
instrument room material,
intermediate delay sys.,
lunar rover to lunar
surface

8 Earth Shuttle

9 SSF LEV

10 SSF LEV

• Instrumentation, control
mirrors, computers, fine
delay system, metrology
lasers, combiners,
pointing & control sys.,
internal thermal
control, ground comm. to
SSF

•All equipment from Launch
9 to lunar surface

•4 astronaut construction
CreW
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As shown in the table, sensitive equipment (including the telescopes) is f'wst transferred to

SSF. Once at SSF, the equipment could be examined for any damage and any necessary repairs

could be made. Astronauts would not be placed on the lunar surface until all equipment was in

place.

IX.2 Construction and Assembly

This section deals with the process of constructing a working array on the moon from

prepackaged components sent from the earth. An operation of this magnitude and complexity must

be manned. The construction scheme will be designed to minimize the necessary man-hours and

equipment, thereby reducing cost. The major equipment will consist of a personnel rover, and a

utility vehicle as seen in Figure 91. Construction will be a seven-phase endeavor,

I - Startup

H - Power Activation

HI - Instrument Room

IV - Telescopes

V - Delay Lines

VI - Metrology Towers

VII - Testing

Phase I - Start up

The final locations of the array components (the telescopes, instrument room, etc.) will be

determined from very high resolution satellite mapping prior to the arrival of any equipment.

Everything needed for construction will be safely landed before the manned lander arrives. This

prevents costly unproductive time should the astronauts have to wait on a replacement ff a shipment

is lost. Construction begins with an Apollo-like descent of a four-manned capsule. The landing

capsule will need to be somewhat roomier than an Apollo capsule since the astronauts will live out

of it for a substantial period of time.

Using the rover for transportation, the astronauts' first task will be to unpack the equipment

and test it. Each lander will be inspected to confirm the safe arrival of its package. At this point

construction is ready to begin.

Phase 11 - Power

The equipment consumes large amounts of power in its operation. The power plant is

therefore the first item to be placed on-line. The equipment will need to be able to go without

power long enough to get this job done.
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The necessary cavity (2 m diameter x 5 m deep) is dug by the utility vehicle and the SP-

100-like reactor is hoisted in. The reactor is installed and activated. After the 24 hour start-up

period, all the equipment can draw power from the reactor.

Next, the utility vehicle is used to lay electrical cable from the reactor into 10 cm deep

trenches. The cable will consist of 25 meter long segments to allow for easy repair. This cable is

packaged on spools. The necessary pair of cables will be laid simultaneously by the utility vehicle.

The power network will be completely laid out to reach each power consumer. At a speed of 1

m/s, the cable laying will take approximately 12 hours plus the time needed to clear the path and

change cable spools. A full 14 hours is allotted for this operation.

Phase IIl - Instrument Room

The construction of the instrument room is the largest single operation in terms of the large

amount of materials and excavation. While a majority of the array is only unpacked and placed at

the proper location, the instrument room is actually constructed much like any building on the

earth.

First, the utility vehicle is used to dig out the (14 x 19.5 x 5.25 m deep) cavity for the two

story room. This is the most demanding task for the utility vehicle, and is therefore the primary

consideration in its design. Hand shoveling will most likely be required of the astronauts to refine

the cavity to its exact dimensions.

Constructing the walls of the building requires 1200 m 2 of paneling. The paneling should

be a sturdy but lightweight material with snap together hinges. Each piece should be small enough

so that one or two astronauts can handle and connect them without special lifting equipment. The

connections should be nearly airtight so as to avoid the entry of dust once the instruments are in

place.

The room will be completely assembled except for the roof. This allows the heavy

instruments to be hoisted inside by the crane. The astronauts will then mount each instrument in its

proper place. Once this is done, the roof is attached. The displaced regolith is then pushed on top

of parts of the room by the utility vehicle to provide added protection from radiation.

Once the room is fully assembled it will still contain large amounts of dust left over from

construction. Much of it may be shoveled away, but this is not sufficient. Several options exist

for removing this last remainder of dust. It might be blown out with pressurized air. Or, it could

be gathered by a brush-type vacuum cleaner. Alternatively, the room could be sprayed with some

type of adhesive that would bind the dust to the walls.

Lastly the room is connected to the waiting power feed from the reactor. All of the

instruments should be checked as thoroughly as possible while there is still time to send

replacements without a delay in total construction time.
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Phase IV - Telescopes

For the fLrSt phase of array operation only six telescope units are to be transported to the

moon. A complete telescope unit will consist of a telescope and its supporting structure. The

telescope itself will be completely assembled on earth to allow for accurate positioning and testing

of the minors. The supporting structure and base will be shipped to the moon unassembled: this

will minimize the amount of space necessary in the launch vehicle for these components.

Once at the emplacement site, the astronauts will have to prepare the area by removing

rocks and filling craters that are too large to be compensated for by the movable feet on the support

structure. The base can then be assembled and positioned. Next the telescope will be hoist_ onto

the structure and locked in place. The final step in constructing the telescope will entail connecting

it to the power supply. Once this is accomplished, the telescope's mobility and drive system may

be tested.

Phase V - Delay Lines

The 21 coarse delay mirrors will be transported to their sites. Each mirror will be

supported by a tripod anchored to the surface. The tripod will be hammered down to a suitable

depth. The mirrors will then be properly adjusted.

The intermediate delay system rests on rails 380 meters in length. The rail system can be

either a single or dual setup. The rails can either be packaged in sections about 25 meters in length

or as a single rail coiled around a spool. The latter option has the advantage of being one entity

with no breaks. This would allow easier placement (less work for the astronauts, less time to align

the sections, and easier transportation). The rails will be need to be placed on a level surface. This

is accomplished by shovels and rakes, the utility vehicle or, if necessary, blasting. The mirrors

will be mounted to sleds and placed on the tracks. The system will then be tested and adjusted.

Phase VI - Metrology

The four metrology towers will arrive on the moon unassembled. The tower will be

constructed and emplaced in a similar manner to that of the telescope structures. The laser and

laser drive system will then be affixed tO the tower. The complete unit can then be connected to the

power supply. Once powered, the laser and drive system may be tested.

Phase VII - Testing

Each section will be tested as it is completed. However, some systems, such as pointing

and control, will only be fully testable once the complete array is assembled. Various functions of

the array will be exhaustively tested from the earth as the astronauts prepare for the return trip.
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IX.3 Cost Analysis

Before any cost analysis could be completed, a Work Breakdown Structure (WBS) was

created. The WBS serves as an outline for the structure of the LOITA program from construction

through operations. The WBS is shown in Figure 92. As shown in the figure, the LOITA

program has been broken into 9 primary areas. These areas include:

1) Site work: surveying, grading, excavation, foundations

2) Instrument room: interior and exterior walls, doors, roofing, stairways, equipment placement

3) Mechanical systems: motors/servos, cooling system

4) Power system: installation and activation

5) Transportation

6) Subsystems: includes all instrumentation, computers, mirrors, optical components,
communications equipment, metrology system

7) Assembly: telescopes, delay lines, alignment of optics

8) Program management: administrative support, technical management, mission planning

9) Engineering services: design, cost estimating, consulting

As with any space-born system, the primary cost incurred is due to transportation.

Typically, the launch/transportation cost is in the san_ range as the system cost. This is true for

LOITA. In this analysis, launch costs are assumed to be $10K/kg. The mass of the system is the

primary driver of the total cost. The mass estimate for LOITA is shown in Table 27. The

estimated launch cost for the 58,820 kg LOITA is approximately $588 million.

A number of assumptions were made in performing this analysis. These include:

• Estimate includes assembly costs on the moon

• Lunar construction/assembly costs are derived from Earth
costs for similar work. Earth labor costs are multiplied
by a factor of 200 for astronaut EVA.

• All weights are dry weights

• Expected additive project costs for installation and
activation are included as well as $5 billion for research and development of new
technology

(30% Contingency, 5% Program Support)

• Transportation costs are weight driven, a 20% contingency
is added to all weights.
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• Items not costed am: Ground Systems Development, Data
Analysis, Launch Vehicle Development, Checkout of
Instruments and Systems Testing

• Annual costs of operation arc not included

The following pages contain the preliminary cost estimate for LO1TA. The estimate is for

construction of Phase 1 (6 elements) and initial start-up of the array. Modifications to the

transportation system as well as development of a new transport system (HIN, lunar lander, and

LEV) have not bccn defined; no costs wcrc estimated for this task.

LOITA Cost Estimate

Transportation $10000/kg Total: $588,200,000

Construction time manpower cost

Site Preparation Grading 15h 1 88,762
Excavation 20h 2 121,290
Trenching/Cable laying 14h 1 80,770

Instrument Room 20h 3 886,930
Telescopes (ea. 2h/$176000) 12h 2 211,200
Delay Lines

Coarse Delay 16h 2 140,800
Intermediate Delay 17h 2 149,600
Fine Delay (incl. with Instrument Room)

Metrology 5 h 2 44,000
Power Source 2h 2 17,600

Vehicles 1 x $800000 800,000
1 x $1600000 1,600,000

Total (Cons_ucdon):

(1 at phase)

Optics:
Primary Mirror 6 x $500000 3,000,000

Secondary Mirror 6 x $100000 600,000
24 cm dia. Reflectors 75 x $1260 94,500
3 cm dia. Reflectors 144 x $95 13,680

I.Delay Retroreflectors 6 x $2000 12,000
F.Delay Retroreflectors 36 x $1080 38,880
Beam Splitters 72 x $350 25,200

Instruments 500.000,000

Metrology lasers 10 x 120000 1,200,000

Pointing Control 130,500

Motors (altitude 2 ca.) 12 x 10000 120,000
(azimuth 1 ca.) 12 x 20000 240,000

Control Computer 1,000,000

4,140,952

Communications

satellite/lunarsurface 200,000,000
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Telescope Structures

Thermal Control

Power:

SP-100 Reactor
Cable

Distribution Units
Converters

6 x 70000 420,000

1,000,000

200,000,000
$1.44/m 89,280

1 x 37500 37,500

9 x 11000 99,000

Total (subsystems): 908,120,540

Total: 1,496,320,540

Research & Development: 5,000,000,000

Program Support (5%): 324,816,027

Total With Program Support: 6,821,136,567

Contingency (30%): 2,046,340,970

Total With Contingency: 8,867,477,537

As can be seen from the chart, the estimated initial cost of LOITA (Phase 1) is $8.9 billion.

As previously stated, lunar construction costs were derived from Earth construction costs of

similar work. The cost of one laborer (heavy construction), is $22/h on Earth. Labor costs on the

moon are therefore $4400/h (due to EVA). Time estimates for work on Ealth are assumed to be

the same for lunar construction. Equipment maintenance costs are included in the site preparation

costs and are also assumed to be equal to Earth costs. As shown on the chart, construction costs

are $4.1 million. This figure is a preliminary estimate; no data exists for lunar construction costs.

This figure does not include life support/habitat for the astronauts.

Maintenance costs are driven by the necessary EVA activity of the astronauts. Routine

maintenance can be accomplished by 2 astronauts visiting once every year. The duration of the

visit should be no longer than the initial construction time of 8 days. Annual maintenance costs

should not exceed $400K (excluding transportation and major repairs) over the expected 20 year

life of LOITA.
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Table 27 : LOITA System Mass

All masses in kilograms

Telescope
Phase 1 Complete System
6 * 1198 7,188 18 * 1198 21,564

Delay Lines: Coarse
Intermediate
(tracks)
Fine

21 * 15 315 315
6 * 20 120 18 * 20 360
18 * 120 2,160 2,160
36 * 0.5 18 18

Other Optics:
Mirrors (diameters given)

(6.4 cm)
(25 cm)
Beam Splitters

108 * 0.01 1.08 1.08
36 * 11.2 403.2 72 * 11.2 806.4
72 * 1 72 72

Me_rology: Lasers
Towers

10 * 3.2 32 22 * 3.2 70.4
4 * 5.6 22.4 22.4

Total: 10,332 25,389

Remaining systemswillbe completed duringPhase I:

Instruments:
Wide Field and Planetary Camera
Faint Object Camera
High Resolution Spectrograph
Faint Object Spectrograph
Array InstnlmenkVDctectors

1"250
1"3_
1" _5
1"2_

Pointing Control

Computers

Power System: Reactor
Convener/Power Dist.
Cable

Communications: surface
satellite

Thermal Control

ConstructionVehicles: Apollo-like Rover
Utility

Instrument Room materials

250
320
225
250
1,500

50

500

750
300
2,650

420
420

750

300
5,000

25,000
subtotal: 38,685

Total Phase 1: 49,017
Contingency (20%) 9.803

Total Phase 1: 58,820

Total Complete System: 64,074
12.815

Total Complete System: 76,889
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X. Conclusions

LOITA is a lunar-based optical interferometer whose primary mission will be the search for

extrasolar planets. The specifications of the complete system are summarized in the table below.

ARRAY SPECIFICATIONS

TELESOPE AND OPTICS

Array Configuration
Number of Telescopes
System Angular Resolution

Telescope Confimuation:
Type
Primary Mirror Diameter
Secondary Mirror Diameter
Exit Beam Diameter

Circular with Unevenly Spaced Elements
18
0.02 milli-arcseconds

Cassegrain
1.75 m
0.24 m
0.23 m

Coarse
Number of Mirrors 21
Mirror Dimensions 24 cm dia.
Beam Path Lengths

Equalized to within 600 m

Intermediate
18

68 x24 cm

lm

Fine

18
3 cm dia.

1500 nm

LASER INTERFEROMETRIC METROLOGY

LaserType
Frequency Stability

Tunable mild-state (Internal & External)
Internal- 10 -t2
External- 10 -9

TELESCOPE MOTION

Pointing Accuracy Sub-microarcsec to 10 -4 arcsec
Azimuth Range 360 °
Elevation Range 160 °
Maximum Angular Velocities -

Azimuth 24°/min
Elevation 5.3°/min

COMMUNICATIONS SYSTEM

LOITA Antenna
Diameter 4.9 m
Area 18.85 m
Efficiency 0.6
Gain CEz) 58.83 dB
Transmitter power 10 W
EIRP 68.83 dB
Operating Frequency 24-30 GHz
Max Data Rate 600 Mbit/s

Relay Freouencv Allocatiol_; Loita
Forward 22.55 GHz
Return 25.25 GHz

Transceiver System Life Expectancy - 10 yrs

Relay Satellite Antenna
4.15 m
13.5 m
0.6
57.38 dB
10W
67.38 dB
2O-34 GHz
600 Mbit/s

Earth
23.55 GHz
27.50 GHz



142

POWER SYSTEM

Type SP- 100 Derivative
Power Output 15 kW
Start-up Time 24 hr
Radiator Area 80 m 2
Fuel Uranium Nitride
Coolant Lithium
Power Grid Cable 66 km

Lifetime 10 yrs

INSTRUMENTATION COOLING SYSTEM

Cycle
Cooling Load
Required Temperature
System Mass

Stifling Refrigeration
6W
70 K

750 kg

SYSTEM MASS

Phase 1
Complete System

58,820 kg
76,889 kg

OBSERVATORY COST

Phase 1 $8.9 billion
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APPENDIX A

Calculations and assistance provided by Dr. Simonetti, Physics Department, Virginia
Polytechnic Institute.

I ! iI Ii

I I I s

To obtain the pabse of the complex visibility:

I = <IE] +E212>

= IAlei¢_ + A2ei¢2 12

= A12 + A22 + A1A2(ei(¢_-_) + e-i(¢l-_))

= A] 2 + A22 + 2AIA2 cos(_l-tlr2)

I phase of complex visibility, but only
amplitude product and cosine of phase, not the
of complex phase itself!. (i.e. we know
visibility IA_I = k_l-021, but not its sign!)

Now, insert a quarter wavelength phase delay in the path length of E2:

I = <IE1 + E2eir'/212>

= IAlei¢l + A2ei(@z+n/2)l 2

= A12 + A22 + A1A2[ei(_r_r42) + e-i(_l-_-r,/2)]

= A12 + A22 + 2A1A2 cos(_l-tlr2-rJ2)

= A12 + A22 + 2A1A2[cos(_l-ff2)cos(r42) + sin(_l-t_'2)sin(_/2)]

= A12 + A22 + 2A1A2 sin(_l-(_2)

So, now that we have both cos(el-tit2) and sin(_l-¢2), we can get the complex visibility

which

: A1A2[cos(¢l-_2) + sin(¢l-t_2)].
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APPENDIX B. MASS MINIMIZATION ESTIMATES

Compute surface area of primary mirror (m2):
Compute thickness of primary mirror (m):

Compute volume of primary mirror (m3):

Compute mass of primary mirror (kg):

Reduce mass estimate (honeycomb structure):

Compute lunar "weight" (N):

A = n (1/4) [1.752- 0.232]

t = (1.75/80)
V= At

m = V(2205)

m = m(0.25)

w = m(9.81/6)

A = 2.36373 t = 0.02188 V ffi 0.05171 m = 28.50331 w -- 46.60291

Compute surface area of secondary mirror (m2): A = _(1/4)(0.242)

Compute thickness of secondary mirror (m): t = 0.01

Compute volume of secondary mirror (m_): V = At

Compute mass of secondary mirror (kg): m = V(2205)

Reduce mass estimate (honeycomb structure): m = m(0.25)

Compute lunar "weight" (N): w = m(9.81/6)

A = 0.04155 t = 0.01 V = 0.00042 m = 0.22903 w = 0.37447

Estimate structural graphite tube volume:

V = n(1/4)[1.852 - 1.752] + 2_(1/4)[0.332 - 0.222](0.25) + n(1.4)(1.852)(0.05)

Compute tube mass (kg): m = V(1600) = 705.44463

Compute mass of secondary support struts and truss structure:

V = 22_0.0192)(2)

m = V(1600) = 79.84169

Estimate mass of aluminum shielding:
V = 7t(1/4)[1.872 - 1.852] + 0.02_(1/4)(1.872)

m = V(2710) = 307.21319
Mass estimate for door: m = 40

Total mass estimate: mt_l = 1161.22

APPENDIX C. UV COVERAGE PROGRAM

******************************************************************************************

REM* Program by Neff Thomas, Jr. Design 1992-1993
REM* Advisor: Prof. A. Jakubowski VPI & SU
REM* This program is designed to allow for the calculation of uv plane visibility for any user specified array
REM* configuration, any topocentric location, and any source location. The program initially reads in the
REM* coordinates of the telescopes from the file "ARRAY#.DAT" where # is a number corresponding to the
REM* particular configuration. All of the possible baseline vectors are calculated and output to the data file
REM* "VECTOR.DAT'. A small plot of the army configuration along with critical observation parameters

REM* is displayed in _ upper right comer. The coordinates of the array and the observed source are next read
REM* in from the file ARRAY.DAT". The intersections of the baseline vectors of the telescopes make with
REM* the celesteal sphere are next calculated. The program then allows the option of a full exposure in which
REM* the source travels 360 ° through the celestial sphere of the option of a specified exposure length. Although
REM* the full exposure can never be experimentally attained, it compiles much faster and gives the user a
REM* comprehensive feel for the coverage. The limited exposure option provides analysis for particular
REM* observations. In addition, the duration can be set so that the "snapshot" coverage is obtained. It is re-
REM* commended that the full exposure mode be used when making qualitative analysis between broadly
REM* different configurations. The limited exposure mode can then be used to refine a system and judge between
REM* similiar designs for particular observations. The units on the uv plane are ignored since this program is
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REM* intended for qualitative assessment, not detailed simulations. Indeed, a detailed simulation of coverage
REM* on the moon would need to take into account the nonalignment of the moon's topocentric coordinates
REM* and celestial coordinates due to its tilt and inclined orbit.
REM*
REM* Variables:
REM* MODE = INPUT OF DESIRED EXPOSURE MODE
REM* E(#), N(#) ffiEAST, NORTH COORDINATES OF TELESCOPES RELATIVE TO THE CENTER OF
REM* THE ARRAY
REM* NUM ffiNUMBER OF TELESCOPES IN ARRAY
REM* J, K, C1, C2, C3, C4, C5 ffi COUNTING VARIABLES IN DO LOOPS
REM* DE, DN ffiEAST, NORTH COORD OF VECTORS BETWEEN TELESCOPES
REM* 13(1), D(2), D(3) ffi COMPONENTS OF DE, DN IN CELESTIAL COORDINATES
REM* DELffi DECLINATION OF ARRAY ONMOON
REM* H = HOUR ANGLE OF ARRAY ON MOON
REM* DELS = DECLINATION OF SOURCE ON CELESTIAL SPHERE
REM* HS = HOUR ANGLE OF SOURCE ON CELESTIAL SPHERE
REM* DMAG = MAGNITUDE OF BASELINE VECTOR LENGTH
REM* HBASE ffiHOUR OF THE INTERSECTION OF THE BASELINE VECTOR AND CELESTIAL
REM* SPHERE
REM* DBASE = DECLINATION OF THE INTERSECTION OF THE BASELINE VECTOR AND THE
REM* CELESTIAL SPHERE
REM* LAMDA = WAVELENGTH OF OBSERVATIONS
REM* SWEEP ffiHOUR ANGLE OF SOURCE MOTION DURING LIMITED EXPOSURE TIMES
REM* U, V = COORDINATES OF INSTANTANEOUS UV COVERAGE DURING LIMITED EXPOSURE
REM* A, C, VO = PARAMETERS OF ELLIPSES SWEPT OUT OVER A COMPLETE EXPOSURE
REM* NORMA, NORMC, VON ffiA, C, VO NORMALIZED TO FIT NICELY ON THE SCREEN
RE******************************************************************************************

5 CLS
PRINT "WHICH OPTION DO YOU PREFER?"
PRINT " (1) FULL EXPOSURE"
PRINT " (2) LIMITED EXPOSURE"
INPUTE MODE

10 DIM E(35)
20 DIN N(35)
30 OPEN "ARRANG.DAT" FOR INPUT AS #1
40 OPEN "VECTOR.DAT" FOR OUTPUT AS #2
50 INPUT#l, NUM
60 FOR Clffil TO NUM
70 INPUT#1,E(C D,N(CI)
90 NEXT C1
105 REM GOTO 240
110 REM **************TELESCOPE LOCATION BYPASS

REM * IF LINE 105 IS TURNED INTO A REM STATEMENT THEN THE DATA LISTED BELOW
REM * WILL BE ANALYSED. THIS IS USEFUL FOR SMALL NUMBERS OF ELEMENT (6) WHERE
REM * IT WOULD BE HARDER TO CREATE A DATA FILE FOR EACH CASE.

111 NUM=6

120 E0)--0
130 N(1)ffi200
140 E(2)=200
150 N(2)=0
160 E(3)ffi-200
170 N(3)=0
180 E(4)ffi0
190 N(4)=-1000
200 E(5)=866
210 N(5)ffi500
220 E(6)=-866
230 N(6)=500
235 REM **************CONVERTING E, N TO DE, DN



146

240 FOR J=l TO NUM
250 FOR K= 1 TO NUM
260 IF J=K THEN GOTO 320
290 DE=E(J)-E(K)
300 DN=N(J)-N(K)
310 PRINT#2,DE,DN
320 NEXT K
330 NEXT J

CLOSE

340 REM **************PLOTTING ARRAY
360 SCREEN 2
370 FOR C2=1 TO NUM
380 CIRCLE (520+(E(C2)/20),50-(N(C2)/48)),2 ..... 41667
390 NEXT C2
440 DIM D(3)
470 OPEN "ARRAY.DAT" FOR INPUT AS #2
480 INPUT #2,DEL,H,DELS,HS
490 DEL=.00001
500 DELS=20*3.14159265359/180

HS = 1.57
H= 1.57

510 CLOSE #2
530 PRINT"
540 PRINT"

PRINT"

TARGET"
DECLINATION"IN
EXPOSURE = 1 H

550 OPEN "VECTOR.DAT" FOR INPUT AS #3

560 C3=C3+1
570 INPUT #3,DE,DN
580 REM ********************** OF BASELINE VECTORS
590 D(1)=-DN*COS (H)* SIN(DEL)-DE*SIN(H)
600 D(2)=-DN* SIN(H)*DIN(DEL)+DE*COS(H)
610 D(3)=DN*COS(DEL)
620 REM ***************--****** OF BASELINE VECTOR AND CELESTIAL SPHERE

630 DMAG=SQR(D( I)*D(1)+D(2)*D(2)+D(3)*D(3))
640 HBASE=ATN(D(2)/D(I))
650 IFD(1)<0 THEN HBASE=3.1515926539+HBASE
660 DBASE=ATN(D(3)/(D( I)*D(I)+D(2)*D(2))A.5)
670 REM ***************TRAIN***** TO UV PLANE

LAMDA=.0000005
LINE(0,100)-(639,100)
LINE(320,0)-(320,199)
LINE(322,0)-(322,199)
IF MODE=I THEN GOTO 710

701 REM ***************LIMITED INTEGRATIONS
REM 1 DEGREE = 2 HRS

702 SWEEP = 8.7266E-3/100
703 FOR C3B=I TO 100
704 U=(DMAG*2.4/25)*(COS(DBASE)*SIN(HS-I'IBASE)+.O000001)
706 V=(DMAG/25)*(SIN(DBASE)*COS (DELS)-COS(DBASE)* SIN(DELS)*COS (HBASE-HS))

IF C3B=I THEN GOTO 707
LINE (320+U,1000-V)-(320+UOLD,100-VOLD)

707 UOLD=U
VOLD=V

708 HBASE=HBASE-SWEEP
709 NEXT C3B

IF C3=NUM*(NUM- 1) THEN GOTO 1040
GOTO 560
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REM ***************FULL EXPOSURE TIME

710 A=(DMAG/LAMDA)*COS(DBASE)
C=A*SIN(DELS)
VO=(DMAG/LAMDA)* SIN(DBASE)*COS(DELS)

920 DL=SE07
930 SCREEN 2
940 NORMA=(A/DL)*2.4
950 NORMC=(C/DL)
960 VON--(VO/DL)
970 A=NORMCJNORMA

1010 CIRCLE (320,100-VON),NORMA,,,A
1022 GOTO 1030
1030 IF C3=NUM*(NUM-1) THEN GOTO 1040
1035 GOTO 560
1040 END

APPENDIX D. INTERFEROMETRIC ERROR

(given by referance 70)

8z = {alL + (8;W.)+ ,I,(8_.)I(8_.)}

where, the first term is error from a finite SNR, the second term is the error in the measurement of the laser

wavelengths being used, and the third term is from expressing the difference between two wavelengths as a fraction
of those two wavelengths.

For estimates of: _, = wavelength = 500 nm
8_ = 0.1 x 10-10
bl_ = 0.001 waves rms

this yields, 8z = kL { 10 -3 + 2xlO "s + 5.6x10 "s x 2,_.}, where _'L isthe $yTlth@tic wavelength in microns.

1_ measurement with _t. = 500 microns --> 8z = 14.51 microns
2No measurement with kL = 20 microns --> 8z = 0.2 microns

APPENDIX E. SAMPLE CALCULATION OF OFF-AXIS MIRROR MASS

sin(x) = 60/70
x = 1..0297 rad = 58.997 °

X=Xl+X 2

X2 = X - X1

x2 = 1.0297 - 0.07149 = 0.95821 tad

sin(x1) = 5/70
xl = 0.07149 tad = 4.096 °

areaffi(I/2)hx2(RI+ R_ = (I/2)(1.6cm)(0.95821 radX71.6 cm + 70 cm) = 108.545cm 2

volume = (area)(heigh0= (108.545)6= 651.27cm 3= 0.00065127 m s

mass = (wolume)(density)= (0.00065127X2205) = 1.436kg
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APPENDIX F. DATA RATE CALCULATIONS

Achievable Data Rate, dB = 20.4 + EIRP[ lss]
Desired Rate = 600 Mbits/s = 87.78 dB
EIRP = 67.38 dB

EIRP = P, + G, 0V/m 2) effective isotropieally radiated power [156]
1:', = Power transmitted by relay satellite = 10 W = 10 dB
G, = Gain of relay satellite

G, = 4n + A_ - (k) 2 t157] = 48.298 dB + A,
Ae = Effective area = n x Actual Area, n = 0.6

= wavelength = elf = 0.013636 m (Z,2 = -37.306 dB)
f = frequency = 22 GHz

Therefore, EIRP = 10 dB + 48.298 dB + A_ = 67.38 dB
A_ = 9.082 dB = 8.094 m 2

A = 13.5 m z --> D, = 4.15 m

APPENDIX G. POWER COLLECTED BY TDRSS ANTENNA

Pr = EIRP + G, - I.,p dBW [1551

EIRP = 67.38 dB, effective isolropically radiated power
Gr = 28.0 dB [155], Gain of the receiver
RLP_=20 log(4__R/'k) t1561, Space loss

3.84 x 10 _ m, Earth - moon distance
_, = transmission wavelength = 20 log(4x(3.84 x 10s))/0.013636 = 230.9 dB
Pr = 67.38 dB + 28.0 dB - 230.9 dB = -135.60 dB

P, = 2.75 x 10 "14 W

APPENDIX H. TELESCOPE TEMPERATURE EQUILIBRIUM CALCULATIONS

Notation:
ck - heat radiated away from telescope (Whn z)
ch incident lunar radiation OV/m 2)
A 1 - cylinder surface area exposed to lunar radiation
T - equilibrium telescope temperature CK)
e - exterior coating emissivity
D - cylinder diameter (m)

oa- incident solar radiation flux (W/m 2)
At - total telescope cylinder surface area (m 2)
A, - cylinder surface area exposed to solar radiation
tx - exterio coating abserbtivity
0 - S.tephan-Boltzmann constant = 5.67 x 10 -s W/m2K 4
L - cylinder length (m)

At thermal equilibrium: ck = q, +
cleAt'l _ = chA, u + oaAlot so, T = [u(oaA, + chAt)/ecrAd u4, where

At = nDL + (m/2)l_
AI= (n/2)(DL + I)2)
A, = (mt2)DL,or T = k(ale)TM

where
[(m/'2)D(q,L + od(L+D))]'/4

k ...................................= 380.0K

[o'=D(L + (D]2)] TM

so, Tm,x = 380.0(or/E) TM. For (_/_)=0.098 (Magnesium Oxide Aluminum Oxide Paint), T,,x = 212.6 K.
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APPENDIX I. NATURAL CONVECTION IN THE PRESSURIZED H2

CONTAINER

Purpose: Determine the surface area of a heat pipe necessary to Wansfer 6 W of heat

Notation: P - pressure
p - density
_t - viscosity
h - convective heat wansfer coefficient
Pr - Prandtl number
Nu - Nusselt number
Q - total heat Izansfer
L - heat pipe length
Tw - temperature of heat pipe
g - lunar force of gravity

T- temperature
k - thermal conductivity
v - kinematic viscosity

CGPr:specific heatGrashof number

-heat flux
- heat pipe diameter

13- temperature coefficient of thermal conductivity
Th - temperature of the H 2

Properties of H2 at P = 1 arm, T = 60K: p = 0.45 kg/m3
k = 0.031 W/InK
_t = 3.0 x 10 -6 kg/ms

Cp = 18.9 kJ/kgK

then, v = g/p = 6.67 x 10-6 (m2/s), Pr = Cp(H/k) = 1.83, [3 = 1/I' = 0.0167 K -1

forL= 1 m: Gr L = [g_(T w - Th)L3]/v 2 = 3.07 x 109
NUL = 0.508PrU2(0.952 + Pr)-_/4GrL 1/4 = 125.3
hL = (kNuL)/L = 3.88 W/m2K

so the heat transfer values may be calculated: h = (4/3)hL = 5.18 W/mZK (for isothermal surface).
When a 5K difference is maintained between the heat pipes and the H2:

q = h(Tw - Th) = 25.9 W/m 2
Q =qraK,=6 W

so the required heat pipe diameter is d = Q/(qpL) = 0.078 m

Conclusion: A 1 m length, 0.1 m diameter heat pipe is sufficient to transfer 6 W of heat to and from a vessel
containing hydrogen at 1 aim pressure with a 5K temperature difference between the heat pipe and the
hydrogen. Only free convection forces are necessary.

APPENDIX J. HEAT TRANSFER FROM COMPRESSED H2 TO

Purpose: Determine therequiredsurfaceareaofa heatpipeexposed tocompressedH 2flow.

Notation: Uh- velocity of the H 2 flow
drip - diameter of heat pipe

set conditions of the hydrogen:

Re - Reynolds number
- diameter of refrigerator tubing

Uh = 10 m/s
P= lalrn
T=300K
p = 0.08185 kghn 3
Cp = 14.314 kJ/kgK
k = 0.182 W/m2K
Pr = 0.706

= 8.963 x 10-_ kg/ms
v 109.5 x 10 -6 m2/s

check Reynolds number for turbulence condition: ff Re > 2300 the flow is turbulent
Re = (pUhd_)/m = 9130 (turbulent flow)

HEAT PIPE
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then, Nu = C (Uhdplv)npr 1/3, where C and n are constants set by the Reynolds number ((2 = 0.193, n = 0.618)
so, Nu = hd_ = 31.4, h = 114.3 W/m2K

maintaining the temperature of the heat pipe at 275K results in, q = 2856 W/m 2 and Q = qTrdm_L = 36.8 W.

setting din, = 0.05 m results in L = 0.082 m

Conclusion: For a heat pipe with a 0.05 m diameter, a length of 0.09 m must be exposed to the refrigerator flow to
transfer the heat load plus the heat generated by the refrigerator.

APPENDIX K. HEAT TRANSFER AT THE INSTRUMENT CASING

Purpose: Determine the surface area of contact between a heat pipe and the copper plate within the instrument casing
to transfer 6 W of heat.

Notation: dT- temperature difference dx - maximum distance of heat wansfer throughout the
instrument casing

set the heat pipe diameter at 0.1 m, use k = 407 W/mK

use Fotuier's Law: q = k(dT/dx)

Assume the maximum heat transfer path through the instrument box is 2.5 m (= dx) and that the instruments are
maintained at 70K with the heat pipe at 60K (dT= 10K).

so, q = 407 (10/2.5) = 814 W/m 2, and L = Q/r_dq = 0.023 m

Conclusion: For a heat pipe with a 0.1 m diameter, a length of 0.03 m is sufficient to transfer 6 W of heat if a 10K
temperature difference is maintained.

APPENDIX L. HEAT TRANSFER AWAY FROM THE STIRLING

REFRIGERATOR

Purpose: Determine the amount of heat required to be transferred away from the refrigeration unit. Determine the
required length of heat pipe operating at 275K necessary to radiate the heat into a radiation field of 250K.

Notation: COP - coefficient of performance
TL - refrigerator cold temperature

Ta - refrigerator hot temperature
Wr,_-r - net refrigerator work

Calculate the camot cycle efficiency. Assume the Stirring refrigerator can operate at half the eamot value.
COP = Tt/(Ta - TO ---0.389 (carnot)
COP_iai_z -- 0.195
W_--r = Q/COP = 30.8 W
Oror = Q + Wr_r = 36.8 W

Radiation heat pipe claculations: use e = 0.92 (Magnesium Oxide Aluminum Oxide Paint Coating)
d = 0.05 m
Q = o'_ndi(THp4- Tw4)
L = Q/(o_d(Tlm 4 -Tw4)= 2.47 m

Conclusion: A heat pipe of 2.5 m is necessary to discharge a total of 36.8 W of heat.
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APPENDIX M. HEAT TRANSFER FROM EXPANDED H 2 TO HEAT PIPE

Purpose: _ine the amount of surface area of the heat pipe exposed to the expanded Hz flow to transmit 6W
of heat.

Properties of 1-12: Uh = 10 m/s
T = 55K
k = 0.31 W/mK
v = 6.67 x 10 -6

P= 0.2 atm
p = 0.45 kg/m 3
tt = 3.0 x 10- 6
Pr = 1.83

Calculate the Reynolds number: Re = 1.5 x 105 (turbulent flow), so C = 0.0266, n = 0.805, and Nu = 477

For a 0.05 m diameter heat pipe at 60K, h = Nu(k/dHp) = 296 W/m2K
q = h(THp - TH2) = 1480 Whn 2
L = 0.025 m

Conclusion: A heat pipe running at 60K with a 0.05 m diameter must be inserted 0.025m into the expended 1-12
flow to transmit 6 W of heat.

APPENDIX N. REGENERATOR REQUIRED MASS/VOLUME

Purpose: Determine the required mass and volume of the regenerat_ matrix for perfect regeneration. The
assumption of perfect regeneration is allowed when the heat capacity of the regenerator is much greater
than the heat capacity of the fluid.

Notation: Q - heat capacity
V - volume

m - mass

c - specific heat for a solid

Heat capacity of the H2 (total fluid mass = 0.812 kg)
QH2 = mH2Cpd T = 2533 kJ

[_.t the heat capacity of the bronze matrix be ten times the heat capacity of the h_dr_.,.gen fluid.
t'ind the required regenerator volume: QBR = pVcdT, for bronze, p ffi 8666 kghn and c = 0.410 kJ/kgK

so, V = Q/(pcdT) = 0.0297 m3

Let the regenerator be a 0.2 m diameter tube Idled with a bronze matrix mesh, 5000 x 5000 strands, with a 100 lam
diameter strand. Meshes are packed 200/cm.

Find the required length of the =tu_rg/_/4Vol (strand) = 1.571 x 10- 9 m 3
Vol (mesh) = 10000 x Vol (strand) = 1.571 x 10- 5 m 3
Vol (length) = 250 x Vol (mesh) = 3.92 x 10- 3 m 3

L = V/Vol (length) = 7.56 cm

Note: The analysis was done for a square cross-section tube instead of a circular one. Assume the required length of
the circular cross-section is twice that of the square one.

so, L,_= 15.1 cm
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