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Abstract

The National Aeronautics and Space Administration (NASA) has outlined plans to return
humans to the Moon by the year 2020. Because of the inherent advantages to performing
astronomy from the lunar surface, the Moon has long been envisioned as a possible site for a
space telescope. With the most recent lunar plans serving as a motivation and basis for re-
consideration of the Moon as the location of an astronomical observatory, this report provides a
thorough investigation into the design of a lunar telescope facility.

An overview of features of the lunar surface relevant to a telescope is provided. A literature
review gives the context in which a lunar telescope facility is considered. This context includes
previous ideas for telescopes on the Moon and concepts for other space telescopes (both existing
and planned).

Using the 2001 National Research Council Astronomy and Astrophysics Decadal Survey as a
principal reference, the science goals for the next generation of space telescopes are enumerated
and ranked based on an analysis of the relevant stakeholders. This methodology develops a
value delivery network model and ranks the relative importance of the key stakeholders and key
flows in the network. Features of the network, such as the historical values of important flows
and the role of the media in key loops, are also noted. The stakeholder value delivery network is
then used to perform a utility analysis of the six candidate broad science objectives. This
analysis informs the subsequent telescope concept enumeration and downselection.

A methodology developed for concept downselection consists of: 1) elucidating the full
concept space via the use of a design space matrix, 2) narrowing the concepts down via a tree
method of isolating attractive options from the design space matrix, and 3) selecting the best of
these concepts using the quantitative ranking techniques of Pugh analysis, with the results of the
stakeholder analysis informing the downselection process. Through this methodology, a
comprehensive architecture space of 6048 possible concepts is narrowed to just two, which are
then developed in detail for use as reference designs.

Specific trades emerge as the two reference designs are matured, and detailed investigations
lead to development of the subsystems. The subsystems analyzed include instrumentation,
electronics, power, structures, thermal, communications, and transportation/deployment. Cost,
mass, and power figures for all these systems are calculated, as are subsystem and overall costs
for each design. Recommendations are also made to help identify the areas that should require
further study and research.

The results of this study show how two potential space telescope concepts are uniquely
enabled by returning to the Moon, both of which would provide scientific output beyond
anything that has before been possible. The Lunar Interferometric Radio Array (LIRA), is a
large array of radio-frequency dipoles located on the far side of the Moon, where shielding from
radio noise created by Earth would allow unsurpassed sensitivity to regions of the radio spectrum
never observed. The Lunar Infrared Modular Interferometric Telescope (LIMIT), is an
interferometric array of 85-cm infrared (IR) apertures located in the cold Shackleton Crater at the
lunar south pole. The long and stable baselines of this array would achieve an angular resolution
better than any existing or proposed IR telescopes. Both of these telescope designs would
greatly benefit from, and provide scientific motivation for, returning to the Moon, and they
would serve to look at our universe at wavelengths that until now have had only limited study.
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1. Introduction

This study into a lunar telescope facility was conducted by members of the Space Systems
Engineering class (16.89/ESD.352) at the Massachusetts Institute of Technology in the spring of
2007. The challenge of the class was to design a lunar telescope facility that would deliver the
most scientific value, while leveraging the proposed crewed lunar transportation architecture and
ensuring both technical and budgetary feasibility. The approach to this challenge is outlined in
this report, and two final design proposals are presented that meet these goals.

The initial specification for the proposed Lunar Telescope Facility was to create a lunar
telescope, with consideration of location including points on the surface of the Moon, as well as
points in space near the Moon, or at a Lagrange point between the Earth and the Moon or the
Earth and the Sun. Due to the need for new telescopes to advance the state of the art beyond
previous designs, telescopes in Low Earth Orbit (LEO) were initially discounted as possible
design goals, although they provide a useful context for later phases of the design.

1.1 The Lunar Environment

Although the Moon was one of the first objects at which Galileo pointed his early telescopes,
it was not until the middle of the 20" century that the idea of putting a telescope on the Moon
was conceived. While some of the earliest ideas of the time required people to build and run the
observatory (even manually changing on the photographic plates and looking through the
eyepiece), many advantages of the lunar surface remain the same for more modern telescope
concepts [1].

The results of a literature search illustrate the major features of the lunar surface, and their
potential as arguments for and against the development and deployment of a lunar telescope.
The discussion draws heavily upon a comprehensive discussion put forth by Lester et al. [2].

Figure 1. Earth as seen from the lunar surface.

Image courtesy of NASA. 9



1.1.1 Advantages

and disadvantages of a lunar surface location

The major features of the lunar surface are detailed here, with relevant information for
telescopes given. Potential advantages and disadvantages are also noted.
e Feature: Low temperatures

Cold temperatures are reached on the Moon, particularly the lunar poles where
limited incident light arrives from the Earth and the Sun. Crater floors at the
poles with no direct line-of-sight to either body could potentially create a
naturally cold environment, with ambient temperatures around 40-50 K. This
is optimal for IR telescopes, which otherwise must be actively cooled.

e Feature: Radio quiet

e Feature:

e Feature:

e Feature:

e Feature:

e Feature:

The far side of the lunar surface is shielded from terrestrial radio interference,
both man-made and naturally occurring. On Earth, the ionosphere also blocks
much of the radiation coming in at radio frequencies of interest. Modern radio
interference mitigation techniques, which can be implemented at lunar
distances in free space, deliver similar levels of shielding from interference
effects, although the costs are higher.

Lifetime
The lunar surface is a stable location that carries no inherent cost for
maintaining telescope position and orientation once deployed. This is
opposed to free-space telescopes, which have finite levels of cryogens for
active cooling and a limited amount of propellant for station-keeping.

Solid surface
The lunar surface provides a stable foundation for deploying interferometers
with a range of baselines. Free-space interferometers have been conceived,
but precise formation flying at large baseline distances has not yet been
demonstrated in space, and the truss structure required for formation flying at
smaller baseline distances may be prohibitive. A possible drawback of the
lunar surface is the presence of dust. Lunar dust presents a contamination
hazard for optics and could impede mechanical system performance. See
Section 8.9 for a discussion of possible means for mitigation of lunar dust
issues.

Gravity
Lunar gravity enables the design and deployment of liquid mirror telescopes,
which offer huge collecting areas for zenith surveys (large liquid mirrors
cannot be achieved on Earth due to wind effects on the surface). A
disadvantage of telescopes on the Moon is they would require a more
substantial structure to withstand the gravitational forces. Working on a solid
surface where parts do not float away, however, would be of benefit to
astronauts doing deployment or maintenance work.

Slow sidereal rate
Slow motion of celestial sphere about lunar sky enables long-duration surveys
with less precise guiding.

Stable thermal environment
Slower motion of the Sun across the lunar sky creates longer periods of
thermal equilibrium, which yields more consistent optical performance.
Telescopes in low Earth orbit (LEO) undergo cycles of thermal expansion due
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to heating and cooling each orbital period, but free-space telescopes at long

distances from Earth (i.e. Lagrange points) are not susceptible to these effects.
e Feature: Absence of substantial atmosphere, magnetic field, orbital debris

Like other free-space telescopes, viewing from outside the Earth’s atmosphere

opens up regions of the electromagnetic spectrum that are inaccessible from

the ground. Absorption of incoming radiation or emission from the

atmosphere prevents astronomical observations at certain wavelengths in the

IR and RF bands (see Figure 2).
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Figure 2. Earth’s atmospheric opacity for different wavelengths [3].

1.1.2 Discussion of a lunar surface location
Most of the features of the lunar surface offer equal performance or distinct performance

advantages over other possible locations, such as in free space, in Low Earth Orbit, or on the
surface of the Earth. However, some disadvantages are inherent in the lunar surface properties
already described in Section 1.1.1. Access to crater floors at the lunar poles and structural needs
under gravity conditions present challenges for system designers. In addition, lunar dust presents
a challenge. Lunar dust issues are not important for free-space locations, although similar issues
exist (and have been largely mitigated) on Earth-surface locations. There is also the impact on
cost of needing to land mass on the Moon. This, in general, requires more expenditure of
propellant than if a telescope remains in free space. Also, provisions would need to be made to
ensure the telescope could endure a soft landing on the Moon. A returned human presence on
the Moon, however, would supply further impetus and opportunity to capitalize on the
advantages of the lunar surface environment.
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1.2 Other Considerations

1.2.1 Human spacecraft servicing

Human servicing of spacecraft has proven tremendously successful when viewed in the
context of the Hubble Space Telescope (HST) and the International Space Station (ISS).

For the HST, the most important and visible servicing mission was to correct the optics,
which were found to be manufactured incorrectly after the HST was initially put in orbit. The
successful repair has been one of the most notable achievements in the history of space
telescopes. Completed extravehicular activity (EVA) tasks have included installing new
scientific instruments and replacing spacecraft components that have failed. In addition to
installing new instruments, astronauts have replaced, or are planning to replace, solar panels,
control moment gyros, and batteries, which degrade over continuous operations in the Low Earth
Orbit environment. The net effect of this servicing has been to increase the on-orbit lifetime of
the HST while continually upgrading its scientific capability [4].

While ISS astronauts have occasionally installed scientific experiments during EVA, the bulk
of the spacewalks have been devoted to construction and maintenance of the ISS. During
construction of the space station, astronauts installed fluid, electrical and structural connections
between station elements during their activation. Automated features to perform these functions
were ruled out due to envelope restrictions of the launch vehicle and cost considerations [5].

These spacecraft servicing efforts have shown how beneficial human servicing can be for the
success of a space project, especially one involving the construction, upgrade, and repair of
complex space systems. This should be considered in terms of the proposed long-term presence
of humans on the Moon.

1.2.2 Robotic spacecraft servicing
In the aftermath of the Columbia tragedy, the final shuttle servicing mission to the HST was
canceled and a number of teams performed studies on the possibility of robotically performing
the mission requirements. The University of Maryland developed a concept using mostly
developed flight hardware. It utilized a rebuilt propulsion module designed for ISS station-
keeping and a robotic servicing module largely built from existing hardware. The propulsion
module was flown to perform propulsion, rendezvous, communications power generation, and
station-keeping during repair. To perform all the requirements of the last servicing mission, the
vehicle parameters shown in
Table 1 were estimated [6].

Table 1. Estimated Vehicle Parameters for Telescope.

MIT Aeronautics and Astronautics 12



Propulsion Module Dry Mass | 3000 kg

Robotic Module and Hubble 4900 kg

Component Mass

Total Servicing Craft Wet Mass | 8500 kg

Launch Cost $150M

Total Mission Cost $500M

It is important to note that the total cost
of the spacecraft does not include the cost of developing the propulsion module and that the
estimate was not detailed. Given that there has never been previous robotic servicing of a
spacecraft, and given the rough nature of the estimate, the true cost of the mission would likely
be significantly higher.

1.2.3 Constellation EVA architecture for zero-g and lunar surface missions

According to NASA’s exploration architecture study [7], NASA plans a robust EVA
presence on the lunar surface. The planned airlock design will be based in the Lunar Surface
Access Module (LSAM) and may have accommodations for up to 3 or 4 astronauts
simultaneously. This will enable many lunar surface EVAs.

However, NASA plans a much more limited EVA capability for zero-g beyond the ISS orbit.
Current plans for the Crew Exploration Vehicle (CEV) do not include an airlock. Any
excursions from the crew capsule would require all crewmembers donning their suits, which
have umbilicals for life support, and depressurizing the cabin. These suits are being designed
primarily for launch and entry requirements, so it is unlikely that EVA operations would be as
easy as with purpose-designed spacesuits.

In the event that the lunar airlock were used in zero-g along with lunar suits, this would
require at minimum an Ares V launch to get the LSAM to the desired orbit, as well as some level
of redesign to make the airlock functional in zero-g.

Potential EVA operations that could benefit a lunar telescope might be connecting electrical
infrastructure between parts of an interferometer to enable beam combining, removing launch
restraints from mechanical telescope assemblies, and installing new scientific instruments. The
possibility of EVA operations in zero-g from the CEV is negligible. Therefore, staging EVAs
beyond the ISS will only be cost-feasible from the lunar surface, unless consideration is given to
the adaptation of the existing Constellation architecture.
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2. Existing and Proposed Telescopes

A further result of the literature search was a large amount of information on existing
telescopes and proposed concepts, both in free space and on the lunar surface, which provide a
context for development of the proposed lunar telescope facility. This section presents some of
the details of these existing and proposed concepts.

2.1 Existing Major Space Telescope Designs

2.1.1 Hubble Space Telescope

The Hubble Space Telescope, deployed into Low Earth Orbit in 1990, has arguably been the
most successful of the space telescopes launched as part of NASA’s Great Observatories
program. Its 2.4-m diameter primary mirror observes over near-infrared, visual, and UV
wavelengths. It was designed to be human-serviceable and has been serviced in orbit 4 times,
with a 5th and final servicing mission planned for early 2008. The final servicing mission will
extend its life until at least 2013. The HST has been a fantastic success, expanding our
understanding of star birth, star death, and galaxy evolution, and helping move black holes from
scientific theory to fact. In addition, the HST has garnered a great deal of public support with the
release of many captivating images that are immensely popular the world over. The HST
required $2 billon in development costs and has an operations cost of $452 million per year [8].

Figure 3. The Hubble Space Telescope [8].

2.1.2 James Webb Space Telescope

The James Webb Space Telescope (JWST), planned to start operating around the time when
the HST reaches the end of its life, is NASA’s next major space telescope. The JWST, operating
at near- and mid-infrared wavelengths, will be deployed at the second Earth-Sun Lagrange point,
1.5 million km from Earth.

With a primary mirror 6.5 m in diameter, JWST will have a collecting area seven times that
of Hubble, and will achieve four primary astronomical objectives: identification of the first
bright objects that formed in the early universe, determination of how galaxies and dark matter
evolved to the present day, study of the birth and early development of stars and solar systems,
and understanding the physical and chemical properties of solar systems where building blocks
of life may be present. Current cost estimates for the James Webb put it around $3.5 billion [9].

Image courtesy of NASA. 14



Figure 4. The James Webb Space Telescope [9].

2.1.3 Spitzer Space Telescope

The Spitzer Space Telescope, formerly known as the Space Infrared Telescope Facility
(SIRTF), is the element in NASA's suite of Great Observatories that operates in the mid- to far-
IR wavelengths, where it serves to study astronomical targets including the brown dwarfs, the
early universe, protoplanetary and planetary debris disks, and active galactic nuclei. Located in a
heliocentric, Earth-trailing orbit, the Spitzer Space Telescope can conduct both imaging and
spectroscopy, and its 85-cm aperture produces 5 x 5 arcminute exposures. This is the state of the
art facility for IR astronomy, and cost around $700 million to develop [10].

Figure 5. The Spitzer Space Telescope [10].

2.1.4 Herschel Space Telescope

Slated for a July 2008 launch aboard an Ariane-5, the three-year mission for the Herschel
Space Telescope at the Earth-Sun L2 point will conduct astronomical science into the far-IR
spectrum. Jointly launched with the Planck science mission at an estimated cost of $2 billion,
the 3.5-m primary mirror will enable the study of the formation of galaxies in the early universe,
the creation of stars, the chemical composition of the atmospheres and surfaces of comets,
planets, and satellites, and the molecular chemistry of the universe [11].
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Figure 6. The Herschel Space Telescope [11].

2.1.5 Single Aperture Far-IR Observatory

The Single Aperture Far-IR (SAFIR) observatory is planned as the next extension of JWST.
With a primary mirror diameter of 10 m, the telescope would be cooled to temperatures around
5 K, allowing currently unparalleled ability to observe the epoch of reionization, trace the
formation and evolution of star formation and active galaxies, explore black holes, study
planetary system formation, and search for prebiotic molecules in the interstellar medium. The
proposed 5-year mission is scheduled for development by around 2020 [12].

Figure 7. The SAFIR observatory [12].

2.1.6 Terrestrial Planet Finder
NASA’s Terrestrial Planet Finder (TPF) is a suite of two space observatories whose purpose
is to study various aspects of planets outside our solar system. The coronograph and nulling
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interferometer observatories (TPF-C and TPF-I, respectively) would work in tandem to probe the
disks of dust and gas around newly forming stars. Plans exist to launch TPF-C by 2016 and
TPF-I by 2020, but the missions are currently in a state of indefinite hiatus [13].

Figure 8. The Terrestrial Planet Finder telescope [13].

2.1.7 Highly Advanced Laboratory for Communications and Astronomy

The Highly Advanced Laboratory for Communications and Astronomy (HALCA) is an
orbital radio telescope, and is the first astronomical satellite dedicated to the Very Long Baseline
Interferometry Space Observatory Program, which enables imaging of astronomical radio
sources with a significantly improved resolution over ground-only observations. Targets
observed by the system include active galactic nuclei and extragalactic radio sources such as
quasars, radio galaxies and pulsars. Observations can be made in the wavelength ranges of 18
cm, 6 cm, and 1.3 cm. The maximum angular resolution achieved by this telescope is 0.4
milliarcseconds. Along with the ground radio telescopes, the effective aperture of this device is
more than 30,000 km, which, at microwave frequencies, produces angular resolution more than a
hundred times higher than the Hubble Space Telescope [14].

2.1.8 Low Frequency Array

Located in the Netherlands, the Low Frequency Array (LOFAR) is a radio-frequency array of
antennas currently being implemented with funding primarily from the Dutch government. It is
expected to achieve breakthrough sensitivity for astronomical observations at radio frequencies
below 250 MHz. The large computational power required to run the array is expected to
improve as processing ability continues to advance rapidly [15].

2.2 Proposed Lunar Surface Telescope Concepts

There have been numerous concepts published for telescopes based on the Moon. This
section details some of the most recent and most interesting ideas for lunar telescopes.

2.2.1 Large Lunar Telescope

The Large Lunar Telescope (LLT) study conducted by the NASA Marshall Space Flight
Center in 1991 describes a 16-m segmented mirror telescope to be located at an equatorial
latitude, on the lunar limb (about 0° latitude, 85° west longitude), where the Earth would always
be low on the horizon. Expected to achieve nominal resolution performance of 10
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milliarcseconds in the visible spectrum, it would scan wavelengths between 0.1 and 100 pm.
With the lunar day-night cycle lasting approximately 28 Earth days, the LLT could passively
reach temperatures as low as 70K, but would require shielding during the day to avoid the
temperatures of up to 380K.

The optical design consists of a four-reflection system, with a Coud¢ focus and imaging
equipment buried beneath lunar regolith to protect sensitive photodetectors from cosmic rays and
particles. The primary reflector is made up of 1,098 hexagonal mirrors 0.5 m in diameter, which
are clustered in 18 groups, each with a diameter of 4 m [16]. Figure 9 shows a concept for the
LLT.

Figure 9. Conceptual design for the Large Lunar Telescope [16].

2.2.2 Liquid Mirror Telescope

Another concept that has been proposed is a Liquid Mirror Telescope (LMT). A LMT
consists of a spinning reflective liquid, usually mercury, which forms a perfect parabola. At least
two LMT’s are in use today: a 3-m version used by NASA in New Mexico, and a 6-m version in
Vancouver, Canada. A LMT on Earth is limited in size because wind on the surface of the liquid
distorts its ideal shape.

The presence of the Moon’s gravity (required for the parabola to form) in combination with
no atmospheric disturbances provides the rationale behind a liquid mirror telescope. A 20-m
LMT on the moon would have 3 times the resolution of the JWST, and with a year of continuous
viewing, could potentially observe an object 100 times fainter than the faintest object the JWST
could observe.

Two challenges to the concept are finding a reflective liquid that flows properly at extremely
cold temperatures, yet still retains adequate reflective properties, and developing bearings to
smoothly spin the liquid platform [17, 18].

Image courtesy of NASA. 18



Figure 10. Artist’s rendition of a liquid mirror telescope on the Moon [17].

2.2.3 Monolithic Primary Aperture

A study done for NASA in 2002 led by the Colorado School of Mines discusses a mid-
infrared telescope located in a permanently dark crater at the Moon's south pole. This telescope
would have a 25-m diameter primary mirror made up of hexagonal segments, each about 2.3 m
in diameter. It would rotate on 2 axes and take advantage of the permanently dark and cold
crater to keep the telescope at around 35K. In 2002, its cost was estimated at $32 billion [19].

2.2.4 Interferometric Array (Lunar Surface)

A study done between NASA and JPL on a Lunar Interferometer Technology Experiment
(LITE) in 1996 addresses the feasibility of an array of 1-m class ultraviolet telescopes deployed
with a 100-m baseline. The system could deliver observation capabilities not possible on Earth
[20].

Figure 11. A lunar interferometer concept [20].

2.2.5 Radio telescopes on the far side

The far side of the Moon provides a radio-quiet environment for a telescope in the form of a
giant dish situated in a crater, similar to the Arecibo Observatory in Puerto Rico, or a distributed
series of collectors spread across the surface, either of which would be of great value in detecting
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astronomical signals at low frequencies [21].

Figure 12. A radio telescope on the Moon uses a crater to support its large primary dish [21].
Artwork done for NASA by Pat Rawlings.

2.3 Proposed Free-Space Telescope Concepts

2.3.1 Cislunar space observatories

Along with observatories on the lunar surface, there also exist possibilities for putting a
telescope in cislunar space. The most relevant locations are the Earth-Sun L2 Lagrange point,
the Earth-Moon L1 Lagrange point, and in low lunar orbit. Both Lagrange points have the
advantage of semi-stable orbits relatively close to Earth. The JWST is an existing concept for an
observatory at the Earth-Sun L2 point. Low lunar orbit may pose problems related to station-
keeping, as the Moon’s gravitational field is non-uniform, but any observatory in space rather
than on the Moon has the advantage of not requiring powered descent to the lunar surface.

2.3.2 Interferometric Array (space-based)

A study done by JPL on the Lunar Configurable Array Telescope (LCAT) [22] details a lunar
surface deployment with characteristics similar to those mentioned above, but also addresses
deploying this same system in lunar orbit. Due to the difficulty and time involved in configuring
a large array of telescopes, particularly in orbit, the study concludes that the expense to put a
system in orbit for ten years would not adequately serve the greater astronomy community. The
array would be less expensive than the Hubble Space Telescope, but the same array deployed on
the surface would provide greater benefit.

2.3.3 Prototype microsatellite

A space-based telescope architecture is being developed in conjunction with the European
Space Agency (ESA). This concept is modeled after Dobsonian telescopes used by amateur
astronomers. The prototype unfolds from a suitcase-sized box to a space telescope with a 0.5-m
primary mirror capable of 30 cm resolution from orbit. The prototype would be considered a
microsatellite, with dimensions smaller than 60 cm x 60 cm x 80 cm, and a mass less than 100
kg. This concept could potentially be scaled up to provide significant cost savings [23].
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3. Stakeholder Analysis

This section presents the stakeholder analysis, one of the first steps taken in the design
process for the lunar telescope facility. The stakeholder analysis is developed as a springboard
for further analysis of the best means to deliver scientific value, leverage the planned crewed
lunar transportation architecture, and ensure both technical and budgetary feasibility for the
proposed lunar telescope facility.

3.1 Stakeholder Identification

For the proposed lunar telescope facility, all the relevant stakeholders in the program were
identified using resource flow input/output diagrams. The major stakeholders are shown in
Figure 13.
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Figure 13. Major stakeholders in the design and development of a lunar telescope.

In this analysis, it quickly becomes evident that certain stakeholders are more important than
others, and that satisfying needs of the more important stakeholders is critical to the overall
success of the program. For this reason, each stakeholder was assigned a ranking from 1
(Helpful, but not particularly important) to 5 (Essential). These rankings were then combined in
a consensus-building discussion in which the overall rankings of the stakeholders were
established. The resulting rankings are shown in Table 2.
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Table 2. Importance of each stakeholder.
(5 = Essential, 1 = Helpful, but not particularly important)

Importance Stakeholders
5 Scientists, NASA,
Congress
4 Executive Branch,
Telescope Operator
3 Contractors,
U.S. Public/Humanity
) Media, Educators,
International Partners
1

The important stakeholders (scoring 4 or 5) were identified as scientists, NASA, Congress,
the Executive branch, and the telescope operators. Note that no stakeholder scored 1; this is
reflective of a natural bias to exclude stakeholders of lesser importance from the overall analysis.

3.2 N? Representation of Stakeholder Flows

The process of identifying stakeholder flows involved building a consensus on the type and
importance of resource flows that occur between each pair of stakeholders. The results are
displayed here in an N? diagram describing these flows. In Figure 14, cell m-n contains the type
of resource required by the stakeholder in row m from the stakeholder in column n. For
example, cell j-f indicates that NASA requires a policy directive from the president, and cell g-j

indicates that the contractors require money and human resources (in this case, jobs) from
NASA.

Type of Flow = 5 = 3 s 7 5 m : 3
Educators al a K - K

Media b b K

U.S. Public/Humanity c H K ¢ K H H
Scientists d d S D,0 $,D|
Congress e $S e S
Executive f S f S S
Contractors g g H
International Partners h BE s IS h S
Telescope Operator i i
NASA i H DH _ S, j

Figure 14. N” diagram indicating the types of flows between stakeholders. The
meanings of the symbols are: $ = Money; P = Policy directive; S = Political support; I =
Instruments, hardware; O = Observing time; D = Data; H = Human resources (e.g., jobs
or students); and K = Knowledge, images, pictures. The meanings of the colors are Il =
Essential; ' = Very important; = Important; = Somewhat important; =
Helpful; and = Irrelevant.
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Similarly, a corresponding N* diagram, shown in Figure 15, presents the importance of these
same resource flows (note that the importance scores are also indicated in Figure 14 by color).
The numbers (and colors) indicate the importance of the given flow to the stakeholder receiving
the resource, i.e. to the one in row m. This is not necessarily the same as the importance of that
flow to the provider of the resource or to the program as a whole. In addition, the level of
importance refers only to value delivery in the lunar telescope program. Therefore, the
contributions of international partners to other scientific missions or to the International Space
Station (ISS) are not reflected in the scores presented in these tables.

Importance of Flow Py 5 < 3 s 7 3 = | j
Educators ala 3 - 4

Media b b 3

U.S. Public/Humanity c 4 2 c 2 2 3
Scientists d d 3 1
Congress e =l e 1
Executive f 3 f 1 4
Contractors g g 4
International Partners | h [ N | h 4
Telescope Operator i i
NASA j s DA NSNNSENGN >

Figure 15. N* diagram indicating the importance of each flow between stakeholders. The

meanings for numbers and colors are 5 = Il = Essential; 4 = ™ = Very important; 3 =
= Important; 2= = Somewhat important; ] = = Helpful;and0= =
Irrelevant.

3.3 Estimates of Resource Flows
Although the importance of each flow has been identified, it is instructive to present actual
metrics to which those scores of importance correspond. Because the lunar telescope is a long-
term endeavor, it is not possible to predict the exact values of these flows in advance.
Nevertheless, rough estimates for many of the flows based on historical data and current
budgetary figures can be provided. Estimates for the paths of several flows of money and
knowledge are:
e Knowledge, Images, and Pictures

— Scientists = Educators

— Scientists > Media

— Media = Public

— Media = Educators

— Scientists = Public

— Public & Congress
— Congress > NASA
— NASA - Scientists
— NASA - Contractors.
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3.3.1 Metrics for the flow of knowledge, images, and pictures

The flow values for knowledge, images, and pictures are taken from current and historical
data about the Hubble Space Telescope (HST). The rationale for using the HST for this purpose
is that it is the current flagship large-scale space telescope facility and, therefore, the closest
analogue to the lunar telescope program. Since launch, images and information from Hubble
have been used in approximately 2800 news references [24]. This number is used as the
estimated value for three flows: Scientists 2 Media, Media = Public, and Media = Educators.

Since Hubble began sending data back to Earth, it has resulted in an unprecedented number
of scientific papers. For the first several years, the number of papers published each year
increased steadily. This trend is shown in Figure 16. After seven to eight years, the annual
number of papers began to reach a steady state of about 450 papers per year. This publication
rate is used as the value for the flow Scientists = Educators.
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Figure by MIT OpenCourseWare.

Figure 16. Rate of publication of papers using Hubble data [24].

Finally, the flow of knowledge directly from scientists to the public without the media as an
intermediary also plays a part in the stakeholder value delivery network. The proxy used for this
metric is the number of kiosks in science museums provided by the scientists of the Space
Telescope Science Institute. More than 150 kiosks have been provided for this purpose [24].

3.3.2 Metrics for the Flow of Money

To estimate the flow of money from the public to Congress, the total amount of federal taxes
paid could, in principle, be used. Since not all of these funds are available for discretionary
projects like a lunar telescope, however, the total federal non-defense discretionary budget is
used as a rough estimate of an upper bound for the flow Public = Congress. For 2007, this
value is $492 billion in current year dollars [25], or $538 billion in 2010 dollars. In turn,
NASA'’s total discretionary budget is used as the value of the flow Congress > NASA. The
2007 estimate for this budget is $16.354 billion in current year dollars [26], or $17.870 billion in
2010 dollars. Finally, the flow NASA - Scientists is determined from NASA’s total science
budget, which is $5.330 billion according to the 2007 estimate [26], or $5.824 billion in 2010
dollars. This value, of course, is only an upper bound for the conceivable budget of the lunar
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telescope, since NASA will have competing scientific programs as well.

In addition, an estimate for the flow of money from NASA to contractors is also informative.
Because the monetary values of contracts (including Hubble’s contract) are not often publicly
available, we use the average cost of instruments on Hubble as a rough estimate for the flow
NASA - Contractors. This average, which can be seen in Figure 17, is roughly $110 million in
2000 U.S. dollars, or $144 million in 2010 dollars.
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Figure 17. Cost and speed of observation for instruments on the Hubble Space
Telescope [24].

3.4 Stakeholder Value Delivery Network Model

With the N diagram constructed and the actual values of many of the flows determined, the
matrix was then used to construct a network model linking the stakeholders and showing the
value delivery flows between them. The resulting model, shown in Figure 18, includes the
representation of the identified stakeholders presented in Figure 13, but this time connected by
arrows, which represent the flow of resources from one stakeholder to another. This model is
similar to a prior one developed by Cameron, Catanzaro, and Crawley to investigate the
stakeholders and value delivery flows for space exploration more generally [27].
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Figure 18. Stakeholder value delivery network model.

3.5 Important Loops in the Stakeholder Value Delivery Network
From the entire value delivery network model developed in the previous section, it is then
possible to identify and evaluate the most important loops in the network. These loops are:

Public = Congress - NASA -> Scientists = Public

Public = Congress - NASA -> Scientists - Media = Public

NASA - Contractors = Public > NASA

NASA -> International Partners = Scientists > NASA

NASA - Scientists = Public > NASA

NASA = Telescope Operator = Scientists = Public = Congress/Executive =
NASA

The first of the above loops is the most important in the network because it represents the
flows between the most important stakeholders (scientists, NASA, and Congress). All flows in
this loop except the Scientists = Public flow primarily represent the transfer of money. The
Scientists = Public flow, on the other hand, takes the form of knowledge, images, and pictures.

In addition, the flow that does not involve money is the only one in the loop in which the
receiving party is not one of the three most important stakeholders. Furthermore, only a portion
of that flow is direct. The second loop in the list above actually shows the same loop but
recognizes that much of the Scientists = Public flow also occurs via the media. As this is
essentially an alternate route for the most important flow, it is depicted in the representation of

that flow, shown in Figure 19.
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Figure 19. The most important loop in the stakeholder value delivery network.

Given the media’s unique intermediary role, the flows of knowledge, images, and pictures
between scientists, the media, educators, and the public can also be highlighted in a set of
interactions described collectively as “public outreach” flows. This set of flows is shown in
Figure 20.
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Figure 20. Public outreach flows. Knowledge,
images, and pictures flows highlight the unique role of
the media in the stakeholder value delivery network.
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4. Science Goals

The primary driving motivation for building any telescope is to perform observations of the
universe which will deliver significant value to the scientific community. Accordingly, an
analysis of the most appropriate and valuable scientific goals for the proposed lunar telescope
facility was conducted.

4.1 Needs and Goals

This section details the goals of the lunar telescope facility, as derived from stakeholder
needs. Primary and secondary program goals are established based on major stakeholders,
identified via stakeholder analysis as the scientific community, NASA, and Congress. Also
presented are candidate scientific programs that address the goals and visions of the
aforementioned communities. Further details on stakeholder needs are drawn from the NRC
Decadal Survey, Astronomy and Astrophysics in the New Millennium[28], as well as the
Connecting Quarks with the Cosmos report [29], and these needs are then ranked based on their
importance to each stakeholder.

4.1.1 Primary needs and goals

e To study the large-scale structure of the universe, such as its matter and energy
contents, its age and its expansion history, by collecting and communicating data
from photons, using a lunar telescope facility.

e To investigate extrasolar planets, and to study the problems of planetary and stellar
formation by collecting and communicating data from photons, using a lunar
telescope facility.

e To create a symbiotic relationship between this system and the human spaceflight
program, by leveraging overlapping technologies, using booster and other relevant
subsystems, and potentially providing other spaceflight opportunities.

4.1.2 Secondary needs and goals
e To investigate phenomena such as galaxy formation, by collecting and
communicating data from photons, using a lunar telescope facility.
e To investigate the relationship of the Earth to its astronomical environment, by
collecting and communicating data from photons, using a lunar telescope facility.
e To perform other astronomy as opportunities arise, by collecting and communicating
data from photons, using a lunar telescope facility.

4.2 Candidate Scientific Programs

Particular astrophysical science objectives could be particularly enabled -- or at least
significantly facilitated -- by the return to the Moon. In addition to bypassing atmospheric
absorption and turbulence, an observatory in the lunar environment offers many advantages, as
are described in Section 1.1. The options presented below are not meant to be mutually
exclusive. In fact, it is common to integrate near-infrared with optical in existing observatories,
which would permit meeting multiple candidate science programs.

A - Epoch of reionization: The transition of the universe from its early state of close-to-perfect
uniformity to one of galaxies and inhomogeneous structures is currently an area where data is
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much needed. This period is best studied in the radio waveband, especially at low frequencies,
which are inaccessible to ground observatories. In addition, these low frequency waves offer a
window on the universe that is unexplored at present. This increases the potential for new and
unexpected discoveries.

B - Active galactic nuclei: These gigantic cosmic engines are the most energetic sources in the
universe. Radiation coming from the accretion of matter by supermassive black holes at the
center of galaxies provides the ability to look back to the earliest periods of the.

C - Extrasolar planets: Long-standing questions about the existence and the formation of
extrasolar planets have just started to be answered in the last two decades. The infrared is the
most suitable band for a planet search and for the investigation of planetary formation.

D - Galaxy and star formation: Studying the formation of the first galaxies both tackles
questions about our origins and increases our understanding of the cosmological universe.
Because of the immense separation between us and the first galaxies, their radiation reaches us as
infrared waves. In addition, infrared radiation is able to penetrate the gas and dust clouds which
have kept us from understanding mechanisms behind the formation of stars.

E - Supernovae and the study of dark energy: The expansion of the universe is one of the most
important discoveries in cosmology. This discovery, the direct result of a supernova search,
implied the existence of an unknown source of repulsive energy, dubbed dark energy. Extending
the supernova search deeper will shed light on the mysterious nature of dark energy.

F - Weak gravitational lensing: Another mysterious component of the universe is dark matter.
Weak gravitational lensing studies allow the mapping of the distribution of dark matter, which is
the largest component of the large-scale structures of the universe.

4.3 Ranking of Science Objectives

The stakeholder value delivery network was used to perform a utility analysis of the six
candidate broad science objectives. The goal of the analysis was to eliminate any science
objectives that provided significantly less value than the others, and to identify science
objectives that looked the most promising. The six scientific objectives under consideration are
denoted as:

A. Epoch of Reionization (EOR)

B. Active Galactic Nuclei (AGN)
Extrasolar Planets (XSP)

Galaxy and Star Formation (GSF)
Dark Energy (DE)

Weak Gravitational Lensing (WGL)

T OO

Each stakeholder has one or more needs that must be met by the lunar telescope facility.
These needs are essentially met by inputs from other stakeholders, which are indicated as value
flows between them. By tracing the flows through the system, it is possible to identify “value
loops” that begin and end with a particular stakeholder. The success of the overall project
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depends on satisfying the needs of each stakeholder and ultimately managing the value flows
inside the loops.

To enable a utility analysis of each candidate science objective, a series of metrics was
developed based on the individual stakeholder needs. Each objective received a score between
1 — 5 for each metric; 1 indicating that the science objective would perform poorly, and 5
indicating that it would perform exceptionally. Scores were determined based on group
consensus or averaging different scores from individual design team members.

Table 3 shows the metric scores for each science objective. Note that for the last three
stakeholders, the degree to which their needs are fulfilled was assumed to be independent of the
chosen science objective and thus no metric scores were given.

Table 3. Example of stakeholder value metrics for NASA and the media.

Stakeholder Metrics Science Objective

(1 = strong no; 5 = strong yes) EOR | AGN | xsp | GsF | DE | weL

Congress & Executive

Will Congress & Executive gain public

support for this objective? 3 3 4 3.5 3.5 2.7

Are concepts within this objective likely

to stay within NASA’s budgetary limits? 4.7 4.5 2.3 2.7 2.3 23

Are concepts within this objective likely
to be completed within a timely 4 4 3 3 3 3
schedule?

NASA

Does this objective enhance support for
the lunar exploration program?

Is this objective uniquely enabled by the
lunar exploration program?

Scientists

Does this objective provide high-

priority scientific value? 4.5 1 4.5 3 4 o)

Would this objective provide a unique
scientific capability?

Are scientists likely to receive funding

and support for this objective? 2:3 3 3 2.7 2:5 2

Media

Will this objective provide exciting

pictures and information for the media? 23 3 4 4 5 3

Educators

Will this objective inspire students? 2.5 3.5 5 5 4 2

Will educators be able to get knowledge
from this objective and pass it along to 2.5 3.5 5 5 3.5 2
students?

General Public

Will the general public get excited about
this objective?
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Stakeholder Metrics Science Objective

(1 = strong no; 5 = strong yes) EOR | AGN | xsp | GsF | DE | weL

International Partners

[Metrics independent of objective] - - -1 -1 -1 -

Contractors

[Metrics independent of objective] - - - -

Telescope Operator

[Metrics independent of objective] - - - -

For each science objective, each stakeholder’s metric scores were averaged and normalized
from 0-1 to produce a single blended utility score. This score approximates the utility a
stakeholder would derive from each candidate science objective. These scores are shown in
Table 4 below. The last three stakeholders were assigned utility scores of 1.0 for each objective
to reflect that their preferences were believed to be unaffected by the choice of science
objective.

Table 4. Derived stakeholder utility scores for each science objective.

Stakeholders Science Objective
(0 =no utility; 5 = maximum utility) EOR AGN XSP GSF DE WGL
Congress & Executive 0.78 0.77 0.62 0.61 0.59 0.53
NASA 0.70 0.70 | 0.60 0.55 | 0.65 0.45
Scientists 0.67 0.40 | 0.63 0.51 0.50 0.33
Media 0.47 0.60 | 0.80 0.80 1.0 0.60
Educators 0.50 0.70 1.0 1.0 0.75 0.40
General Public 0.40 0.53 0.93 0.80 | 0.67 0.33
International Partners 1.0 1.0 1.0 1.0 1.0 1.0
Contractors 1.0 1.0 1.0 1.0 1.0 1.0
Telescope Operator 1.0 1.0 1.0 1.0 1.0 1.0

To approximate the strengths of the value loops identified in Section 3.5, each link in a loop
was assigned the utility value derived above. The product of the utility values of all links in a
loop then roughly correlates with the strength of that loop during the lifetime of the project. For
example, a perfect loop would be one whose stakeholders derive maximum value (loop score
1.0 x 1.0 x 1.0 = 1.0) from the selected science objective. A moderately successful loop might
equal 0.8 x 1.0 x 0.5 =0.4. A multiplicative rule was used so that any individual link with a
score close to zero would result in a loop score also close to zero. Finally, each loop score was
multiplied by 100 to indicate a “percent strength” score. Some of the more important value
loops and their strength scores are shown in Table 5 below. At the bottom of the table, the sum
and average of all scores for each science objective are shown. The average scores were then
normalized by the highest-scoring science objective to indicate relative strengths of each
objective. The loops with the strongest scores (score > 35) are highlighted in green bold font.
The loops with the weakest scores (score < 15%) are highlighted in red italic font.
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Table 5. Expected level of strength for each stakeholder value loop.

Value Loops Science Objective
(Expected strength of each loop — “% W
” EOR | AGN XSP GSF DE G
strength”) L
Public = Congress > NASA -
Scientists > Public S A A N
Public = Congress > NASA -
Scientists = Media = Public / / 18 1 13 2
NASA - Contractors = Public 2>
NASA 28 37 56 44 43 15
NASA - International Partners 2>
Scientists 2 NASA 47 28 38 28 33 15
NASA - Scientists = Public 2
NASA 19 15 35 22 22 5
NASA - Telescope Operator =
Scientists = Public 2> 15 11 22 14 13 3
Congress/Executive > NASA
SUM 131 109 191 133 137 43
AVERAGE 22 18 32 22 23 7
NORMALIZED AVERAGE 0.68 | 058 | 100 | 070 | 071 | J:
These scores can be expressed numerically as:
Stakeholders: Sa , n=1,2,3,...10
Objectives: Cy , x=A,B,C, ...F
Stakeholder utility: Kox (Utility score for S, , Cy)
Value loop: Labedx » a,b,c,d = values for n
# of value loops: m
Value loop score: Labedx = Kax * Kpx * Kex * Kyx
Z Labcd,x
Average loops score: Lavex = St (Eq. 1)
m
. Lav X
Normalized loop score: Loomx = — (Eq. 2)
max(L, )

avg

The relative strengths of the science objectives are shown graphically in Figure 21 below.
The results from this analysis show that Objective XSP (Extrasolar Planets) clearly shows the
greatest promise, while Objective WGL (Weak Gravitational Lensing) is significantly weaker.
Objectives EOR (Epoch of Reionization), AGN (Active Galactic Nuclei), GSF (Galaxy and Star
Formation), and DE (Dark Energy) show little differentiation, other than being somewhat less
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promising than Objective XSP (Extrasolar Planets).
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Figure 21. Relative strength of six candidate science

objectives based on stakeholder utility analysis.

Finally, once an objective is chosen, this analysis can be used to predict the weakest value
loops during the life of the telescope program. For example, if Objective AGN were chosen
(see Table 6), the analysis would show that the loop involving Public > Congress/Executive =
NASA > Scientists = Media would be the weakest of all the stakeholder value loops. This
information is helpful, as greater resources nurturing that loop throughout the lifetime of the
program could help increase the chances of success for the project.

Table 6. Expected strength of each stakeholder value loop for science objective AGN.

Value Loops Science
Objective

(Expected strength of each loop — “% strength”) AGN
Public = Congress 2 NASA - Scientists = Public 11
Public 2 Congress 2 NASA - Scientists 2 Media

: 7

- Public
NASA - Contractors = Public > NASA 37
NASA - International Partners - Scientists > )3
NASA
NASA - Scientists = Public > NASA 15
NASA - Telescope Operator = Scientists = Public 1
- Congress/Executive 2 NASA
SUM 109
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Value Loops Science
Objective
(Expected strength of each loop — “% strength™) AGN
AVERAGE 0.58

The results from this analysis allowed the team to eliminate one of the six candidate science
objectives altogether. Of the remaining five objectives, four are roughly equal in strength, and
one shows significant promise for delivering value to all the identified stakeholders. During the
development of specific concepts for each science objective, this stakeholder utility analysis
complemented and helped inform the downselection process and some of the other analyses that
are presented later in this report.
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5. Broad System Requirements

General telescope system requirements were developed early in the design phase, informed
by the stakeholder analysis described in Section 3 and based on the scientific goals delineated in
Section 4. These general requirements are presented in Table 7. Tentative numbers were chosen
for some metrics, in order to provide a framework for defining more specific requirements for
the two reference designs. These more specific requirements are presented in Sections 7 and 8.

The nomenclature in Table 7 is described as follows. Science goals which drive particular
requirements are described using a brief acronym, as listed in Section 4.2.

- Requirement Number: X. = Level 0 requirements, X.Y = Level 1 requirements.

- Requirement Statement: Quantified description of scientific and engineering

requirements.

- Priority: Rigidity of requirement statement on A-C scale, A being highest.

- Rationale: Source and reasoning for requirement.

Table 7. Level 0 and Level 1 requirements.

4 Requirement Priority Rationale
The system shall be capable of collecting From stakeholder:
1 radiation in the EOR,AGN) radio band, A Scientific Community,
XSP,GSF) IR band, or DE,WGL) Optical band. NASA
The system shall collect radiation in the
11 following wavelength ranges: EOR) 1.5-3m A-C TBD

AGN) Icm-1m XSP) 1-20microns GSF) 10-300
microns DE,WGL) 0.3-1 microns
The system shall provide a minimum angular
1.2 resolution of EOR,AGN,GSF,DE) TBD and A-C TBD
XSP) 1 milli-arcseconds for each wavelength.
The system shall be able to point at a particular

.3 target with an accuracy of TBD arcseconds. A-C TBD
The system shall provide an effective collecting

1.4 area of EOR) 3x10"4 m"2 DE) 50 m"2 A-C TBD

AGN,XSP,GSF) TBD
) The system shall be able to view TBD degrees of A-C Scientific Community,
the sky in one year of operation. NASA
The field of view of the system shall be
2.1 | EOR,AGN,XSP) TBD sq. deg. DE) 30 sq. deg. A-C TBD
WGL) 0.5 sq. deg.

The system shall be able to maneuver to face a

2.2 target within TBD degrees of its nominal A-C TBD

position.

To leverage NASA’s
lunar exploration

3 The system shall be located in cislunar space. A architecture and assist

in fulfilling the Vision

for Space Exploration.
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Req

4 Requirement Priority Rationale
3.1- | The system shall be capable of surviving in the A-C
n environment of cislunar space.
The data need to be
communicated to
The system shall be able to communicate data Earth cither directly
4 B or via relays (e.g.,
back to Earth. :
satellites) to be
analyzed by ground-
based personnel.
4.1 The system shall have a data rate of TBD bps. A-C TBD
4.2 | The system shall transmit data in the TBD band. A-C TBD
The use of Ares V as
The entire system payload shall fit into less than the launch vehicle was
TBD number of Ares V booster vehicles and a constraint for this
5 have a throw weight no greater than the B project in order to
maximum throw weight of less than TBD number leverage planned
of Ares V boosters. NASA capabilities for
lunar exploration.
NASA Lunar Surface
51 The mass of system components launched on a A Access Module
' single Ares V shall be less than 18 metric tons. (LSAM) payload
delivery capability [7].
The system components launched on a single fZ fiﬁ?ﬁggﬁtﬁgi
5.2 Ares V shall fit within the LSAM cargo A .
container. yet undetermined by
NASA.
53 The system shall be able to survive launch loads A
' as defined in the Ares V user’s guide.
The system shall have an operational lifetime of F.rom stakeholders:
6 at least TBD years. B Scientific Community,
NASA
6.1 The system shall have a reliability of at least A-C TBD
TBD.
6.2 The system shall have interfage; for servicing by A-C TBD
robotic/human missions.
6.3 The system shall employ redundancy for critical A-C TBD
subsystems.
A modular design that
is upgradable was
7 The system shall employ a modular design for B believed to be a better

flexibility and upgradability.

choice due to its
resiliency to budget
cuts.
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Req

4 Requirement Priority Rationale
The system needs to
The system shall have a cost of the same order of dehver. higher value to
. oy o the major stakeholders
8 magnitude as telescopes with similar scientific A

objectives.

for a cost either lower
than or equal to other
proposed programs.
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6. Concept Development Methodology

This section explains the process used to move from the generalized design goal to a detailed
analysis and two specific reference designs. Figure 22 shows the development of the concepts
and reference designs.

Begin
Design External Review 1 External Review 2 Final Design
- 2/23 / \ -317 -3/23 Review - 5/11
4 4 0 Internal .
P / Concept
P Review
/

Fin L

Final Concept IR Concept Maturation
Concept | Down RF Concept Maturation

eneration] Selecti

Initial
Concept Concept
¢+ Investigation Development

Firewalled | Firewalled
Concept | Concept
Generation Down

Stakeholder T
Analysis

Figure 22. Concept development process.

6.1 Initial Formulation of Concept Space

In identifying the concepts to be considered for a lunar telescope, the concept space must be
firmly described in terms of architectural objectives. A lunar telescope architecture embodies the
overarching concept while allocating functions to elements of form. Furthermore, the
surrounding context defines the interfaces and constraints on the system [30].

It is thus necessary to define a concept space that will be explored creatively, completely and
rationally in the search for specific realizations of operation that fulfill the defined needs and
goals in the best possible way. Some key definitions which will help in the process of
establishing the concept space can be drawn from the primary and secondary needs and goals,
listed in Section 4. These definitions include the primary need of the system and a solution-
neutral statement of function. From these the value-related operand, the value-related attribute,
and the function can be inferred. The specific definitions for the system being developed are:

6.1.1 Primary Need:
To study the large-scale structure of the universe, the formation of planets and stars.

6.1.2 Solution-Neutral Statement of Telescope Function:

Collecting and transmitting information gathered from photons emitted by distant
astronomical objects.

This statement constrains the method to be used to achieve the broader goal to a telescope by
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differentiating the light gathering concept from others, like human or robotic exploration, or
collection of information from sources like subatomic particles.

6.1.3 Value-related operand

Photons, or equivalently, their wave signature in the electromagnetic field, are the objects on
which the function is being performed. The photons can be generated or transformed by different
extraterrestrial phenomena and they carry within their state intrinsic information about these
events.

6.1.4 Value-related attribute

Information has been identified as the characteristic of the photons which is to be operated
onto to give value to the designed system. The information carried by the photons can be
obtained by measuring different characteristics of their present state and from it, details about the
phenomena that generated or acted on them. Some of these characteristics are energy, location,
direction, time of arrival and polarization.

6.1.5 Function

Gathering 1s the main function of the system, acting over the information attribute of the
photons. It is performed in the sense of obtaining, through measurements, specific characteristics
that will reveal scientific details about the source or phenomenon that generated or transformed
the radiation.

This main function can be subdivided in a set of specific sub-functions that are intrinsically
required to achieve the main goal. These characteristics are listed here, but the order in which
they are mentioned is not necessarily a chronological or hierarchical categorization.

e First, in order to reach the photons the instrument has to be placed at some location that
will affect the availability of sources and amount of photons that can be discriminated.

e Second, the instrument has to be pointed at some explicit direction to receive the specific
light from the source to be studied.

e Third, the photons have to be collected at a given surface, generally referred as the
aperture stop.

e Fourth, these photons are selected through some filtering process that generally takes
place simultaneously to the collection process, so that only a very specific band or
window of the spectrum is processed.

e Fifth, the photons have to be localized, that is, their relative states have to be correlated in
a timely manner to allow the acquisition of information. In the case of direct
combination, there is a focusing process that permits the mapping of the signal at
different locations into the detector. In other concepts, like interferometers, the signal is
correlated and the localization is done through its frequency content.

6.2 Object-Process Methodology Diagram and Concept Space Matrix

The following diagram, Figure 23, shows the elements of form and their association with
process-specific functions. It aids in visualization of the relationships between different aspects
of the architecture, and provides a convenient method for construction of a morphological
matrix.
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Figure 23. Object-Process Methodology description of telescope design.

The elements in the matrix shown in Table 8 represent particular concepts of operation that
can be applied to satisfy the required functions of the telescope system. By selecting a
possibility from each row in the matrix, thereby making a trace from the top to the bottom, a
concept for the overall telescope system can be formed (note, however, that some rows contain
possibilities that are a subset of only one of the previous rows’ choices). All possible
permutations of concepts of operation then define the total concept space for our system, which
includes all basic telescope architectures possible. The completely-detailed matrix defines a
space containing 6048 individual concepts. While some of these concepts will not work, will
have severely limited capabilities, or will fall outside the parameters of this study, this initial
concept space allows consideration of all varieties of telescopes that can satisfy the listed needs.

Table 8. Detailed concept space matrix.

Collecting Monolithic Segmented Sparse

Localizing Reflecting Refracting Direct
Pointing Move Primary Move Secondary Static

Waveband Radio Radio/Far IR Far IR Mid IR Near IR Igfe\%s Visual

Earth Moon Deep Space
Surface Orbit Surface Orbit EM | ES
Location Place |LEO | HEO | GEO | Lo | Hi | Eq }1): Lo | Hi | Ecc 2034 |5
Near | Far | Limb
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A trace through the expanded concept space matrix provides a description of a telescope
concept. The specific concepts of operation defined in the matrix are as follows:

6.2.1 Collecting
Monolithic

A monolithic aperture is a solid, completely filled collecting surface. This type of aperture
maximizes the total amount of collecting area for a particular diameter of the aperture.
Monolithic aperture design is widely used in telescopes in all wavebands (examples include the
Arecibo radio telescope, and the Hubble space telescope). Monolithic apertures are by definition
single units, and consequently must be constructed and deployed as such. In addition to
providing the largest collecting area per size, monolithic apertures have the additional advantage
that, once constructed, they generally need minimal adjustment to ensure that they correctly
correlate the incoming photons compared to the other aperture options. However, monolithic
apertures generally increase the cost for a particular diameter (and hence make high resolutions
more difficult to achieve) and large monolithic apertures may present transportation challenges.

Segmented

Segmented apertures use multiple elements smaller than the aperture size to construct the full
aperture. These types of apertures do not necessarily need to reconstruct the entire equivalent
monolithic aperture, and in many cases may have a filling-factor (percentage of the equivalent
full circular aperture that is sampled) of less than unity. Examples of segmented aperture
telescopes include the Keck telescopes and the original Multiple Mirror Telescope (MMT).
Segmented apertures allow large apertures to be constructed in pieces, potentially sequentially,
which simplifies manufacturing of a large aperture.

Sparse

A sparse aperture refers to a low (much less than unity) filling-factor aperture. These types
of designs typically will use interferometric techniques to correlate incoming photons. Sparse
apertures can attain extremely large effective diameters and consequently high angular
resolution. However, this technique will result in much less collecting area compared to a
monolithic aperture of equivalent diameter. Examples of sparse apertures include the Very
Large Array radio telescope and the Cambridge Optical Aperture Synthesis Telescope
(COAST). Sparse apertures are generally easier to construct at lower frequencies because the
techniques used to correlate the photons (typically interferometry) require much lower precision
and are much more mature at the lower frequencies. Sparse apertures also tend to act as a spatial
filter.

6.2.2 Localizing
Reflecting

Reflecting telescopes use the principle of reflection to collect and localize light. These
designs consist of curved reflecting surface, which causes collimated incoming light to be
focused above the reflector. Reflectors have the advantage that the mirror can be supported fully
on the back side. However, the fact that the focus is in front of the mirror means that either the
instrumentation package or a secondary mirror needs to be placed in the light path, which will
reduce the aperture efficiency. Some examples of reflecting telescopes are the Keck telescopes
or the individual elements of the Very Large Array.
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Refracting

Refracting telescopes use lenses to refract incoming light into a focal point. This type of
system allows the instrumentation to be placed behind the optical system. Refracting telescopes
present challenges for large diameter lenses because the lenses become quite massive and
consequently expensive, and can only be supported on the perimeter, giving them the propensity
to deform or break under their own weight.

Direct

Direct detection of photons is also used to collect light. In these systems, the individual
detector is the size of the aperture, so the light is not gathered and focused, but is merely
detected. In the wavebands considered in this report, this method of detection is most commonly
found in low frequency radio telescopes, where the detection elements consist of dipole antennae
which simply detect the electromagnetic radiation.

6.2.3 Pointing
Moving Primary

Telescopes with moving primaries physically slew the primary collecting structure to point at
the intended target. Over the course of the observation, the telescope continues to slew to track
the target. This type of system consequently requires that the entire collecting structure be
precisely steerable. Examples of this include the Magellan Telescopes or the Parkes radio
telescope. Space telescopes also generally fall into this category, as the entire system slews to
point at the observed target.

Moving Secondary

Telescopes with moving secondaries keep the primary collecting structure essentially fixed
and instead steer by changing the location of a secondary reflector. This type of telescope allows
large primaries to be built without designing a complex system to give them all the necessary
degrees of freedom to effectively track an astronomical target. However, this type of
arrangement means that usually the effective aperture is significantly less than the actual primary
aperture size, and that only a limited area on the sky is visible.

Static

Telescopes can also be designed without active steering mechanisms. This type of design
mainly includes interferometric arrays which have elements with wide fields of view. In this
case, variation of the light phase delay can be used to effectively steer the telescope.

6.2.4 Waveband Apportioning
Radio

The radio range covers wavelengths more than roughly Imm. Observations at wavelengths
longer than ~10 meters cannot be performed within the Earth’s ionosphere, and the ionosphere
presents calibration difficulties on meter-scale wavelengths.

Far IR

The far-infrared range spans wavelengths of roughly 30—1000 um. Far-IR measurements
must be done outside of the Earth’s atmosphere, with cryogenic detectors. The techniques for
these observations become more similar to radio observations.
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Mid IR
The mid-infrared range spans wavelengths of roughly 5-30 um. These observations must be
conducted outside of the Earth’s atmosphere and require cryogenic detectors.

Near IR

The near infrared range spans wavelengths of roughly 0.75-5 pm. Many of the shorter
wavelength near-IR observations can be conducted similar to traditional optical astronomy,
although past 1 um requires special detectors, and atmospheric opacity starts becoming
problematic.

Visual
Visual light spans the range roughly between 350 and 750 nm. This is the traditional optical
astronomy band, and can be done within the Earth’s atmosphere with limited resolution.

Note that wavebands which lie adjacent can be combined into the same telescope.

6.2.5 Location

Location has a number of levels, reflected in the four rows allotted to describing the location
of the telescope. Each row is not necessarily available after every choice in the previous row; for
instance, a telescope placed on Earth makes the selection of Farside, Nearside, or Limb location
irrelevant.

Earth
Refers to telescopes on the surface or in orbit around Earth.

Moon
Refers to telescopes on the surface or in orbit around the Moon.

Deep Space
Refers to telescopes which orbit at a significant distance from the Earth and the Moon, i.e. at
one of the Lagrange points of the Earth-Moon or Earth-Sun systems.

Orbit

In the case of an orbit near the Earth or the Moon, an orbiting telescope can be placed in low,
high, stationary, or eccentric orbit. In the case of the Earth, an eccentric orbit is not a useful
feature, and a high stationary orbit is also known as geosynchronous orbit, which may be useful.
In the case of the Moon, stationary orbit confers no advantages, but an eccentric orbit might, as it
could potentially allow extended periods in shadow from Earth’s radio emissions, but also permit
direct transmission to Earth ground controllers during the brief passes over the Moon’s Nearside.

Lunar Orbit

A lunar orbit would place the telescope in orbit around the Moon. This has the possible
advantage of allowing the telescope to use the Moon’s shadow to shield it either from the Earth
or the Sun to make observations, but then to transmit information back to the Earth when on the
Earthward side of the Moon.
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Low Earth Orbit

A telescope in Low Earth Orbit (LEO) would get the telescope outside the Earth’s
atmosphere, but would be close enough to the Earth for easy access by current and future launch
systems, allowing comparatively easy human serviceability. LEO orbits also allow easy
downlinks to Earth and the characteristics of telescopes in LEO are well known (the Hubble
Space Telescope occupies LEO, for example). Putting a telescope in Low Earth oOrbit,
however, is not a concept enabled by the return to the Moon. Concepts including this space in
the concept matrix will be used as baselines for comparison, rather than as actual design
candidates.

Lagrange Points

Lagrange points are any of the five locations in a two-body system where a third body
remains at relative rest to the other two. Here, the interest is confined to the Earth-Moon and
Earth-Sun systems.

Earth-Moon L1
This Lagrange point, located between the Earth and Moon, has been proposed as a waypoint
between the Earth and Moon.

Earth-Sun L2

The second Earth-Sun Lagrange point is located on the opposite side of the Earth from the
Sun. A telescope located at this point would require small amounts of station-keeping, benefit
from the observing advantages afforded in space, and still be relatively close to Earth. This is a
space location, and consequently would offer nearly full sky coverage.

Other Lagrange Points

Both the Earth-Moon and Earth-Sun systems contain five Lagrange points, three of which are
collinear to the major pair of bodies in the system and two of which lie on the orbit of the smaller
body around the larger at 60-degree offsets in front of or behind the smaller body. In general,
not all these points are of immediate interest, and the characteristics of one of the non-collinear
points are not distinguishable from those of the other non-collinear point; however, all five are
included in the broad concept space matrix to allow for the maximum number of concepts from
which to downselect.

Earth Surface

Telescopes have been built on the Earth’s surface for centuries. Although Earthbound sites
have the distinct disadvantage of being below the atmosphere and the ionosphere, which can
affect many wavelengths, the costs of transporting and constructing a telescope on the Earth’s
surface are dramatically lower than any other potential site, and the telescopes are inherently
human serviceable. Earth-based telescopes, however, are not enabled by the return to the Moon,
and will serve only as baselines.

Lunar Low Latitude

Lunar low latitude refers to placing the telescope near the lunar equator. This type of site
provides the largest viewable portion of sky to the telescope.
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Lunar High Latitude

This type of site, also including the lunar poles, would place the telescope near the north or
south pole of the Moon. This type of site would limit the percentage of the sky that is viewable,
but would allow more observing time on particular portions of the sky.

Lunar Poles
A site exactly at one of the poles, especially at the Shackleton Crater near the lunar south
pole, may allow for leveraging the permanent shadows that exist there.

Lunar Nearside
A site on the side of the Moon which faces the Earth would allow for easy communications,
but might suffer from interference generated by the radio output of the Earth.

Lunar Farside

This type of site (which can be combined with either a low or high latitude selection) would
place the telescope on the far side of the Moon relative to Earth. While this would make
telemetry with Earth more difficult, it would shield the telescope from Earth’s auroral radio
emission.

Lunar Limb

The limb region of the Moon’s surface is that where the Earth always hangs low on the
horizon. This region is on the boundary between Nearside and Farside, and represents a possible
compromise between competing advantages.

6.3 Existing Concept Investigations

Existing designs for telescopes can be traced through the concept space matrix. Examples can
be seen in the existing concepts discussed in Section 2 of this report. The advantages of doing
astronomical observations, or Earth observations, from the Moon have led to a number of lunar
telescope concepts worth discussing here. While some are conceived because of their
similarities to free-flying space telescopes in their relative performance over Earth-bound ones,
other concepts are unique to the lunar environment. As can be verified in the concept space
matrix of Table 8, each of the previously investigated concepts falls within the space under
current study.

For example, the Hubble Space Telescope is a monolithic reflecting telescope with a movable
primary reflector, operating in the visual wavelengths from Low Earth Orbit. The proposed
Large Lunar Telescope would be a segmented reflecting telescope with a movable primary
reflector, operating in the visual wavelengths from lunar low latitudes.
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6.4 Concept Downselection Cycles

An important part of the design development was the selection of valid concepts within the
broad architecture space, and the subsequent ranking and more detailed analysis of the selected
concepts.

6.4.1 First downselection cycle

A list of preliminary metrics was distributed to the concept-generation subteams from the
requirements team. These included the binary criteria that the selected telescope 1) must be able
to meet one of the selected candidate science program goals, 2) must have no components which
do not fit on an Ares V booster, and 3) must be in deep space or near the Moon.

One method of downselection is the method of trees, an example of which is seen in Figure
24. A tree is a subset of possible traces through the concept space matrix. Starting with
segmented telescopes only, the next step must be a reflector, as segmented direct detectors or
segmented refractors are not sensible concepts. The table in the middle indicates that any
frequency band may be chosen. Note that some of the Lagrange points have been removed or
combined, and no Earth or Earth-orbit telescopes appear, per the requirement that the telescope
be in lunar space.

Segmented
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Move primary Move secondary Static

—

|Radio|Radio/Far IR | Far IR | Mid IR | Near IR | Near IR/Vis |Visua|

\

Deep space
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Figure by MIT OpenCourseWare.
Figure 24. Concept tree for segmented reflecting telescopes.

By trimming the infeasible concepts immediately via the tree method, the total number of
concepts available was cut from 6048 to approximately 2400. (Note that the tree in Figure 24
has only 420 possible concepts.) Further cuts in trees were conducted after better metrics were
established, and trees were subsequently trimmed in greater detail.

The first development cycle culminated in a meeting during which the various concepts
developed were discussed in detail. Duplications of concepts were removed, and approximately
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twenty concepts were selected for ranking and further downselection. These concepts were split
into three main sub-areas, based on common technology, after discussion. The three areas
include near-IR/Visual, Far- or Mid-IR, and radio wavelength regimes.

6.4.2 Second downselection cycle

The second method for downselecting from the remaining possibilities involved the use of
the Pugh method of concept ranking. Fifteen of the top concepts were quantitatively ranked
against a baseline using 20 metrics based on performance requirements and implementation
constraints. The resulting seven concepts were designated for further investigation. Figure 25,
below, shows an example of Pugh rankings.

Sparse Reflector Sparse Reflector JWST Monolithic JWST Monolithic

Moving Primary  Moving Primary Reflector Lunar  Reflector Lunar
Metrics for FIR Telescopes Baseline: JWST Lunar Equatorial Lunar Polar Crater  crater surface equator
Can meet one science program 0 0 0 0 0
All components fit on Ares V 0 0 0 0 0
In cislunar space 0 0 0 0 0
Angular resolution 0 1 1 0 0
Wavelength range 0 0 0 0 0
Sky viewed over 1 year 0 0 -1 -1 0
Field of view 0 0 0 0 0
Mass 0 1 1 0 0
Delta-V required 0 -1 -1 -1 -1
Cost 0 0 -1 -1 -1
Single-fault tolerance 0 1 1 0 0
Capability can be increased 0 1 1 0 0
Capability can be restored 0 1 1 0 0
Leverages manned program 0 1 1 1 1
Complexity (# of parts) 0 -1 -1 0 0
Technology Readiness Level 0 -1 -1 0 0
Ability to spread cost over time 0 0 0 -1 -1
Ability to start and stop funding 0 0 0 -1 -1
Ability to be spread over districts 0 0 0 0 0
Incremental deliverables 0 1 1 0 0
Public wow factor 0 1 1 1 1
Extra science programs met 0 1 1 0 0
Total Score: 0 6 4 -3 -2

Figure 25. Exemplar Pugh matrix for Far-IR telescopes.

6.4.3 Concept review and final development

The final seven concepts were compared using utility analysis based on the ability of each
concept to meet the candidate science programs, and three concepts were presented at the second
external review, during which the concepts were carefully evaluated. Of these concepts, two
were retained for final maturation, as both concepts showed promise. These two concepts appear
as the reference designs in Sections 7 and 8.
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7. Lunar Interferometric Radio Array (LIRA)

This section discusses one of the top two selected concepts, developed into a reference design.
The concept is an array of simple dipoles operating in the radio band, situated on the far side of
the Moon. Details of the science objectives and the subsystems design are described in this
section.

7.1 Approach and Assumptions

7.1.1 Design approach

The design of the LIRA telescope was done using a Microsoft Excel-based model similar to a
modified and tailored version of ICEMaker [see 31]. Each of the subsystem designs is
implemented in one to two worksheets. The parameters that are passed between the subsystems
are managed on a central repository worksheet functioning as a simplified version of the
ICEMaker central server.

This approach makes feasible a straightforward calculation of the system’s science output per
unit cost, which is detailed further in Section 7.9.3. Because of the structure of the model and
the central repository worksheet, it was possible to maintain all of the key technical parameters
and their relationships in a single location. Figure 26 summarizes the relationships between
these parameters, and Figure 27 serves both as a key for Figure 26 and as the central repository
of all parameter values in the LIRA telescope design.
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Figure 26. N” diagram of the major relationships between parameters
in the LIRA telescope design. The outputs of each subsystem
or function are listed down the columns, and the
corresponding inputs are shown across the rows.

MIT Aeronautics and Astronautics 48



Bychiinceme Csnetants Yocser
~Opply Seperainn
- Mmnmum Frequancy
- Magrmum Freguemcy
- Instumem Bardwirth
- e Ciwy Langih

R e R

0o ki e
A - Clusier Onta Rl

Figure 27. All important t
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echnical parameters in the LIRA telescope design.
The numbers and color codes correspond to those used in Figure 26.

R#eq Requirement Priority Rationale
The system shall be capable
of collecting radiation in the
1 | radio band. A
The system shall collect
radiation in the following
wavelength ranges: 2 m to These wavelengths represent the relevant
1.1 | 30 m. A ranges of the radio band.
The system shall provide a
minimum angular resolution
of at least 10 arcseconds, The exact resolution and optimum
depending on exact wavelengths required to observe the EOR in
1.2 | wavelength. A detail are not yet confirmed.
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Req

4 Requirement Priority Rationale
The system shall provide
enough collecting area to Observation of the EOR 1is the primary
1.3 | observe the EOR signal. A science goal for this system.
The system shall be able to
view TBD degrees of the
2 | sky in one year of operation. B TBD
The field of view of the
2.1 | system shall be 900 sq. deg. B TBD
To leverage NASA's current Constellation
The system shall be located program architecture and benefit from the
3 | on the lunar surface. A radio-quiet environment.
The system shall be capable
of surviving in the
3.1- | environment of the lunar
n | surface. A
The system shall be able to
communicate data back to Data must be analyzed by Earth-based
4 | Earth. A systems.
The system shall have a data Exact transmission data rate is sized based
4.1 | rate of 10's of Mbps. B on the number of dipoles in the system.
The system shall transmit The Ka band allows the use of the Deep
4.2 | data in the Ka band. C Space Network.
A downlink station provides access to
ground stations via radio link without
The system shall transmit compromising the radio-quiet environment
4.3 | data to a downlink station. B of the Moon’s far side.
The entire system payload
shall fit into less than 1 Ares
V booster vehicle and have
a throw weight no greater
than the maximum throw Ares V booster will leverage NASA
5 | weight of 1 Ares V booster. B capabilities.
The mass of system
components launched on a
single Ares V shall be less
5.1 | than 18 metric tons. A LSAM surface payload capability [7]
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R#eq Requirement Priority Rationale
The system shall be able to
survive launch loads as
defined in the Ares V users
5.2 | guide. A
A lifetime of a number of years allows for
The system shall have an detailed observation of large areas of the sky,
operational lifetime of at as well as investigation of potential targets
6 | least 10 years. B for serendipitous science.
The system shall have a
6.1 | reliability of at least TBD. B TBD
The system shall have Incorporation of new elements may permit
provisions for incorporating increased resolution of the EOR and
new elements (antennas, improved performance in the primary
7 | instruments, etc.). B scientific goal for this system.
The system shall have a cost
of the same order of The system needs to deliver higher value to
8 | magnitude as telescopes A the major stakeholders for a cost either lower
with similar scientific than or equal to other proposed programs.
objectives.

7.1.3 Science goals

The key science drivers addressed by this telescope concept include: the Epoch of
Reionization (EOR), extrasolar planets (XSP), solar science, and serendipitous science. These
science drivers provide the motivation for the construction of this telescope.

The EOR measurement consists of measuring the redshifted 21-cm hydrogen line in the early
universe. Before the universe created the first stars and galaxies, it consisted of neutral hydrogen
that emits radiation at 21 cm (1.4 GHz). The frequency of this line is decreased with time due to
the redshift caused by the expanding universe. As the first stars and galaxies formed, the energy
produced by these objects ionized the hydrogen, which stops this line from being emitted.
Determining the time and quality of this transition gives information on the way the first stars
and galaxies formed. The signal is predicted to be redshifted into the low frequency radio
regime, below 200 MHz.

Extrasolar planets with magnetic fields may also emit low frequency radio emission that can
be detected with a lunar dipole array. Emission typically arises from the interaction of stellar-
wind powered electron currents when they interact with the planetary magnetosphere. As Lazio
et al [32] note, there is a correlation between planetary mass and emission wavelength such that
observations above the Earth’s ionosphere are needed to detect emission from sub-Jovian mass
planets.

In addition to these major scientific objectives, another science goal is the study of particle
acceleration and magnetic fields in the Sun. A radio observatory located above the Earth’s
ionosphere would provide a unique imaging capability at low frequencies, giving a previously
unseen look at these processes.

Serendipitous science is another important key goal that this telescope system will provide.
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Extremely low frequency radio astronomy is not possible due to the Earth’s ionosphere, and high
sensitivity observations at these frequencies in the vicinity of the Earth are precluded due to the
strength of the Earth’s own aural radio emission. Consequently the lunar far side provides a
unique location that will allow high sensitivity observations a frequencies never before explored.
As such, the conduction of serendipitous science, including the potential discovery of new
astrophysical processes or objects, is a very real possibility with this telescope concept.

7.1.4 Location

The location of the telescope is driven in part by the need to take advantage of the Moon’s
uniqueness as a radio-quiet location near the Earth. This need dictates that the telescope be
located somewhere on the Moon’s far side. This section analyzes further the relationship
between the telescope’s proposed location and the utility of the location. Results of the utility
analysis of location are used to inform further design efforts and are incorporated into the design
model described in Section 7.1.1.

Noise attenuation

The attenuation of Earth-originating noise at any location is a function of the angle from the
near side of the Moon. While little experimental data exists to confirm noise attenuation
estimates, analytic studies have predicted the amount of noise attenuation on the Moon’s far side.
The results in Figure 28 are for a 50 kHz wave, which was used to estimate noise attenuation for
all frequencies.
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Figure 28. Lunar noise attenuation from the lunar far side.

Sunlight illumination fraction

For most latitudes, the lunar surface is illuminated 50 percent of the time. However, in the
polar regions, the higher elevations receive up to 80% illumination, as shown in Figure 29. The
relationship in Figure 31 between angle from lunar nearside and maximum illumination fraction
was estimated from Figure 29.
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Figure 29. Lunar polar sunlight illumination fraction [33].

Utility analysis

To compare potential telescope locations, a utility analysis was developed, in which total
utility is assumed to be made up of three components: noise attenuation, sunlight availability,
and angular resolution. Each component utility is normalized between zero and one and the total
utility is simply the product of the three component utilities.

Noise attenuation utility is a function of the local noise attenuation at the location of the
dipole array. Zero utility corresponds to the zero noise attenuation from the lunar noise
environment. A utility of 1 corresponds to a noise attenuation of -40 dB. This roughly
corresponds to the level of cosmic background noise. A plot of the attenuation utility is shown in
Figure 30.

Light availability utility corresponds to the illumination fraction and is a function of the angle
from the nearside of the Moon.

Angular resolution utility gives value to how finely the epoch of reionization can be resolved.
Zero utility corresponds to an angular resolution of one degree while a utility of one corresponds
to an angular resolution of 0.5 arc minutes. The utility decreases linearly with the log of angular
resolution, as shown in Figure 32.

In addition to these utility measures, a mass model of the system was also developed. The
mass model presumed a relationship between system mass and afforded angular resolution, using
the number of dipoles as a parameter for both mass and angular resolution, with an estimate of
the angular resolution necessary to perceive the EOR as a guideline. The mass model allowed a
constant mass for deployment, a mass per dipole, and a mass for computing and processing
equipment. The mass of the power system in this preliminary analysis was written as a function
of the power source (RTGs or solar arrays) and the proximity to a lunar base which provides free
power.
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Figure 30. Noise attenuation utility.
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Figure 31. Illumination and utility versus angle.
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Results
The mass model delivers a component mass output based on the desired angular resolution
and the choices for power source and deployment method, as shown in Figure 33.
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Figure 33. Component masses.

In order to arrive at the optimal preliminary design based on the utility analysis, the total
utility per unit mass was plotted against angular resolution for three different concepts. In the
lunar base concept, it is assumed that the array is located 20 km away from a polar lunar outpost
and leverages the human presence to construct the array. In the lunar base free power concept,
the array is located 10 km from the polar lunar base and receives power from the base’s power
generation capability. The only mass associated with the power requirement is the mass needed
to transmit the data from the array to the lunar base. In the far side concept, the array is installed
on the far side of the moon robotically at a location where the noise dissipation utility is
maximized. Results of the utility analysis are shown in Figure 34.

MIT Aeronautics and Astronautics 55



1.20E-05 — lunar
base
1.00E-05 -
8.00E-06
£ 6.00E-06 — far side
4.00E-06
2.00E-06 |
0.00E+00 ‘ |
0 05 1 15 lunar |
angular resolution base with
free

Figure 34. Utility versus angular resolution.

Each of the three concepts achieves maximums in the same region, at an angular resolution
between 0.5 and 0.6 degrees. Characteristics of the optimal designs for these three cases are
summarized in Table 10.

Table 10. Optimal value ranges.

Characteristic Unit | Range of values
Angular Resolution Deg | 0.5-0.6

Total Mass kg | 6080-13700
Power System Mass kg | 270-560
Installation Mass kg | 500-4000
Antenna Mass kg | 5000-8500
Communication Mass kg | 150-400
Number of Dipoles # 5300-7600
Number of Dipole Clusters | # 164-237

Power Requirement kW | 2.7-5.6

The ranges of design parameters developed from this preliminary analysis and listed in Table
10 inform further development of the LIRA telescope.

7.2 Instrumentation and Radio Array

7.2.1 Introduction

The overall design of the LIRA telescope was conducted using a top-down approach, starting
with a set of desired preliminary reference capabilities which were then used to determine the
more detailed characteristics of the array. This process allows the input reference capabilities,
which are directly related to the resultant scientific value of the instrument, to flow into the more
physical requirements of each subsystem. The epoch of reionization (EOR) is a principal driving
scientific objective of the telescope, and is one of the more difficult scientific objectives to meet.
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Consequently, the array design was conducted by requiring that the final design have the
capabilities to observe the EOR. Based off of this requirement, and the specified observational
attributes used to satisfy this condition, an overall set of array requirements are generated.

The basic form is an interconnected array of low frequency (10 to 130 MHz) dual-
polarization dipole antennae. By combining these antennae into an interferometer, the antennae
can be used to collect and determine the direction and other properties of incoming photons. The
dipoles will be grouped into clusters, which will then each be connected to a central digital
correlator to interfere these signals and produce radio measurements of the sky. The array will
be located on the far side of the Moon, shielded from Earth’s auroral radio emission, which will
allow unimpeded observations of very low frequency radio bands that are normally hindered or
totally obscured by the Earth’s ionosphere, allowing access to previously inaccessible scientific
investigation.

7.2.2 System definition and interfaces
The array design takes a set of capabilities-driven parameters as inputs. The selection of

these inputs was designed to strike a balance between completely specifying the nature of the

array and maintaining a suitable degree of simplicity such that the inputs can be effectively
quantified and modeled. The inputs to the array design are:

o Design Frequency — Several of the system attributes are frequency-dependent (such as
angular resolution, field of view and sensitivity). The design frequency is the frequency at
which these frequency-dependent attributes are evaluated.

o [nstrument Bandwidth — This parameter describes the amount of instantaneous frequency
coverage that the instrument can accommodate.

o Field of View (FOV) at design frequency — This parameter describes the angular width of the
square field of the sky that the array will obtain useful data from in a single observation.

e Signal to Noise Ratio (SNR) of the EOR at design frequency — This parameter describes how
strong a detection the instrument will be able to make of the EOR signal after a specified
integration time.

o Angular Resolution at design frequency — This parameter describes the maximum angular
resolution of the array.

e EOR Resolution — This parameter describes the spatial resolution at which the EOR will be
observable at the specified SNR in the specified integration time. This parameter is
introduced to allow the optimization of the system for observing the EOR, while allowing a
higher angular resolution for the total array, which would be useful for other scientific goals.
By having a lower spatial resolution of the EOR, the instrument does not need the same
sensitivity as it would if it were to be able to observe the spatial variations of the EOR over
each of its pixels.

Using these inputs, and a number of relevant constants (both physical and architectural) a
telescope configuration is calculated. The parameters of this configuration are then passed as
inputs to other subsystem designs. The resulting output parameters from this process are:

o Total number of antennae — The total number of dipole antennae in the array.

e  Number of clusters — The total number of clusters in which the dipoles are grouped. Each
cluster is individually beamformed in order to give a decent field of view while minimizing
the eventual data rate.

e Dipole length — The horizontal length (tip-to tip) of each antenna.
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Array diameter — The separation between the two most separated clusters in the array.
Cluster area — The area of each cluster, assuming the clusters are of square geometry.
Operating power per cluster — The amount of power used by each cluster for the amplifiers
and beamformer.

Cluster data rate — The resultant data rate from each cluster’s beamformer.

7.2.3 Assumptions and ground rules

In order to simplify the array design process a number of assumptions were made. These

assumptions are as follows:

The performance of the array is independent of its UV distribution. This analysis was
conducted without considering the effect that the arrangement of the clusters will have on the
overall performance of the array and what useful science it can do. The distribution of
clusters, and the resulting way in which the UV plane is filled will have a strong impact on
the response point spread function (PSF) and will affect the spatial scales on which the array
is sensitive. Furthermore, the cluster distribution will affect the deployment of the array and
communications requirements of the antenna tiles. Although a more thorough analysis of the
distribution of the clusters is important before any eventual deployment of the array, it will
not have major effects on a first-order estimate of the system properties.

Antenna Geometry — The size/geometry of the antenna was assumed to be equal to 0.75
meters (1/4 wavelength at 100 MHz) and the antennae were spaced with 0.45 meters between
their tips (0.15 times the wavelength at 100 MHz).

Antenna Properties — During the analysis, the properties of the precise electrical/RF
properties of the antennae were given assumed values and capabilities. The antenna system
was given an “efficiency” of 80%, which corresponds to the percentage of incident radiation
that is coupled into the telescope system (for comparison, a value of 60% was used for radio
array estimates by Carilli, Hewitt & Loeb [34]). Furthermore, it was assumed that this
efficiency remains constant across the entire band. The overall possible bandwidth range of
the antenna design was assumed to be 10-130 MHz. The antenna effective collecting area
was assumed to be equal to A, which assumes the dipole has a degree of directivity. It was
also assumed that the electronics draw 0.5 W for the amplifiers in each antenna, and that each
cluster beamformer draws 3 W.

Cluster Geometry — For ease of deployment and structure design, it was assumed that each
individual cluster will have a square geometry. Under this assumption, each cluster can have
only perfectly square numbers of antennae, and will have equal width and height.
Bandwidth/Channels — The total instantaneous bandwidth of the instrument was assumed to
be 32 kHz, divided into 8 channels of 4 MHz each. This assumption is based on the
capabilities of Earth-based radio arrays of similar form.

System Temperature — The assumed receiver noise temperature was taken as 100 K, similar
to estimates used for other radio dipole arrays.

Sky Temperature — The background sky temperature varies with frequency and following
Carilli, Hewitt & Loeb [34] was taken to have a value in degrees Kelvin of:

-2.8
1%
7 o~100 Y | . Eq. 3
sty (200Mhzj (Ea-3)
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7.2.4 Calculations
Number of Dipoles

In order to determine the number of dipole antennae required for the array, the chief science
driver — being able to observe the Epoch of Reionization (EOR) — was first considered. Given
the basic assumption that the array is required to get adequate signal to noise to observe this
signal in a reasonable amount of time, it was then possible to determine rough estimates of the
eventual form of this array.

Calculation of the array sensitivity is based off of the fundamental radiometry calculations of
Carilli, Hewitt & Loeb [34], Wrobel and Walker [35], and Woan [36]. The basic equation to
calculate the sensitivity of a radio interferometer is:

2k, T, 1

sys

e Eq. 4
AN vz (Eq. 4)

where kj, corresponds to Boltzmann’s constant, 7, is the effective system temperature, A4

Sensitivity =

corresponds to the effective area of each dipole, 77 represents the efficiency of the telescope, N

represents the number of dipoles, vrepresents the instrumental bandwidth, and 7 represents the
integration time. Calculating the necessary sensitivity needed to observe the EOR and using it
with this equation allows a calculation of the number of dipoles necessary for the instrument.

In order to fully use this equation several other quantities must be determined. Following
Carilli, Hewitt and Loeb [34], a radio dipole has a wavelength dependent approximate effective
collecting area of:

A~ 2, (Eq. 5)
with A being the observational wavelength. Additionally, the system temperature is determined

by combining the contributions from the effective instrument temperature (assumed to be 100 K)
and the sky temperature:

Tvys = TSky + Tv]nst » (Eq 6)
with
y 2.8
T, ~100 ——— , Eq.7
sty [200Mth (Ea.7)

in degrees K, with v being the observational frequency.

In order to calculate the necessary sensitivity for the EOR measurement, a temperature of 10
mK was assumed for the EOR. The flux from this signal was calculated according to the
relation:

(Eq. 8)
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where S, 1s the flux of the EOR signal (in Janskys), € is the angular resolution of the EOR

signal, T, 1s the assumed value of 10 mK, and A is the observational wavelength in

centimeters.

Using the above relations and the assumption that the EOR flux must reach 4 times the
sensitivity of the instrument (4c) after 2000 hours of integration, with a bandwidth of 4 MHz
(see assumptions in Section 7.2.3), the number of required dipoles in the entire array was
calculated.

Array Size
The diameter, D, of the array is determined by the required maximum angular resolution, 6,
that the array will achieve according to the standard formula:

=" (Eq. 9)

It is important to note that this resolution is the maximal resolution of the telescope, which is
different than the resolution at which the instrument will make the EOR measurement. The EOR
signal will only be detectable on larger spatial scales than the instrument is capable of making.

Cluster Size / Number of Clusters

The size of clusters used in the array is determined by the field of view desired. The
antennae in each cluster are phased in realtime with delay lines to act as a single effective
antenna from the point of view of the correlator. The field of view of a cluster is determined by
a similar equation to the array size:

A
Oroy =5 (Eq. 10)

Cluster

where D

(0.75 m) and the minimum spacing between them (0.45 m) and the constraint that the cluster
must be square, the maximal number of antennae per cluster is calculated.

cusier 15 the maximum width of a cluster. Using the assumptions for the size of dipoles

Power Requirements

The power design requirements for each cluster are calculated by adding the power required
for each antenna in a cluster with the power required by the electronics to synthesize each tile
beam.

Data Rate

The data rate for each cluster is calculated using Nyquist sampling across the entire band.
The data is then integrated for a particular integration time before being outputted from the
cluster. This gives a data rate equation of:

Data Rate = 2;13 x2, (Eq. 11)
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where v is the bandwidth of 32 kHz, P is the sampling precision of 8 bits, and 7 is the
integration time, assumed to be 16 seconds. The extra multiplicative factor of 2 comes in
because 2 polarizations are being observed with the array.

7.3 Electronics Subsystem

7.3.1 Introduction

The electronics subsystem performs all command and data handling (C&DH) functions that
are required by the telescope. The data handling functions will include receiving the data signal
from each cluster, performing interferometry calculations, storing the data if required, and
sending the data stream to the communications subsystem. Other functions include controlling
the solar panels at the central hub and interpreting any command data uplinked from ground
controllers.

7.3.2 System definition and interfaces

The electronics subsystem comprises all of the C&DH functions of the central processing
unit. Each 16-antenna cluster will have an associated command and data handling unit which
has been designed into the structure of the cluster and is not a part of this analysis.

The electronics subsystem will receive raw observation data from each cluster via a laser
communication network. The output of the system will be the processed data passed to the
downlink communications network and sent to the radio downlink station via a series of laser
relays. Refer to Section 7.6 for the details of the communications subsystem.

7.3.3 Assumptions and ground rules

The starting analysis of this subsystem design utilized equations and assumptions from
Chapter 11 in Space Mission Analysis and Design (SMAD) [37], which are valid for currently-
existing electronic systems. However, the rate of improvement in electronics and computer
design is very rapid, and a viable means of improving the best estimates and calculations for the
electronics and computer systems, to ensure the estimates reflect the probable state of the art at
the time when the telescope will be constructed, was sought. Broad Reach Engineering, a
company which specializes in space electronics, was selected to provide industry input for this
purpose. The information gathered during discussions with Mr. Pala Manhas [38], an engineer at
Broad Reach Engineering, was incorporated into the design analysis and assumptions.

Specifically, the processors were assumed to be able to operate near their capacity of 1.575
Gbps. The amount of data to be handled provided by the cluster arrays is a couple of orders of
magnitude above the reference values provided in SMAD and the “normal” values designed for
industry use. Therefore, the assumption was made that the data inputs to the electronics modules
could be directly connected to the data processing cards to provide the total 14 Gbps processing
requirement. The last assumption was that the amount of data stored by the system was only that
required to allow for brief periods of signal interruption with the Earth base station.

7.3.4 Development process and final design

Computing Power
For large arrays of dipoles, there is a non-trivial power level needed to process the data
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before it is transmitted and stored. Interferometers such as LOFAR can require up to 150 kW of
power to compress the data to a manageable rate. This power requirement is proportional to the
number of distinct paths between dipole clusters of an interferometer, which is proportional to
the number of array clusters squared. The following expression was used to estimate the data
processing power requirement.

P=ikn’

c

(Eq. 12)

where P is the power required in Watts, & is a constant (set to 0.1), and »n_ is the number of
clusters, set to 215. This results in a power requirement of approximately 4.6 kW.

Industry Involvement
After discussions with Mr. Manhas [38], the C&DH component values from the SIRA
presentation [39] were used as the basis for the design of electronics system. These values
reflect the actual values used in the SIRA C&DH system and are a good estimate of the values
which would be expected for the LIRA telescope. The component values are shown in Table
11.

Table 11. Command & data handling parameters for LIRA.

Parameter Value
Weight 9.7 kg
Power 38 W
Length 25.5cm
Width 20.5 cm
Height 18.5 cm

Cost per unit $4.7M

7.4 Power Subsystem

7.4.1 Introduction

Two separate power subsystems were designed for the LIRA telescope: a larger system for
the central processing unit, which requires about 230 W, and a smaller system for each of the
clusters, requiring about 12 W. A system with solar panels and batteries are chosen for the
design in the end, but Radioisotope Thermoelectric Generators (RTGs) were also studied as an

alternative.
7.4.2 System definition and interfaces

The central unit power system will provide power chiefly for the computer, which will
process signals from all the antenna clusters in the array. The system will also power the
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communications system in the central unit, which collects signals from the clusters and transmits
processed data to the radio downlink station.

The cluster power system will provide power to the amplifiers of each antenna, the beam
combiner electronics, and the communications systems on each cluster.

7.4.3 Cost, mass, and volume models and assumptions

A model for estimating power system cost, mass, and volume was created based on measured
performance of existing technology. The same model, with the same assumptions, is used for
both LIRA’s and LIMIT’s (see Section 8) power systems to ensure consistency between both
proposed concepts. Solar power constants for this model are derived from [40]. RTG constants
are calculated from historical Cassini metrics with the adaptation of a new Sterling engine for
increased efficiency as represented in [41]. In light of the possible political ramifications of
sending radioactive material to the Moon in the form of RTGs, a third hybrid power subsystem
model was made, which incorporated RTGs, solar panels, and batteries, while allowing
adjustment of the actual amount of radioactive material deployed on the Moon. In general, the
constants used for power densities and unit costs are for current or near-future technology. It is
expected that, by the year 2020 (when this project is expected to fly), these performance
constants will have improved. Table 12 shows the constants used in building the power systems
model.

Table 12. Power subsystem constants.

Battery Storage Density 130 W-hr/kg
Solar Panel Power Density 25 W/kg
Solar Panel Power per Unit

Area 200 W/mA2
Solar Panel Unit Cost $300 W
Lunar Day/Night Duration 709 hrs
RTG Power Density 14.9 W/kg

RTG Unit Cost $45,000 $w

The model pivots around the type of power system desired and the input for total system
power required. Inputs relevant to the solar power system include the percentage of daylight
available and adjustable duty cycle during the night. Total system power required is estimated
for each system based on individually-relevant factors.

The total power required is calculated by summing the power required from each of the
subsystems power demands, which are outputs of each of those respective models. Next, the
required power to be provided by solar panels is figured using the following equation:

(Pday )(tday ) + (Pnight )(tm'ght )(Dnight )
0.85 0.65 (Eq. 13)

solar — s

t

day

where P, is the required daytime power, B,

is the duration of the night, and D,
The amount of batteries required is a function of the power demand at night and the hours of

is the required nighttime power, ¢,,, is nthe

duration of the day, ¢ is the night duty cycle.

night
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night. The total subsystem cost, mass, and volume is output for a solar panel and battery system.
Both models also consider an RTG-based power system. The required RTG size and cost is
calculated by dividing the total required power by the power density and unit cost. For this
study, an RTG with a GPHS-Stirling power system is used. This thermal-electric power
conversion system being developed by NASA will produce almost 5 times as much electrical
power as the Cassini system will, using the same amount of radioisotope material [40].

Outputs include total system cost, mass, volume, and surface area for solar arrays. Cost of
system complexity, deployment, and other related expenses are considered for system selection,
even though they are not directly accounted for in this model.

7.4.4 Development process, trade studies, and sensitivity

The final design puts the RF telescope at 85 degrees latitude. This study assumes that
sunlight availability is 70% at that latitude, which leads to a lunar night that is 210 hours long.
The array was assumed to operate continuously and the power subsystem was sized accordingly,
although provisions were made in the model to adjust the duty cycle of the telescope at night. It
was found that the relationship between the duty cycle at night and the cost and mass of the
system was linear with no optimal point. A high duty cycle is possible for more cost and mass,
but more science can be returned with a higher duty cycle.

The central power subsystem model also contains a hybrid solar panel/battery and RTG
power system. This model portion calculated the total mass and cost of a system that may be
limited in the amount of radioactive material to be used. The trade study in this area rendered a
linear relationship of mass and cost between a purely solar-powered system and a purely RTG-
powered system with no optimal point.

With the deployment of 215 clusters the option of powering each with a small RTG was
discarded. RTG use is not efficient for use on systems with less than 100 W of required power.
In addition deploying 215 small RTGs is probably not politically possible.

For the power system of the central processing unit, the use of an RTG is reasonable, has the
potential to be possible politically, and is much lighter (but slightly more expensive when
transportation costs are added). Thus a solar-powered system was chosen. For larger telescope
designs (possibly double the current design point in number of clusters), and possibly for a
telescope located closer to the lunar equator, the cost savings of an RTG would significantly
outweigh the political price.

7.4.5 Final subsystem design

The final design of the central processing unit power subsystem is a solar panel system with
batteries that will deliver 230 W continuously under 70% sunlight availability. The mass of the
batteries makes up 96% of the mass of the power system for the central unit, and the power
system in turn makes up 85% of the mass of the central unit. The cost, including transportation
of the power system, for the central unit makes up 46% of the total central unit cost, including
transportation. Thus the power system, especially the amount of batteries, tends to dominate the
cost of the central processing unit. Any improvement in battery technology will have significant
positive effects on the total system.

The final design of the cluster power subsystem is a solar panel system with batteries, which
will deliver 12 W continuously under 70% sunlight availability. Again the mass of the batteries
makes up 96% of the mass of the power system for the clusters. The power system in turn makes
up 36% of the mass of each cluster. The costs, including transportation of the power system for
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each cluster, make up 33% of the total cost, including transportation. The power system,
especially the batteries, is a significant portion of the cost of the clusters and the whole telescope
array.

Table 13. Final power subsystems design values (solar-powered).
Central Processing Unit Power System

Mass 396|kg
System Cost| $145,301.00($
Total Cost w/ Transportation $27.87|$M

Cluster Power System
Single Cluster

Mass 19]kg

System Cost $7,078($

Total Cost w/ Transportation] $1,337,078($
215|Clusters

Mass 4085]kg
System Cost $1.52|$M
Total Cost w/ Transportation $287.5|$M

7.5 Cluster Structure Subsystem

7.5.1 Introduction

The cluster structure provides packaging for the radio dipoles, cluster communications
system, and cluster power system. In addition, it deploys the dipoles from its compact launch
and lunar transportation envelope into the large envelope dimensions of a fully-activated dipole
cluster.

7.5.2 System definition and interfaces

The structure subsystem is designed based on parameters from other subsystems. These
parameters include the number of dipoles per cluster, cluster surface area, dipole length, array
diameter, cluster transmitter mass, and cluster power mass. The structure subsystem outputs the
total mass and cost of each cluster.

Specific inputs for the LIRA telescope design are 215 clusters, with 16 dipoles per cluster.
The deployed area of a cluster is 24 square meters and each dipole has a length of 0.75 meters.
The total array has a diameter of 62 km and contains 3440 individual dipoles.

7.5.3 Assumptions and ground rules

Each dipole was assumed to have a length density of 0.1 kg per meter of dipole length. The
base mass of the structure was estimated to be 1 kg per square meter of deployed area. Cost for
the structure system is estimated at $10,000 per kg of cluster structure.

It is desired that the entire array of clusters be coplanar. As the array become larger, the
curvature of the moon means that the outside clusters must be raised to remain coplanar with the
center arrays. Therefore, an additional mass factor is used to penalize large arrays. This factor is
given by (1+Rcos(0/2)) and doubles the mass of the cluster structure for one meter of needed
offset.
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7.5.4 Final subsystem design

Results of the cluster design are a 30.8 kg cluster mass, not including power and
communication mass. The cost for each cluster comes to $308,000 per cluster.

The mechanical design of each cluster packages the dipoles in a 1.6 by 1.6 meter thin square-
shaped volume. This compact volume allows for easy packing for launch and lunar
transportation. Illustrations of the folded and deployed clusters are shown in Figure 35 and
Figure 36, respectively. Sixteen dipoles fold out from the four corners via a lightweight foldable
structure. The final deployed area is a 4.8 by 4.8 meter square.

Batteries are stored at the base of the square footprint for stability. The cluster rests on the
corners of the 1.6 by 1.6 meter footprint and includes a capability to level the dipole cluster on an
uneven surface.

Figure 35. Folded LIRA cluster.

Figure 36. Deployed LIRA cluster.
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7.6 Communications Subsystem

7.6.1 Introduction
The communications system is designed to carry data between the telescope location and the
transmitter station, which will be situated at the end of a communications link to Earth.

7.6.2 System definition and interfaces

The communications system consist of three parts: the interior system, which carries data
between clusters and the central processing station; the relay chain, which carries data to the
Earth downlink station; and the downlink station itself, which communicates with Earth ground
stations. The interior system interfaces with the electronics at the clusters and at the central
station, where data preprocessing is carried out, and interfaces with the deployment systems for
the purpose of laying the relay chain.

Analysis of mass, power, and cost of data processing is addressed by the design of the
electronics subsystem, in Section 7.3.

7.6.3 Assumptions and ground rules

The communications system is sized according to the data rate to be carried, and because the
data rate from the telescope to the ground stations will probably be much higher than the data
rate from the ground to the telescope, the communications system is sized according to the
downlink, not the uplink. It is assumed that tens of gigabits per second will flow down to the
ground station, while only tens or hundreds of kilobits will be needed for periodic uplinked
housekeeping and programming. These assumptions are based on the data rates for the JWST
[42, 43] and the Spitzer space telescopes [44]. This data rate is the source of the initial
consideration given to laser communications technology.

It is further assumed that laser communications systems, which are currently approaching the
necessary Technology Readiness Levels for use in large-scale space systems, will be sufficiently
developed that they can be included in the communications system. Scaling of laser
communications systems was based on [45], and the figures used were for the largest system
considered in [45]. Although laser communication at the predicted data rate has not yet been
demonstrated, it is assumed to be feasible within the timespan allocated to design and
implementation of this telescope, and has already been the subject of theoretical analysis [46].

Although the exact location of the telescope developed as the subsystems designs were
evolved, it is also assumed that the telescope will be located somewhere on the far side of the
Moon, to take advantage of the radio-quiet environment there.

Estimates of typical cost, diameter, and density for fiber optic cable and laser systems are
taken from [47, 48], and the baseline costs of laser communications transmitters are estimated at
$5000 per kg, with radio systems baselined at $1000 per kg, to reflect the relative differences in
cost inherent in the difference in technological maturity.

7.6.4 Development process, trade studies, and sensitivity
For initial development of the system, a first-order model of the communications system
was created. It was recognized that the first trades to be completed would involve internal
communications system architecture, so the system modeled the cost of both a satellite
constellation and a relay chain. The need for one or the other was driven by the assumption
that the telescope would be located on the far side of the Moon. This assumption dictated that
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the downlink signal be reflected to a point from which direct transmission to Earth would be
possible. In order to preserve the radio silence and to prevent interference from the
communications system, it was determined a priori that no radio transmissions would occur
from the far side of the Moon. This necessitated either a physical cable link, a laser relay
chain, or a laser-based satellite constellation. First calculations showed that a cable link might
require up to an entire dedicated Ares V launch to bring up the required mass of fiber optic
cable, and this was deemed untenable. A trade study comparing the estimated costs of a single
satellite to a relay chain was conducted.

This preliminary trade study results are shown in Figure 37, where the horizontal axis
displays different size estimates of the communications system. Smaller data rates and
equipment masses are to the left, larger data rates and equipment masses are on the right. Note
that the two systems scale similarly, but that an offset exists at all levels of cost.

It should be noted that the cost model includes only one satellite, where a constellation
would probably be necessary to allow constant coverage, and that no allowance was made for
orbit selection and stationkeeping or replacement costs, which would probably be higher than
average for lunar orbits due to the orbital irregularities introduced by the mass concentrations
(mascons) on the surface of the Moon. Noting this, and noting that cost may be an especially
important factor to programmatic survival, especially in the early stages of development, it was
decided that a relay would be a better architecture choice.

Cost vs. Sizing
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Figure 37. LIRA communications systems cost and size scaling.

A detailed parametric model was developed from the results of the first trade study, which
allowed for fiber optic wiring inside clusters and small laser links webbing together all the
clusters, with the central segment containing a main processor and the first leg of the relay
chain. The small laser links were traded for fiber optic cables webbing together all the clusters
after the mass of the cable required to connect a large-diameter array was found to be too large
to include in one launch. The relay chain was also assumed to be laser-based, and analysis
determined that the cost was dominated by the relay chain and the sublinks on each cluster, so
that the location of the telescope could affect total cost significantly, as could telescope size and
data rate.

It was noted that the relay could terminate at the human base, which would allow the
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crew to download the data and then link it to Earth via their existing communications system, or
the relay could terminate near the limb, which would allow direct communication with Earth
ground stations. Although one choice entails the creation of a dedicated radio transmission
station, this station is not overly large, and does not dominate cost concerns, so the choice of
whether or not to leverage the human base is not as critical as the selection of the exact location
of the telescope. In the end, the choice is left to future work on the LIRA telescope, as it does
not represent an immediate impact on the current design.

A final trade study used the mini-ICEMaker (see Section 7.1) modeling tool to investigate
whether it would be cheaper to process the data on site or to simply downlink it all to Earth.
The relay costs would remain approximately the same, as would the interior system costs, but
processing costs would change, as would end-station transmission costs and design, since a
radio link would not be possible, given the anticipated data rates. This necessitated a laser link
to Earth. Trade study analysis showed that the total cost decrease would be about 1% of initial
estimated costs, if the system were redesigned to transmit all the data to Earth without on-site
processing. However, a laser communications system large enough for the predicted data rate
has a Technology Readiness Level of no more than 3, while the lower-data-volume system has a
TRL of approximately 6. Development costs inherent to reducing this gap in TRL may be
significant. Furthermore, the lower-volume system allows for the use of a radio link to Earth,
which may or may not require the construction of a dedicated ground station. The high-volume
laser link will, however, require a purpose-built ground station. Table 14 shows the comparison
between the two systems.

Table 14. High-flow and low-flow data systems.

Low data rate, radio downlink | High data rate, laser downlink
Mass 17,249 kg 16,680 kg
Power 2955 W 2492 W
Cost 1987.10 M§ 1951.65 M§
TRL 6 3

It may be possible to re-optimize a trade in this design space at a later date, as technology
progresses and development of laser communications systems continues. It should be noted that
the savings in power for the higher data rate system translate to mass savings for the telescope,
and that if pre-processing were to occur at the human base, a radio downlink might still be a
viable option, as solar power is expected to be readily available at the human base.

7.6.5 Final subsystem design
Based on the selected architecture, more detailed design of the communications system was
completed. The relays were sized and an overall architecture was laid out.

Interior subsystem

The telescope is arranged in a series of clusters of antennae, each of which is designed to
feed into a small laser, which will then beam the cluster’s data to a central collector and
processor. Figure 38 shows this design.
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Relay subsystem

The details of the relay system can be seen in Figure 39. Link budgets from [49] showed
that the radio link at the far end will be approximately the same size for downlinking to either
the human base (for retransmission) or to the Deep Space Network (for direct reception by Earth
ground crews). The antenna is set to the Ka-band, operating at 32 GHz. For the distance scales
under consideration, the data rate expected ought to be attainable via Ka-band radio [50].
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Figure 39. Relay subsystem.
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Overall system
The system as a whole functions as conceptually illustrated in Figure 40, as a web of laser
connections to a central point, from which a relay chain carries the signal to a downlink station.
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Figure 40. Total system view.

System characteristics and performance

The relay elements of the system were designed to be collapsible, self-sufficient, and
reliable. Accordingly, each deploys from a 1-m high storage mode to a 3-m high transmission
mode, as seen in Figure 41 to Figure 43 below. The outer shell and the structural elements are
titanium alloy, chosen for strength, weight, and resistance to temperature changes; the interior
sections are sealed and contain batteries and a suite of motors and acquisition-pointing-tracking
(APT) mechanisms. The uppermost section, which telescopes out of the lower two, is covered
with miniature solar arrays to provide power when needed, and crowned by an optical laser lens.

The optical package, seen in detail in Figure 44, requires no power. It simply accepts the
laser beam from the previous relay, refocuses it, bends it slightly around the curvature of the
Moon’s surface, and sends it on to the next relay. Power is required for extension during
deployment, initial acquisition, and aiming adjustments after disturbances (e.g., meteor impact
nearby). Accordingly, the largest power drain is at the start of the lifetime of the solar arrays
and batteries, and therefore degradation will not interfere with later performance. Furthermore,
the power requirement is minimized by allowing for passive optical packages, although the
internal mirrors are equipped with powered aiming systems, to allow for tight refocusing of the
incoming beam and thus increase overall robustness of the relay chain. The fact that the laser
relays will transmit through vacuum, and thus not be required to compensate for atmospheric
attenuation, adds to the ability of the relay chain to successfully transmit data to the downlink
station.
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Figure 41. Storable mode, front and top views.
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Figure 42. Partially-deployed standing mode.
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Figure 44. Relay optical package.

The estimated power, mass, dimensions, and cost of a relay appear in Table 15. The
deployed height allows a spacing between relays of 6.45 km.
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Table 15. Relay properties.

Mass 26 kg
Power 0.5 W or less each
Cost $27,750 each
Upper tube diameter 0.10 m
Middle tube diameter 0.15m
Leg diameter 0.075 m
Stored height I m
Deployed height 3m

7.7 Transportation Subsystem

7.7.1 Introduction
The transportation subsystem is responsible for transporting all telescope components from
Earth to the desired location on the lunar surface.

7.7.2 System definition and interfaces

The transportation system is only concerned with the total mass of components to be
transported. It is assumed that components are prepackaged with appropriate interfaces to the
offloading system on the lunar landing vehicle.

7.7.3 Assumptions and ground rules

One of the objectives of this project is to leverage the lunar exploration architecture
developed by NASA. Therefore, this system tries to use elements from the lunar exploration
architecture wherever possible.

The main assumption is the availability of the Ares V launch vehicle, seen in Figure 45, with
a Trans-Lunar Injection performance of 54.6 mT, as listed in the Exploration Systems
Architecture Study report. Additionally, as an abort capability is not required on this mission, it
was assumed that the transportation system may enter any orbit around the moon before
descending to the desired location and that the same average delta-V was required to descend to
the lunar surface from any of these orbits. This value was assumed to be 900 m/s, as a rough
average of the delta-V required for human missions to different locations on the moon from [7].

Figure 45. Artist’s conception of the Ares V launch vehicle [51].
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Finally, it was assumed that a variant of NASA’s Lunar Surface Access Module, as seen in
Figure 46, capable of transporting prepackaged cargo in an unpressurized container, would also
be available for use by this project.

P—— — —

Figure 46. Artist’s onception of NASA’s Lunar Surface Access Module.

7.7.4 Subsystem calculations and description

In order to calculate the total mass that the Ares V can deliver to the lunar surface, the
landing vehicle was assumed to use a LOX/LH, propellant combination having an Iy, of 450 s.
Assuming a structural mass fraction of 0.15, the rocket equation was used to find the maximum
payload that could be delivered to the lunar surface, with the landing vehicle weighing 50 mT,
given the 54.6 mT Trans-Lunar Injection capability of the Ares V. This payload mass was found
to be around 20 mT. To provide a mass margin, the final value was taken to be 18 mT for this
project.

Additional considerations for this subsystem included offloading of cargo from the LSAM.
The current NASA documents outlining the lunar exploration architecture do not contain any
details about offloading elements from the LSAM. For this project, a simple system composed
of a ramp and a winch would suffice to unload telescope elements packaged together into a large
container attached to the winch. For purposes of this project, it was assumed that the cargo
version of the LSAM would have such a system, or one with similar characteristics, and this
project would be able to utilize it with minimal modifications.

Finally, it is envisioned that the Trans-Lunar Injection stage left in lunar orbit before descent
to the surface would be outfitted with a simple radio communications system, in order to provide
contact between the telescope on the lunar surface and ground controllers on the Earth before the
laser communications system has been set up.

7.7.5 Final subsystem design

Transportation of telescope components from the Earth to the lunar surface is provided by the
Ares V launch vehicle and the Lunar Surface Access Module developed by NASA. The total
mass of components that can be landed on the moon with one launch is 18 mT. Currently, the
total mass of all telescope components, including the communications and deployment systems,
is 17.2 mT. Therefore, a single launch is required for transportation of the entire telescope to the
Moon.
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7.8 Deployment Subsystem

7.8.1 Introduction
The deployment subsystem is responsible for moving the telescope components from near
the LSAM to desired locations on the lunar surface.

7.8.2 System definition and interfaces
The deployment system is responsible for positioning the various clusters in the array, as
well as the communications relays, at the proper distances from each other. It is not responsible
for the unfolding of clusters or relays. Inputs to the subsystem are the following:
e Coordinates of array location
e Cluster mass
Number of clusters
Distance between clusters
Relay mass
Number of relays
Distance between relays

7.8.3 Assumptions and ground rules

One of the objectives of this project is to leverage the lunar exploration architecture
developed by NASA. Therefore, this system tries to use elements from the lunar exploration
architecture wherever possible.

The main assumption for this subsystem is the availability of long-range unpressurized rovers
capable of being modified with attachments. The Exploration Systems Architecture Study and
the Lunar Architecture Team’s study both mention plans for an unpressurized rover at the human
lunar outpost [7][52]. However, no details are provided. In addition to a range of several
hundred kilometers, the rovers are assumed to have a rechargeable power source as well as basic
radio communication devices. The maximum payload capacity of each rover is assumed to be
480 kg based on the Apollo Lunar Roving Vehicle (LRV) [53]. Finally, for calculation of
deployment times, the speed of the rovers is taken to be 2 km/h [54].

Figure 47. NASA’s unpressurized rover concept [52].

7.8.4 Subsystem calculations and description
Subsystem Concept Description

Since the deployment system is responsible for locating several telescope array elements and
communications relays over a distance of several hundred kilometers across the lunar surface, it
was not considered feasible to land the components separately from each other. Rather, it is
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envisioned that the transportation system will place a single module on the lunar surface
containing all telescope components. Each of these components will then need to be positioned
at the proper location on the lunar surface through a surface transportation system, in this case
rovers. The number of rovers employed is dependent on the mass of the telescope as well as the
payload capacity of each rover. These rovers will be modified from NASA’s design in several
important ways:
e Each rover will be equipped with a robotic manipulator to load and unload cargo. Thus,
its function will be similar to automated vehicles moving inventory in a warehouse.
e A gimbaled laser receiver will be placed on each rover to enable tracking of the
communications system laser during the deployment of communications relays.
e Each rover will navigate using lunar maps based on precursor satellite missions as well as
a computer guidance algorithm using gyroscopic and possibly visual inputs. Currently,
NASA has placed a contract for a prototype lunar GPS system [55]. If a functioning
version of this system is available at the time of detailed telescope system design, it is
recommended the rover be equipped to use the system instead due to its higher accuracy.
e Each rover will be capable of communicating via radio with the Trans-Lunar Injection
stage left in lunar orbit. This will ensure contact with the Earth and supply an additional
means of verifying navigation.
e FEach rover will also be able to interface with the telescope power system to recharge
itself if necessary.

The limiting factor in the deployment is the total mass of all the communications relays,
which is approximately 650 kg for the current design point, while the maximum payload
capacity of the rover is assumed as 480 kg. Thus, the current design entails the use of two
rovers, which provides both payload margin for the deployment of relays and redundancy in the
deployment system, but still results in a total mass below the payload limit of the LSAM.

Operations

The rovers are responsible for deploying the telescope array elements as well as the
communications relays. The rovers are initially stowed on the LSAM close to the ground. An
automated unloading system, likely consisting of an unfolding ramp, is used to deploy the rovers.
Each rover then unfolds and drives to the package, unloaded from the LSAM, consisting of
telescope components.

Array Deployment
The sequence of operations for array deployment is as follows:
1. The rovers will load the components of the central power/communications system and
clusters from the LSAM onto the rover cargo platforms using a robotic manipulator.
(Note: the number of clusters the rovers can carry at any one time is dependent on its
payload capacity and the mass of a single cluster.)

2. When fully loaded, the rovers will drive to the desired locations and offload elements,
starting with the central power/communications system.
3. This process will be repeated until all clusters are deployed, with the rovers

periodically recharging from the central power system as necessary.
Figure 48 shows a notional view of array deployment.
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Figure 48. Notional view of array deployment.

Array Deployment Time
Given 215 clusters, each having a mass of about 54 kg, and an array diameter of 62 km, the
approximate array deployment distance was calculated as follows:

N i o
deploy — cluster mclustel D (Eq 14)

array
p,rover

where L is the array deployment distance, N is the number of clusters, m is the

deploy cluster cluster

cluster mass, m is the payload mass of the rover, and D is the array diameter. With the

p,rover array
given parameters, the array deployment distance is calculated as about 1,670 km.

With a speed of 2 km/hr, the rovers would spend at least 18 days deploying the array
elements, with added time due to terrain as well as the unloading of clusters and recharging of

the rover power system.

Communications Relay Deployment

For better efficiency, the deployment system is designed such that all the relays can be
carried aboard the rovers to avoid having to drive back and forth from the landing site to
retrieve relays. The deployment scheme is as follows:

1. The two rovers at the telescope location retrieve communications relays from the
landed stack.

2. The rovers drive from the telescope towards the limb offloading relays at the required
distances from each other.

3. Once all relays have been deployed, the rovers then return to the telescope location

where they remain on standby for deployment of upgrades or replacements.
Figure 49 shows a notional view of communications relay deployment.
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Figure 49. Notional view of communications relay deployment

Communications Relay Deployment Time

Given a distance of 151 km between the telescope location and the limb, including a meander
distance contingency of 20% and a rover speed of 2 km/hr, at least 2 days would be required to
deploy the communications relays, with added time required for stopping and unloading the
relays.

Rover Communications

To carry out the above deployment scheme, the rovers must communicate with the various
telescope elements and relays. This communication occurs in the radio frequency through small
beacon transmitters placed on telescope elements and relays as well as antennas on the rovers
themselves. The main data communicated is the condition of the clusters and relays, i.e.,
whether or not their unfolding occurred properly. The rovers also communicate with the orbiting
Trans-Lunar Injection stage to establish contact with Earth during the deployment phase. This
allows monitoring of the deployment by ground controllers and correction of any problems that
may arise. It is recognized that following this approach allows for some blackout periods in
communications with Earth. However, the rovers are assumed to have a low speed, resulting in a
deployment time long enough to allow mission control to make changes or corrections to the
deployment.

Rover Navigation

The rovers deploy the relays at the separation distances required through computer-aided
navigation. Additionally, gimbaled laser receivers on the rovers can be used ensure that line of
sight is established between the different relays. For this purpose, the central communications
system and a laser transmitter at the human lunar outpost must provide “dummy” laser beams
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during the deployment phase, which do not necessarily contain array measurements, but are just
used to align relays.

Alternative Deployment Schemes

Finally, it should be mentioned that a deployment scheme consisting of landing all relays at
the human lunar outpost and deploying them towards the telescope was also considered, in order
to ensure continuous communications with Earth during deployment. However, with this
scheme the telescope would not be deployed till after all the relays were deployed. By using the
deployment scheme chosen for this project, the telescope can be set up and tested before laser
communications are established.

Rover Sizing

Due to the lack of details on NASA’s plans for an unpressurized rover, it was decided to use
the Apollo Lunar Roving Vehicle (LRV) data to obtain a rough mass estimate of the rover [53].
The new rover was assumed to have the same payload capacity. All LRV subsystems were
included in this estimate except the power system and crew stations. The power subsystem was
removed from the estimate because the Apollo LRV utilized primary batteries that are not
rechargeable. To allow for contingencies as well as efficient usage of the rover, it was decided
that the new rover should have a rechargeable power source.

For a conservative estimate, rechargeable batteries were selected as the power source, as
these are heavier than other common power systems such as solar arrays. For these calculations,
the battery storage density was assumed to be the same as that of the power system for this
telescope, 130 W-hr/kg [56].

To find the mass of the rover power system, two other quantities were required. The first is
the required range for the rover. Two different numbers were used for this, one being the
deployment range, which is the distance the rover has to drive while carrying payload, and the
other being the return range, which is the distance covered by the rover when it is empty. These
were calculated as follows:

Loy, =12(D,+ D, ), (Eq. 15)

deploy

where L is the deployment range, D, is the distance to the limb, and D, is the array

deploy array
diameter. Note that the factor of 1.2 is meant to provide a margin for meandering and obstacle
avoidance. Using

L

=D, +D (Eq. 16)

return array °

where L is the return range, and setting the distance to limb as 151 km and the array

diameter as 62 km, the deployment range is found to be 255 km, and the return range is found to
be 213 km.

The second quantity required was the energy expenditure of the rover. This value, the
Surface Mobility Energy Requirement, was found from Human Space Mission Analysis and
Design (HSMAD) to be 0.15 W-hr/km-kg [57]. Note that HSMAD provided a range of values
and the most conservative of these was selected for the calculations. With these quantities at
hand, the energy required for each leg of the trip was found using:
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E=L1%0.15, (Eq. 17)

where E is the energy required, L is the distance of a trip leg, and the factor 0.15 is the Surface
Mobility Energy Requirement, in W-hr/km-kg.
The battery mass for deployment and return was found using the relations:

_ (ms,mver + mp,rover ) * Edeploy E 1 8
mbatt,deploy - 130- E ( q. )
- deploy
and
(ms rover ) * Ereturn (E 19)
m att ,return = : ‘ q
pattret 130 - Ereturn
Where m,,, is the mass of the battery, m is the rover structural mass and m is the

s, rover p.rover

rover payload capacity. The rover structural mass of 170 kg was obtained from the Apollo
LRV with some mass budgeted for the inclusion of a robotic manipulator to load and unload
cargo from the rover.

Table 16. Rover energy requirements and battery mass.
Surface mobility 0.15 | W-hr/km-kg
Energy requirement
Battery storage density | 130 W-hr/kg
Deployment energy 38 W-hr/kg

Requirement
Deployment battery mass | 271 Kg
Return energy 32 W-hr/kg
Requirement
Return battery mass 55 Kg
Total rover power system | 327 Kg
Mass

To find the total mass of one rover, the structural mass added to the power system mass. The
total rover mass is then estimated as approximately 497 kg.

The final deployment system mass was found by adding a 20% mass margin to the mass of
two rovers for a total of 1192 kg. Note that this is a highly conservative number due to the
following reasons: incorporation of a mass margin, assumption of structural mass based on
Apollo-era technology, and oversizing of batteries.

However, this is considered reasonable due to the current early stage of the design.

7.8.5 Final subsystem design

Positioning of array elements and communications relays on the lunar surface is carried out
by automated unpressurized rovers, modified from those developed for the lunar exploration
architecture with robotic attachments to load and unload cargo and specialized communications
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equipment. Additionally, it is assumed that the rover power system is rechargeable.

The deployment limiting factor is the total mass of the communications relays, 650 kg. For
better efficiency, all the relays need to be carried aboard the rovers to avoid having to drive back
and forth from the landing site to retrieve relays. For this reason, two rovers each having a
payload capacity of 480 kg, are landed with the telescope. The rovers are capable of deploying
elements over a maximum range of 255 km in any direction on a single charge and returning to
the telescope location for recharging. The total mass of these rovers is 1192 kg.

Assuming a rover speed of 2 km/hr, deployment of all telescope components takes at least 20
days, plus time required for offloading of the telescope elements and recharging of the rovers.

7.9 Trade Study and Optimization

7.9.1 Introduction

In order to determine the precise form of the LIRA concept, a trade space analysis was
conducted to maximize the actually scientific value the array would provide for its cost. In order
to perform this analysis it was necessary to first define a scientific figure of merit which would
encapsulate the value of the science the array can produce and to scale it in a way that
corresponds to value. Using this type of metric, an optimized design for the array can be
calculated.

7.9.2 Scientific figure of merit

In order to quantify the scientific value of a particular design a metric was developed with an
aim to be similar to the “discovery efficiency” metric used by the Hubble space telescope and
other similar instruments. This type of figure of merit attempts to estimate the amount of science
that can be performed with a telescope by analyzing its sensitivity and viewable area of the sky.
For the figure of merit for LIRA, this concept is modified to incorporate the value of having
greater EOR resolution. The figure of merit is as follows:

/¢,
FOM = Constant x Log[ - J , (Eq. 20)

EOR

where ¢ represents the time it takes for a survey of half of the sky to a target sensitivity over

survey

the entire frequency band and 6, is the EOR resolution. The survey time is calculated by

determining the field of view at enough frequencies to fully cover a 10-130 MHz bandwidth
with 32 MHz observations, and calculating both the field of view and sensitivity at these
frequencies. The survey time then becomes the sum of the number of observational hours
required to get down to a target sensitivity of 10 mJy for half of the sky. The square root and
logarithm are used to balance the components and reflect the fact that incremental increases in
the capability become less important as the instrument becomes more capable. This figure of
merit includes a constant multiplicative factor to make the scale of the values easier to work
with.

7.9.3 Optimization trade study

An optimization trade study was conducted by dividing the figure of merit by the total
system cost and calculating this quantity over a range of input parameters. For a discussion of
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the total LIRA system cost, which was calculated as $1.987 billion, see Section 9.2. The two
parameters used were EOR resolution and field of view, with the other relevant parameters
given assumed values. The tradeoff surface, seen in Figure 50, shows a pronounced maximum,
which was then taken as the optimal value of the system.

0 0.0035-0.004
@ 0.003-0.0035
0 0.0025-0.003
B 0.002-0.0025
0 0.0015-0.002
0 0.001-0.0015
@ 0.0005-0.001
0 0-0.0005

FOM/Cost M$

FOV (deg)

5 g " EOR Res (arcmin)

Figure 50: Scientific Figure Of Merit/Cost trade study surface.

This optimal point is calculated under the assumption that 3440 dipoles will be sufficient to
resolve the EOR signal and thus achieve the desired scientific goal of the telescope. This point
design provides a good baseline on which to evaluate the science goals which the point design
can perform, a detailed assessment which is left for future work. If it becomes necessary to
scale up LIRA by adding more dipoles, the total system cost and the scientific FOM will both
be affected. The relationship between the number of dipoles and the total system cost is
discussed in Section 9.2.7.
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7.9.4 Results
The results of the trade study analysis yielded the optimal configuration for LIRA. This

optimal configuration had properties as follows:

Characteristics
* Frequency Range: 10-130 MHz
» Instantaneous Bandwidth: 32kHz
*  Number of Dipoles: 3440
* Number of Clusters: 215
* Array Diameter: 62 km

Capabilities
* EOR Resolution: 12 arcminutes
* Max Resolution: 9.2 arcseconds (at 130 MHz)
» Sensitivity: 3.6 mJy at 10 MHz, 0.6 mJy at 130 MHz
» Field of View Diameter: > 25 degrees

This resulting array configuration provides the strongest scientific value per dollar for the
LIRA concept.

7.9.5 Comparison with Previous Concepts

Comparing the optimized LIRA concept to other instruments provides a useful gauge of how
useful LIRA will be in the context of planned/existing telescopes and their capabilities. Figure
51 and Figure 52 compare the sensitivity and angular resolution of LIRA with the Mileura
Widefield Array (MWA) and the LOFAR radio telescope, two radio instruments currently being
developed to observe the EOR.
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Figure 51. Sensitivity of LIRA.
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Figure 52. Angular resolution of LIRA.

The sensitivity for LIRA is actually an idealized sensitivity, assuming that the dipole
antennae have equivalent efficiencies across the entire frequency band, which will likely not be
the case for a production system; however it still provides a useful analysis of the range of
capabilities for the instrument.

As can be seen in these figures, LIRA’s performance is similar to these other cutting edge
instruments where the edges of their bandpass overlap, and LIRA in fact extends these high
performances to previously unexplored low frequencies. In this aspect, LIRA provides
essentially a low frequency complement to the Earth-based systems currently in development.
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8. Lunar Infrared Modular Interferometric Telescope (LIMIT)

8.1 Approach and Assumptions

8.1.1 Design Approach

The design of the Lunar Infrared Modular Interferometric Telescope (LIMIT) presented here
evolved from numerous iterations of the two IR concepts retained after the concept
downselection cycle. The first concept was a sparse interferometer with multiple 1-meter and 3-
meter diameter elements located on the lunar surface. During the first phase of deployment, five
to ten 1-meter telescopes would be deployed with separations of 10 to 500 meters between each
element. Five to ten 3-meter telescopes would be deployed during the second deployment phase,
at separations of 60 — 500 meters between each element. This concept would benefit from being
located on the lunar surface by allowing for large fixed distances between each interferometer
element. Additionally, the concept would be flexible and easily scalable.

The second IR concept was a single large 14-meter segmented telescope located in a lunar
polar crater. The telescope would be deployed in three stages — during the first stage, a 6-meter
segmented telescope would be deployed. Additional segments would be deployed during the
second stage to increase the effective diameter to 10 meters, and the third stage would increase
the diameter to 14 meters. This concept would take advantage of human-assisted deployment of
a large telescope in a phased approached, rather than needing to launch the entire 14-meter
telescope in an 8-meter diameter launch vehicle.

Building a “hybrid” telescope, which would consist of a large single telescope as the core and
multiple smaller long-baseline outrigger telescopes, was also considered. An illustration of this
concept is shown in Figure 53.

Figure 53: Hybrid IR telescope design.

The rationale for this design was that the telescope system could perform imaging using the
large core element and interferometry using the long-baseline outriggers. This concept would be
upgradable, as future improvements to the initial telescope could be made by either expanding
the size of the central imaging element or adding additional elements to the interferometric array.
These improvements would be made according to the priority of future science objectives and
the availability of resources.

While this concept would benefit from its flexibility and scalability, it suffers from two major
drawbacks. First, the central core telescope and the smaller outriggers would require drastically
different optical and structural components. The central telescope would be constructed act as a
Fizeau array while the outriggers would employ Michelson interferometry. These two
subsystems would require separate beam combining optics, which comprise a major portion of
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the development cost of any telescope. It was reasoned that this hybrid concept would
essentially require the design and development of two independent telescope systems. This
implies that the cost of the hybrid approach is likely to be significantly more than the cost of any
singular telescope design.

A second major drawback of the hybrid approach is that the science programs that would be
conducted by the central Fizeau array and the long-baseline outriggers would be significantly
different. Because of the shared resources between the two systems, the telescope would likely
be able to operate in only one mode at a time. This would mean that the telescope observing
time would have to be split between the two major science programs, which would provide
significantly less value than a telescope that could be dedicated full-time to a particular set of
science objectives.

For these reasons, it was further reasoned that, assuming a fixed budget and schedule, a
hybrid telescope design would produce two mediocre telescope systems with significantly
reduced capabilities compared to an ordinary single telescope. Therefore, the it was decided to
focus on a single design, the central Fizeau array was chosen as the concept to develop further.

This decision was also motivated by the amount of achievable goals of the system. Whereas
a Golay imaging interferometer would be well suited to achieve 4 of the 5 scientific goals
established by the stakeholder analysis in Section 3, a very long baseline nulling interferometer
would be limited to just planet detection. The configuration of the elements is an area for future
study that will be informed by the development of future space telescopes, but the final design
presented here is a concept for an imaging Golay interferometer with capabilities exceeding any
existing or proposed IR telescope.

To capitalize on prior development and operational experience, each LIMIT outrigger will be
identical to and based on the Spitzer Space Telescope design. Since Spitzer is an orbiting space
telescope, much of the hardware can be simplified, as many of the design constraints would be
relaxed for a human-serviceable lunar surface telescope. The telescope will be located in the
darkness of the Shackleton crater at the lunar south pole, to take advantage of the thermally
stable environment and access to the nearby lunar base. The design for LIMIT presented here
represents a point design that is both technically and financially feasible.

8.1.2 Detailed requirements

Table 17. Requirements for IR interferometer.

Req # | Requirement Priority Rationale
The system shall be capable of
collecting radiation in the NIR
1 and FIR bands. A To meet selected science goals.
The system shall collect
radiation in the wavelength
1.1 | range: Sum to 90um. A To meet selected science goals.
The system shall provide an
angular resolution of at least 1.9
1.2 | arcseconds. A From analysis.
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Req # | Requirement Priority Rationale
The system shall be able to Pointing at particular targets enables
point at a particular target with accomplishment of scientific
an accuracy of 1% of field of objectives in various regions of
1.3 | view. A interest in the visible sky.
The system shall provide an
effective collecting area of 5.1 From Golay-9 configuration using
1.4 | square meters. A Spitzer elements.
More coverage of the sky is
desirable, but the siting of the
The system shall be able to view telescope within a shadowed crater
3.5 strrad of the sky in one year will limit the available sky that can
2 of operation. B be viewed.
The field of view of the system
shall be 5 x 5 arcsec for the
shortest wavelength of
2.1 | operation. B TBD
The system shall be able to
maneuver to face a target within Maneuvering allows focusing on
+/- 40 degrees of elevation from science goals related to targets in
2.2 | its nominal position. B various parts of the sky.
The system shall be located on To leverage NASA's current
3 the lunar surface. A architecture and meet VSE.
The system shall be capable of
surviving in the environment of
3.1-n | the lunar surface. A
The system shall be able to Data must be analyzed by Earth-
4 communicate data back to Earth. A based systems.
This data rate allows for radio
communications links, and is
The system shall have a data estimated from the data rates for
4.1 | rate of 1 Gbps or less. B similar telescopes.
The system shall transmit data The Ka band allows use of the Deep
4.2 | in the Ka band. C Space Network for data reception.
A dedicated ground receiving station
The system shall transmit data may be built if sufficient access to
to a ground downlink station or the Deep Space Network is not
4.3 | to the Deep Space Network. B anticipated.
The entire system payload shall
fit into less than 1 Ares V
booster vehicle and have a
throw weight no greater than the
maximum throw weight of 1 Ares V booster will leverage NASA
5 Ares V booster. B capabilities.
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Req # | Requirement Priority Rationale

The mass of system components
launched on a single Ares V LSAM payload delivery capability
5.1 shall be less than 18 metric tons. A [7].

The system shall be able to
survive launch loads as defined
5.2 | in the Ares V users guide. A
The system shall have an
operational lifetime of at least

6 TBD years. B TBD
The system shall have a
6.1 | reliability of at least TBD. B TBD
Servicing interfaces increase the
The system shall have interfaces ability to leverage the planned
for servicing by robotic/human human base and pre-existing lunar
6.2 | missions. A exploration architecture.
The system shall have Modularity and allowing for the
provisions for incorporating new incorporation of new elements
elements (antennas, instruments, permits easy upgrading of the
7 etc.). B system’s capabilities.
The system shall have a cost of The system needs to deliver higher
3 the same order of magnitude as A value to the major stakeholders for a
telescopes with similar scientific cost either lower than or equal to
objectives. other proposed programs.

8.1.3 Rationale

The near-infrared (NIR) to far-infrared (FIR) range, where this observatory will operate,
offers many advantages. Dust, which permeates the plane of our galaxy, and which also
obscures many processes of scientific interest in the optical band, is transparent in the infrared
(IR) band. The IR window is optimal for the study of objects at cosmological distances, which
have their bulk emission redshifted from the optical band to the IR. However, the observatory
will not be only confined to the science mentioned above. Its relatively wide wavelength
window, from NIR (with some elements possibly accommodating optical light) to FIR,
combined with the advantage that the lunar surface presents in terms of the lifetime of the
program (see Section 1) means that a wide range of targets will be studied with this instrument.

A main driver for this concept is the opacity of the atmosphere to the radiation from roughly
10um to about Imm. Whereas the planned Atacama Large Millimeter Array telescope will
cover wavelengths upward of 300um, there is a need for an instrument with sub-arcsecond
resolution in the 50um to 300pum band. This demand will be satisfied with the interferometric
capability of this concept.

In addition to the scientific value outlined above, this concept offers scalability and flexibility
by not entirely relying on one component to be operational. After the installation of the first
phase, the success of the project is less dependent on budget uncertainties. The results of the first
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phase will be useful to boost public support, and to emphasize scientific value, which would
serve the deployment of the second phase that would make the concept fully operational.

Since this concept will utilize interferometric observation techniques, it will require and drive
major technological research in a few areas with the potential to accomplish this task. These
include using fiber optics for interferometry and terahertz correlators for FIR wavelengths, which
would greatly simplify the design of the rest of system.

8.1.4 Science goals
The major science goals addressed by the LIMIT concept are:
1) Planet detection, including the study of planet formation and evolution
2) Galaxy formation at high redshift
3) Active galactic nuclei
4) Proto-stars and the study of stellar formation.

This observatory could optionally be designed with additional capability to carry out weak
lensing surveys. These science goals are consistent with the important science objectives
identified in the stakeholder analysis. A discussion of each science goal is presented below,
followed by a comparison of some of the science goals of other current or planned IR telescopes.

Search for extrasolar planets:

The search for habitable planets and life has received strong support within the scientific
community. The 2001 decadal review of astronomy and astrophysics, "Astronomy and
Astrophysics in the New Millennium," prepared by the National Research Council, stated that:
"The discovery of life on another planet is potentially one of the most important scientific
advances of this century, let alone this decade, and it would have enormous philosophical
implications [28]."
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Figure 54. Stars with exoplanets seen by Spitzer.

Star with an exoplanet, removed due to copyright restrictions.

Figure 55. Star with an exoplanet.

Formation of protostars and planetary systems.

Sub-arcsecond angular resolution is essential to resolve protostellar disks and planetary
systems during their formative stages. LIMIT will be used to image hundreds of these objects
in the nearby regions of low-mass star formations like Taurus, p Ophiuchi, and Perseus. Such
observations will permit calibration of the effects of variable viewing geometry and effectively
allow for finely time-resolving the development stages of a protoplanetary disk. The Spitzer
Space Telescope and the planned far-IR observatories Herschel and SOFIA lack the necessary
resolution for this activity.

Active Galactic Nuclei:

A kilometer baseline is needed to image an average-sized torus in a nearby galaxy (like the
MS87 galaxy). Current information being produced by 8-m telescopes on Earth has established
an upper limit to the size of this torus. However, higher resolution will be required in order to
distinguish the torus in greater detail. With respect to angular resolution, there is no threshold
above which valuable science cannot be accomplished in an improved fashion -- bigger is
always better.
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Debris disks

Dynamical models predict planet-induced resonant structures in debris disks. The resulting
perturbed dust distribution will be most apparent in mid- and far-IR images. The Spitzer Space
Telescope has found many tens of candidate debris disks within 30 pc, but Spitzer is able to
resolve only four nearby debris disks. With angular resolution an order of magnitude better than
that of Spitzer, LIMIT will image with comparable clarity debris disks located fifty parsecs
from the Sun.

For comparison, below are the science goals of other space telescopes operating in the
infrared wavelengths.

JWST science goals
. First light and reionization
. Galaxy formation
. Protostars and protoplanetary systems
. Planetary systems and the birth of life

Spitzer science goals

. Brown dwarfs
. Early universe
. Protostars and galaxy formation
U AGN:Ss.
Herschel science goals
. Protostars and galaxy formation
. molecular composition and cooling rates of galactic and interstellar gas
. spectra of planets and nearby comets

Infrared wavelengths

The infrared spectrum can be segmented into Near, Mid-, and Far-IR wavelength ranges.
Each wavelength range offers unique opportunities for discovery as well as unique engineering
challenges for the telescope. A discussion of each wavelength range is presented below.

Near IR:
Targets: Cool stars, large red giants, low mass red dwarfs.
The near-infrared is the region where interstellar dust is the most transparent to infrared light.

Mid IR:

Targets: Planets, asteroids.

The planets in our solar system have temperatures ranging from about 53 to 573 degrees Kelvin.
This is radiation that the planet or asteroid emits because it is being heated be a nearby star.

Far IR:

Targets: Protostars, clouds of dust and gaz, AGNs, starburst galaxies.

In the far-infrared, stars are not especially bright, but emission is visible from very cold matter
(140 Kelvin or less) which is not seen at shorter wavelengths. The Earth's atmosphere is opaque
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over most of the far infrared, so that ground-based observations are limited to submillimeter
wavelengths using high-altitude telescopes.

The general formula that links temperature T and wavelength of maximum emission A is the
following:

TA=3000 pm.K (Eq. 21)

The corresponding typical temperatures for each wavelength domain are thus:
Near IR: 4000 K

Mid IR: 400 K

Far IR: 60 K

8.2 Instrumentation and Interferometric Array

8.2.1 Introduction

The primary optical instrument for each LIMIT outrigger will be a replica of the Spitzer
telescope. This is a Ritchey-Chretien optical telescope with a 0.85-m diameter. The optical
parameters of this configuration are shown in Table 18.

Table 18. Optical parameters of Optical Units.

Operational Parameters Value
Focal Length 10200 mm
f/# 12
Back Focal length
(PM vertex to tows) 340 mm
Field of view (diameter) 320 arcmin
Spectral bandpass 3pum —200um
Aperture Stop Location At primary mirror
Diameter of OD obscuration 850 mm
Diameter of ID obscuration 320 mm

Primary mirror hyperbolic

i -2040 mm
radius (convex)
Conic constant -1.00284
f/# 1.2
Secondary mirror hyberbolic 574.504
radius (concave)
Conic constant -1.526131
Clear aperture (OD) 135 mm
Clear aperture (ID) 38.846 mm
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The baseline design includes a total of 9 Spitzer-derived collecting instruments in a Golay-9
configuration. The modularity of the design allows for easy upgradability to Golay-12 or
Golay-15. Alternatively, the instruments could be deployed in a phased approach starting with
a Golay-3 or Golay-6 configuration, depending on launch or budget constraints. The baseline
configuration is shown in Figure 56. The Golay-9 configuration is chosen for the purpose of
elaborating on a single point design in this study, but the number of elements can be scaled up if
during further design iterations it is decided that 9 telescope elements will be insufficient to
achieve the desired scientific objectives of angular resolution or sensitivity. The effects this will
have on the total system cost as a function of the number of Spitzer elements is discussed in
Section 9.3.11.

The collecting instruments are each attached to a power distribution box, which distributes
power from the solar arrays located along the rim of the Shackleton Crater. The solar panels are
expected to be a maximum of 10 km from the main telescope. The light from each collecting
instrument will be collimated into a fiber optic cable, and all the fiber optic cables will terminate
at the beam arranging unit. From there, the light from each telescope will be sent to the beam
combining unit, which will be placed as far from the telescope instruments as possible to
minimize the addition of heat to the local thermal environment. Inside the beam combining
unit, the light from each telescope will be combined into a single beam, which will then be sent
to the CCD. Attached to the beam combining unit is the cryocooler, which will actively cool
the CCD sensors to the required temperatures. The signals from the sensors will be processed
by a nearby computer. The computer will then send a signal to a nearby radio transmitter,
which will transmit data back to Earth.

Solar panals
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Figure 56. Baseline configuration for LIMIT concept (not to scale).

8.2.2 Optics

The array of telescopes will combine the beams in a central combiner acting as a Fizeau
interferometer to capture images with the resolution of very large equivalent diameters. A
Fizeau interferometer collects the light of the source in a distributed array, and combines the
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light in central unit that focuses all the beams in a coherent manner in a CCD to form an image
of the target. The resulting resolution can be equivalent to that of an aperture with a diameter of
distance between the telescopes. For this design, the team adopted the beam combining
technique of the ARGOS telescope, a sparse aperture imaging telescope with a Golay-3
configuration [58]. The LIMIT design employs up to five replicas of the ARGOS beam
combining hardware to combine up to 15 sources of light into one single beam. Figure 57
below shows a schematic of the ARGOS beam combining hardware, and Figure 58 shows a
schematic of duplicate systems for combining light in multiples of three in the LIMIT concept.

Figure 57: The final layout of the ARGOS optical train (only one aperture shown) 1-
subaperature, 2-collimating lens, 3-FSMODL actuator, 4-pyramidal mirror, 5-beam combiner,
6-CCD [58].
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Figure 58: Beam combining layout for LIMIT beam combiner. The design incorporates
multiple instances of the ARGOS beam combining optics to combine up to 15 light sources.

Instead of duplicating the ARGOS hardware for each group of three satellites in the LIMIT
concept, a single multi-sided reflective mirror could be used to combine the light in a single
step, as shown in Figure 59 below. This would require much less hardware and would be a
worthwhile investment for the current design.
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Figure 59: A sparse-aperture telescope implemented with twelve separate focal telescopes
feeding a common beam combiner [59].

The expected angular resolution of the LIMIT concept is shown in Figure 67 and compared

to other existing telescopes. The middle line represents the nominal deployment of a Golay-9

telescope. The upper red line represents a Golay-3 telescope, and the lower red line represents a

Golay-15 configuration.
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Figure 60. Existing telescope comparison of angular resolution.

Despite the improvements in imagine resolution that are afforded by sparse aperture
imagine, the point spread function (PSF) of the telescope system is degraded because of the

degraded coverage of the frequency plane.

However, there are configurations that allow for an optimal coverage of the frequency plane
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for an equivalent radius. A Golay configuration is an effective way to cover the frequency
plane, however, the collecting units are fixed on the Moon’s surface and thus, the Golay
coverage will be optimum only in a specified direction.

An optimization problem is then posed, which consists of finding the configuration that
covers in an optimal way the largest region of the sky, taking into account that for a given
elevation, the UV coverage pattern and the PSF will be defined by the projection of the aperture
in the observation plane. It is also to worthwhile to consider that, as the Moon rotates, the
azimuth angle becomes a parameter that can be adjusted for optimal performance of a given
configuration. An intensive study of the optimal configurations for UV plane coverage is
described in Kong’s work [60].

As a baseline for the design of a multiple-aperture system in a static configuration, Figure
61 and Figure 62 show the variation of the Point Spread Function for the proposed
configurations: a deformed Golay-3 and a deformed Golay-9 configurations that are designed
for optimal performance at an elevation of 45 degrees, obtaining an appropriate coverage of the
band of the sky between 30 and 75 degrees.

Point Spread Function for a Golay-3 configuration,
removed due to copyright restrictions.

Figure 61. Point Spread Function for a Golay-3 configuration.
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Point Spread Function for a Golay-9 configuration,
removed due to copyright restrictions.

Figure 62. Point Spread Function for a Golay-9 configuration.

8.2.3 Signal-to-noise ratio
Using the performance of an 0.85-m monolithic telescope as a baseline, Figure 63 compares

the signal-to-noise ratio of the arrays.

The signal-to-noise ratio (SNR) is degraded as the filling factor is reduced. Even though the
collecting area increases linearly with the number of telescopes, the encircled energy reduces at
a non-linear rate. The plots were calculated assuming a constant background noise, however,
the effects of sparse aperture for different observation objectives should be further analyzed. In
order to obtain the same levels of signal-to-noise ratio as Spitzer, using the same sensors that
were used in Spitzer, the time scale of light collection must be increased by a factor shown in
Figure 64. However, due to the expected continuing improvement of IR sensing technology
during the time before the LIMIT telescope is built, more efficient sensors than those used in
Spitzer might become available, and then the collection time could be reduced.
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Figure 63. Comparison of SNR to a single telescope of equivalent diameter
with a filled aperture.
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Figure 64. Required increase in imaging time for a sparse array.

8.2.4 Infrared Sensors

The sensors of the system are Charge Coupled Devices in three different regions of the IR
spectrum. To continue the leveraging of Spitzer legacy designs, the instruments will be an
upgraded version of the IRAC, IRS and MIPS devices. The sensors will provide waveband
coverage from 5 to 90 um.

Each instrument will consist of cryogenic sensor subassemblies and warm electronics
subassemblies. The cryogenic subassemblies will share a cryocooled chamber. The cryogenic
subassemblies perform the combining of light and the optical processing of the interferometer
input beam and deliver a resulting signal to the infrared detector arrays, which produce a low-
level analog output signal.

The instrument warm electronics subassemblies will provide the necessary electronic
processing and state of health monitoring for detector operation and readout, including clock
generation, analog-to-digital conversion, compression, formatting, and presentation to the
communication system for storage and subsequent transmission to relay.

In each instrument the most critical performance-determining components are the infrared
detectors and their associated cryogenic readout circuits. As the wavelength of operation
increases, required operating temperature decreases.

The instruments access the focal plane of the Spitzer telescope through a flat mirror, whose
positions points the field of view to the specific instrument. The design of the interferometer
uses three spectral sensors derived from IRAC, IRS and MIPS.

I-IRAC
The Interferometric Infrared Array Camera (I-IRAC) will be a multichannel imager,
collecting light from 3 to 14 microns in a single unit.

I-IRS

The interferometric IRS will be comprised of four separate cold optical assemblies. Two of
the modules produce low-resolution spectra with a one-dimensional image along a slit.

The interferometric array will have an important impact improving the capabilities of this
instrument. This instrument could be operated with equal performance in most of the observed
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sky, and the improvement in the resolution will present science data never before achieved with
any previous telescope.

Each module will contain one infrared detector array, that may use Spitzer’s legacy
technology’s arsenic doped silicon (Si:As) blocked impurity band detector (BIB) or an
antimony-doped silicon (Si:Sb) BIB detectors.

I-MIPS

The Interferometric MIPS instrument will comprises a single cold optical assembly contains
multiple optical trains that can be operated in one of three data gathering modes: 1) image in
three bands simultaneously, 2) image with high magnification at 70 um, and 3) low-resolution
spectroscopy from 50 to 100 um A scan mechanism will modulate the signal to the Germanium
detectors select among the three instrument operating modes.

The instrument may utilize two gallium-doped germanium (Ge:Ga) arrays as used in
Spitzer. The improvements in long-wavelength sensing technology will be a key improvement
in the sensitivity of this instrument, and will allow the generation of very high resolution Far-IR
images that will largely increase the scientific value of the interferometric array.

8.3 Electronics Subsystem

8.3.1 Introduction
The electronics in the system would be distributed in two principal units: the collector
command unit, and the central command unit.

Collector command unit

The computer on each of the collectors will acquire and monitor the state of health of the
telescope and control the attitude state of the unit and any active optical elements in the process
and will be in charge of receiving and communicating actuators command and state. These
units require good performance for handling communications with the central unit, and
command the control commands to the actuators in the telescope pointing system. A 100MHz
processor is calculated to be able to appropriately handle communications, perform state-of-
health monitoring, and control data communications.

Central command unit

The central command unit is the main processing unit of the system. This unit shall monitor
the overall state of the system. It has the following functions:

- Distribute commands to the pointing system in each collector telescope.

- Receive information regarding the state of each collector.

- Calculate path delays for each telescope and sends control data at a very high frequency

rate for the active optic units.

- Calculate data and commands for the thermal and power system.

- Monitor the overall state of the system.

- Command the back optics instrument selection.

- Provide precision clock and readout interfaces for data acquisition.
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8.3.2 System sizing

The largest image size produced with the designed instruments is a 256 by 256 pixel image,
using a minimum integration time of 500 seconds.

The data rate to be stored in buffer memory and sent back to the relay station is on the order
of 200 kbps. The transmission rate should be greater that this value, therefore, assuming that
communications are available for downlink on a 50% duty cycle, the communications
electronics are sized for a transmission rate of 500 kbps.

8.4 Power Subsystem

8.4.1 Introduction

A scalable solar panel power subsystem was designed for the LIMIT telescope, with
consideration given to a more expensive but possibly favorable RTG power system. The fully
deployed Golay-9 array telescope requires a solar array designed to provide 2.7 kW to provide
the requisite lifetime power. Solar panel deployment is designed for the rim of the Shackleton
Crater, where light availability is expected to be high. The option of using an RTG power
system is discussed in light of other mission constraints, including deployment, complexity, and
location.

8.4.2 System definition and interfaces

The central unit power system will provide 250 W end-of-life power to each of the telescope
units in the Golay-9 array, giving a total of 2.25 kW end-of-life power for the whole system.
The system is highly modular, and much of the mass is due to batteries, making it feasible to
construct the power subsystem for a partially deployed system, and upgrade it later with
additional batteries. Due to the position on the rim of the Shackleton Crater, 10 km of wire will
be necessary to power the array located inside the crater.

The RTG power system should be designed and locally deployed for the maximum power
usage of the planned system. Although this system is modeled to cost $80M more than a solar
panel system, the benefits of lower mass, volume, simplicity, and local positioning may make it
favorable. See Table 19 for comparisons of metrics between systems.

IR Power System Metrics

_ Solar Panels and Batteries RTG

1 0.3 $ 128,860 229 3,109 1.35 $ 13,050,000 18 38,486
4 1.20 $ 515,442 915 12,438 5139 $ 52,200,000 71 43,843
6 1.80 $ 773,162 1,373 18,656 8.08 $ 78,300,000 107 47,414
9 270 | $1,159,744 2,059 27,985 12.13 $ 117,450,000 161 52,771
12 3.60 | $1,546,325 2,745 37,313 16.17 $ 156,600,000 214 58,129
16 480 | $2,061,766 3,661 49,751 21.56 $ 208,800,000 286 65,271

Sunlight Availability 90%
Night Duty Cycle 100%

Table 19. Metrics for LIMIT power system. Figure by MIT OpenCourseWare.

8.4.3 Cost, mass, and volume models and assumptions
To ensure consistency across designs, the same modeling and assumptions were used for
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both the LIMIT power subsystem and the LIRA power subsystem. Please see Section 7.4.3 for
details.

8.4.4 Development process, trade studies, and sensitivity

The power requirements were drawn primarily from comparison to Spitzer requirements.
Comparisons to other space telescopes, including JWST, and SAFIR were made, and allowances
for future technological development were estimated.

After power consumption was determined, the alternatives were compared in the model, and
then external factors were taken into consideration. Consideration was given to phased
development, as well deployment and operating risk factors not contained in the model.
Sensitivities in the model were also considered, including sunlight availability, night time duty
cycle, and power consumption.

The risks identified lie predominantly with the solar panels and batteries. Even though solar
panels are relatively simple systems, the mass and volume of the batteries and power cables are
concerning for deployment. Deploying a 10-km cable, weighing over 1 metric ton, across the
lunar surface may be difficult and offers a long single point of failure. Even if deployed in
segments, this is a significant amount of mass to drive on a lunar rover.

The risks associated with RTGs lie in the political ramifications. Given the present attitude
toward such technology, it seems that it will not be a prohibitive system if treated properly.

Since the solar panel and battery system is very sensitive to the availability of sunlight, the
positioning of this system is the most important factor in choosing a solar- or RTG-based system.
The mass of batteries required to last during the lunar night increases rapidly as percent of
sunlight availability decreases. In the worst case of only 50% sunlight illumination, the mass of
batteries required is nearly 10,000 kg, more than one-half of the cargo capacity of an Ares V
launch. Considering launch costs, the inflection point, where an RTG system becomes less
expensive, is around 70% sunlight illumination. Most of the surface of the Moon around the
Shackleton Crater receives about 70% sunlight illumination, making the precise location chosen
very influential in the most cost-effective system.

The power requirements vary depending on the location on the lunar surface. If a polar site is
chosen, where the sun angle is so low that most of the surface is in deep shadow, the solar arrays
must be placed in a spot with almost constant sunlight. The regions around the southern pole
have permanently shadowed places for the detector assemblies and spots that receive sunlight
almost permanently for solar arrays. In placing the detector assemblies, a permanently-
shadowed spot that is sufficiently close to an almost permanently-lighted place for acquiring
solar power must be chosen. About 120 km from the crater is the 5-km-tall Malapert Mountain,
a peak that is perpetually visible from the Earth. Therefore, it would be ideal to place a power
station on the summit of Malapert and distribute power from there to the antenna units.

If a telescope with a certain aperture is chosen, its power requirement can be estimated by
scaling from a model. Assuming the telescope will be made using ultra-lightweight optics as in
the James Webb Space Telescope (JWST) by NASA, one of the potential JWST designs can be
used as a standard model for the telescope. According to this design, a JWST-like observatory
with an 8-m aperture is estimated to consume 760 W of power on average.
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8.5 Structure Subsystem

8.5.1 Introduction

The optics for LIMIT are based on the Spitzer Space Telescope to take advantage of the
existing knowledge and experience with that design. One of the main differences between using
it in space versus on a solid surface is the structure required to support and control it. This
section will examine the requirements for a support structure and mount for the optics.

Figure 65. Conceptual design of LIMIT unit telescope.

The presence of a gravity field leads to a structure design resembling those of ground-based
telescopes. Yet the need to launch the telescope to the Moon will drive the telescope towards a
lightweight design, since launch mass has a significant impact on overall cost.

8.5.2 System definition and interfaces

The structure subsystem consists of the telescope mount needed to support the weight of the
optics, the bearings and motor control to point the telescope. It contacts the lunar surface and
allows the collecting telescope units to aim at astronomical targets.

8.5.3 Mount design description

The telescope mount supports the primary and secondary mirrors and the cylindrical shell,
which serves to block stray light and create a thermal shield. With a U-shape, the mount
provides a pivot point of rotation for elevation angle changes, while the entire mount is rotated
about a zenith-pointing axis to give azimuth angle changes of up to 180 degrees in either
direction.
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For purposes of weight considerations, aluminum honeycomb is selected as a material that
provides high stiffness- and strength-to-weight ratios. Its use in aerospace applications allows
structure designs where weight is at a premium. Like other non-isotropic, composite materials,
its properties vary with orientation within the material. Though detailed analysis techniques
exist for composite layer analysis [61], this analysis uses the lower of the cited strength and
stiffness values and then assumes isotropic behavior.

Figure 66 shows the structure mount design concept. The mount supports the weight of the
optics, insulation, control mechanisms, and provides an anchor to the lunar surface. Since no
mount structure was required for the free-flying Spitzer design, analysis was conducted to
determine the size required for the LIMIT mount.

—
-l—m_\_ .r_ i
V' g T

Figure 66. Mount concept consisting of hollow aluminum honeycomb
structure with internal ribs.

8.5.4 Structural analysis

To conduct structural analysis, the structure is represented as a beam with a column on
either end (see Figure 67). The structure is analyzed for the following: column buckling cross-
section area, beam bending stress, and maximum beam deflection. Both column and beam cross
sections are assumed to be square, and, with the lower strength (1150 psi) and stiffness (210 ksi)
values of the aluminum honeycomb assumed, the required length dimension of each side is
determined for the structure load. From the Spitzer design, it is known that the assembly
comprising the primary and secondary mirrors has a mass of around 50 kg. The cylindrical
shielding and components for optics and control bring the supported mass up to around 130 kg.
This mass times the acceleration due to gravity on the Moon (1/6 that of Earth gravity) gives the
total load the structure must support, which is divided by two to account for each column.

MIT Aeronautics and Astronautics 104



c, —* r-—

i Vi Wiz

T

Ro= W
Figure 67. Simplified mount structure for analysis.

To determine the buckling load for a given modulus of elasticity, £, area moment of inertia,
I, column length, /, and coefficient, K, that depends on the end conditions (for fixed-free
conditions & = 2), the formula is:

knEl

buckling = l 2

(Eq. 22)

Given the load, and assuming a square cross section, the length of each side can be
determined (where /= s/12). This calculation gives a column width of approximately 1 cm.
The horizontal portion of the mount is modeled as a cantilevered beam, with the two
quantities of interest being the bending stress and maximum tip deflection. For a moment, M,
given by M = F'L, and side length, s, the bending stress is

_Me _oM (square) (Eq. 23)

Gbending - Ji s 3

and the deflection at the end of the beam, the length of which is L, is given by

3
0= FL .
3EI

(Eq. 24)

The bending stress limit puts the height of the beam at 5 cm, but a maximum deflection limit
of 1 mm increases that to 10 cm.

Other components included in the structure are tapered roller bearings for elevation rotation,
a needle thrust bearing for azimuth rotation, motors for pointing control (mass and power
estimated from [37] based on telescope moment of inertia), and insulation.

Using the analytical structure results, the weight including other components is estimated to
be 23.5 kg.
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8.5.5 Finite element method analysis

Since an actual structure may not be a square column and beam design, a more detailed
analysis was conducted. With potential horizontal loads present in deployment and handling, a
mount with a wider base would be practical. This would also be stiffer with respect to
vibrational modes. The U-shaped mount was analyzed using SolidWorks’ CosmosExpress
finite element solver. The refined design has panels of 1-cm thick aluminum honeycomb and a
hollow core, except for 3 stiffening ribs which run internally between each column. Figure 68
shows the design analyzed for von Mises stress distribution.

The stress analysis revealed a roughly even stress distribution through the lower, horizontal
structure, with peaks occurring near the internal ribs. The vertical column sections have lower
stress throughout. Overall, the structure has a factor of safety of around 6, which indicates the
design is overly conservative. Even so, the mass of this telescope design (including operating
components) only comes to around 26 kg. For a more detailed study, this structure can be
optimized to obtain a geometry that is between the analytical square column and beam analysis
and that of the finite element analysis done here.
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Figure 68. Finite element von Mises stress analysis
for the telescope structure mount concept.

8.6 Thermal Control Subsystem

8.6.1 Introduction

The thermal control system (TCS) maintains the temperatures necessary for efficient
operation of the telescope. The most important role of the TCS for the LIMIT observatory is to
ensure that the IR optics and focal plane instrumentation are maintained at cryogenic
temperatures to maximize sensitivity. Being located in a permanently shadowed crater offers
ambient temperatures that are naturally cryogenic (< 120 K). Lester suggests that a crater floor
at the lunar pole may be “the coldest place in the entire inner solar system [62].” To capitalize
on the cold and stable environment, the TCS employs passive cooling to the greatest extent that
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is feasible, reducing mass and design complexity. The active cooling design leverages advanced
cryocoolers to sustain temperatures around 6 K, and loop heat pipes to facilitate heat rejection
from the compressor and other electronics.

8.6.2 System definition and interfaces

The TCS is comprised of all the passive and active cooling elements, including multi-layer
insulation (MLI), radiator panels, cryocoolers, and heat pipes. Each of the nine telescope
collector units uses identical thermal control. The combiner unit, on the other hand, has a
dedicated cooling system to achieve the required operating temperature for the IR detectors and
instrumentation.

Cooling of combiner unit

The combiner unit is actively cooled through the use of a crycooler, in addition to passive
thermal shielding. The cooling requirement for IR detectors has been established at 6 K for
JWST and TPF [63]. This design adopts the same detector operating temperature to ensure
acceptable IR measurements. Several crycooler architectures have been developed as part of the
Advanced Cryocooler Technology Development Program (ACTDP), all of which have been
designed to meet cooling requirements for JWST, TPF, and other NASA missions (in most
cases, space telescopes at Earth-Sun L2 [64, 65, 66]). The LIMIT array intends to leverage these
cryocooler concepts and eventual space-qualified hardware that arise from the ACTDP. Each
design achieves two operating temperatures (18 K and 6 K) and employs a configuration that
separates the cryogenic cold head from the compressor/electronic controller by several meters for
thermal and vibrational isolation. For this combiner unit, the 18 K load is the combiner optics
and the 6 K load is the IR detector and instrumentation. The cryocooler compressor and
electronic are housed separately from (positioned adjacent to) the combiner unit. The input
power for the compressor and electronic controller is supplied from the solar array and battery
system.

Heat rejection system

A common heat rejection system removes internal heat arising from power dissipation in the
cryocooler compressor/electronic controller and electronics units for other subsystems
(command and data handling and communication). The system uses loop heat pipes to extract
heat from the internal sources and remove it from the combiner unit to offboard radiator panels
for rejection to the lunar sky. These panels are positioned to radiate waste heat in directions
away from the telescope array.

Cooling of collector units

The goal for thermal control of the collector units is to passively cool the optics to around 10
K with adequate shielding from the surrounding crater. Further discussion on this idea is found
later in the section.

8.6.3 Assumptions and ground rules

Since the lunar environment drives the TCS design, a detailed discussion of the assumptions
about ambient conditions and external heat sources is presented here.
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Lunar Polar Craters

Regions within the Shackleton crater remain in permanent darkness, and the absence the sun
as a heat source keeps the ambient temperature below 100 K. Arnold identifies four heat
sources that determine the temperature of permanently shadowed lunar regions [67].

Geothermal heat flow at 2 x 10° W/cm®

Solar wind at 9 x 10™ W/cm?

Reradiation of solar flux from illuminated regions (e.g. crater rim)
Conduction from illuminated regions

b

The first two heat sources (geothermal heat flow and solar wind) result in the Moon’s
blackbody temperature of 24 K. The third heat source (reradiation) stands to be both the
dominant source and the most variable, since it is highly dependent on line of sight geometry.
Arnold gives the following equation to approximate the reradiation, as a function of the
reradiating area/temperature, A,/T,, the angles between the reradiating/shadowed surface
normals and the line connecting them, 0, and 0., and the crater radius, R:

A
ﬂer cos @, cos b, ((TTr4 )= oT* (Eq. 25)

For a band of reradiating area at the top of the inner rim of a small crater (A, ~ 0.1 km” and R
=1 km), the resulting temperature in the shadowed region is about 40 K (including the first two
heat sources). Note that the fourth heat source (conduction) is generally negligible. Vasavada
confirms this result with a more detailed calculation [68]. Figure 69 (left) shows the predicted
surface temperatures for a lunar crater at different latitudes. Figure 69 (right) is the estimated
temperatures in the Shackleton crater. Polar lunar craters may achieve permanent surface
temperatures below 80 K for most of the inner crater floor, possibly as low as 50 K.

Ultimately the actual temperatures reached at the Shackleton crater need to be studied
experimentally. This uncertainty impacts design decisions for a telescope facility located there.
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Surface temperature for lunar craters at three latitudes,
removed due to copyright restrictions.

Figure 69. Surface temperature for lunar craters at three latitudes;
(right) surface temperature for Shackleton crater at
89.7°8S latitude (maximum temperature in left
column, average temperature in right column) [68].

Passive Thermal Control of Collecting Telescope Units

With crater temperatures potentially reaching as low as 40 K, a worthwhile goal of the
thermal design of the LIMIT observatory is to take advantage of the low and stable
temperatures. Furthermore, Lester indicates that with proper shielding, temperatures down to 7
K can be reached passively [62]. If so, this would be excellent conditions for an IR space
telescope.

8.6.4 Temperature Goals

The question arises as to how cold the telescope must be. Because of the sensitive nature of
IR photodetectors, the signal-collecting instruments must be maintained actively below 5 K.

For the telescope optics and structure, though, the temperature must be such that its own thermal
emission does not contribute to the signal that is being collected from astronomical objects. To
get an idea of what telescope temperature is desirable, some insight can be obtained by
comparison with other IR space telescopes.

For JWST, Spitzer, and Herschel, the longest observed wavelengths for each telescope, and
the associated mirror temperatures are shown in Table 20. It can be seen that the product of
these two values is roughly the same for all three telescopes. This is consistent with Wien’s
displacement law, which states that the wavelength of peak emission of a blackbody times the
blackbody temperature is a constant, i.e.

/1 Tblackbady =2897.7 (Eq 26)

max

where A is in pm and 7 is in K.
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Comparing the product of wavelength and mirror temperature for the three space telescopes,
the value is found to be approximately 3.7 times lower than Wien’s displacement constant.
From this relationship between the observed wavelength and mirror temperature, Figure 70
shows how the science requirements of the LIMIT observatory drive the desired mirror
temperature.

Table 20. Space IR telescope wavelengths and temperatures.

Telescope Longest wavelength Mirror
observed, um Temperature, K
James Webb Space Telescope 28 18
Spitzer Space Telescope 128 5.5
Herschel Space Observatory 670 1.7

e Required Temperature vs. Target Wavelength

JWSTD

-
o,
T
1
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Mirror Temperature, K

LI-MIT (A=200um, T=3.9K
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1 ‘ ‘ 2 ‘ ‘ 3
10 10 10
A, um
Figure 70. Mirror temperature and longest observed wavelength
relationship for IR space telescopes.

For the goal of seeing out to 90 um in the infrared, the mirror temperature goal should be
about 9 K. Though longer wavelengths can be observed at the same temperature, this will be at
the expense of increased noise in the signal.

8.6.5 Passively shielding, insulating

To analyze the conditions for passively cooling a telescope in Shackleton crater, the case of
large, re-radiating shields is considered. The equation for heat transfer rate, g;;, between large,
adjacent layers, i and j, with absolute temperatures 7; and 7}, and area 4, is given by
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(Eq. 27)

where o is the Stefan-Boltzmann constant, and ¢;; is the emissivity of layer i,;.

Figure 71 shows a radiation shield-based model to represent the telescope’s radiation
environment. Multi-layer insulation (MLI), commonly used in space missions as insulation in
low-convection environments, serves as the insulating shield. Since the heat flux through each
layer is the same, the mirror temperature can be calculated by comparing the temperatures and
emissivities for the other known layers.

Tgk-:r' = 4 K: 5:1
Tmirror. =005

TMLI. Fo

~ ~ ~ ~ ~ Tsurr.E—1

Figure 71. Radiation model for emissivity relationship to temperature.

Based on the assumptions of Ty, = 4 K, &mirror = 0.05, &gy = €5y = 1, Figure 72 shows how
the achievable temperature by passive radiation changes with the effective emittance, €*, of the
multi-layer insulation. Since the lunar surface temperature is not known definitely,
temperatures of 40 K, 55 K, and 70 K are plotted. Also, the effect of putting two more sheets of
MLI as shielding is shown as dotted lines. Typical limitations of €* are shown as vertical lines
in the plot, where 30-layer, medium-sized applications are usually around 0.005, and controlled
testing of cryogen tanks have achieved values as low as 0.002.
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Figure 72. Temperature variation with effective MLI
emittance for surface temperatures.

From this analysis, it seems unlikely that using only passive means of cooling the telescope
optics and structure will allow temperatures below 10 K. The model studied is simplified,
however, and more detailed analyses should be conducted to determine the feasibility of
passively-cooled telescope collecting units. For the science goals of the LIMIT concept, it will
be assumed that temperatures around 9 K can be achieved. The contingency scenario would be
the deployment of cryocoolers with each telescope to cool it from ~20 K down to below 10 K
for longer IR-wavelength exploration. This is obviously costly in terms of launch mass,
development and testing cost, failure potential, and OTA design complexity.

8.6.6 Initial Deployment Cooling Requirement

Assuming the collecting telescopes will passively maintain temperatures around 10 K and
arrive at the Moon fully insulated, there is a question regarding how long it would take to cool
down before observations can be made. With Spitzer taking a couple months to cool to
operational temperatures, it is worth looking at what could be expected for the LIMIT
observatory.

A model was set up in which the multi-layer insulation surrounding the telescope (used to
keep radiation energy out) was assumed to be perfectly insulating to keep energy in just after
deployment, and the only means of energy loss is radiating to the sky (see Figure 73).
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Figure 73. Model to determine the time required
to initially cool the telescope after deployment.
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Figure 74. Transient results for radiative cooling to sky.

The results of this analysis, assuming a uniform temperature distribution throughout the
mirror, shown in Figure 74, reveal that a very long time is required to cool the telescope if it is
only radiating from the mirror to the sky.

A potential solution to this problem is to carry a tank of liquid helium on the telescope.
After deploying the telescopes, a valve would open to release and carry the coolant over the
telescope. A schematic of this concept is shown in Figure 75.

He

J0LIA

™~

Figure 75. Helium cooling concept for initial deployment of telescopes.

For a first order analysis, a lumped capacitance transient heat transfer model using Equation
28 is used, where p is the density of the Beryllium mirror, V' is the volume, c is the specific heat
capacity, 4 is the convection coefficient, 4 is the surface area of the mirror, and 7, is the fluid
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temperature (assumed to be liquid helium temperature of 4 K)

’%% =—hA(T-T,) (Eq. 28)

The convective heat transfer coefficient is approximated from an expression in [69] for fluid
flow over a cylinder.

The results from this analysis are shown in Figure 76. Cooling from a temperature of 300 K
requires about 400 seconds to get to ~20 K, and around 17 kg of helium is used. Due to the
fidelity of this analysis, however, this is expected to be a moderately to highly conservative
estimate, and more helium would likely be necessary.

Temperature of Helium-cooled telescope

20

Temperature, K
Helium mass expelled, kg

0 50 100 150 200 250 300 350 40%
Time, s

Figure 76. Transient temperature of He-cooled temperature and amount of He required.

If further analysis reveals prohibitively large quantities of helium are required for initial
cooling, a couple of other cooling concepts are: 1) package a cryocooler on each telescope unit,
or 2) have a central cooling system that works during transit or soon after landing when the
telescopes can be cooled by a single system and then deployed to their positions, to save on
many cooling units needing to be developed. If a cryocooler is required on each telescope, it
can also be used to ensure low operating temperatures, where its size would probably not be too
large, since passive cooling to 20 K to 30 K appears readily feasible. The initial cooling load
and that operating requirement would be the main considerations for sizing the cryocooler for
the collecting telescopes.

Advances in Cryocooler Technology

It is assumed that the development work under ACTDP will produce a family of mature
cryocooler technologies that can be leveraged for the lunar IR telescope. For the preliminary
design discussed here, it also assumed that the refrigeration capacity requirements for the
cryocooler to be used for the combiner unit are identical to those for the JWST and TPF
missions. In particular, the design specifications call for a cold head performance of lifting 150
mW at 18 K and 30 mW at 6 K [63]. The heat dissipation requirements of the LIMIT array’s
combiner unit and IR detector are assumed to be the same 150 mW and 30 mW as seen on those
missions.

MIT Aeronautics and Astronautics 114



8.6.7 Final subsystem design

The final estimates for the cryocooler design provide for a mass of 40 kg, a power output of
250 W, including the power required for the electronic controller, and a total cost of $100,000.

8.7 Communications Subsystem
The communications system allows for the transmission of pre-processed data to a suitable
downlink site, from which it will become accessible to ground-based researchers.

8.7.1 Introduction

The LIMIT communications system includes the necessary processors to control the
interference of telescope signals, cables to transmit data, and the radio transmitter which
downlinks the processed signal, either to the nearby human base or directly to Earth.

This architecture represents the simplest possible basic design. More complicated designs
are not required, and would unnecessarily increase cost and risk.

8.7.2 System definition and interfaces

The system includes some basic electronic processing capability, for on-site data reduction,
as well as the control cables connecting the outrigger elements to the main unit and the
processor, and also includes the connections to the radio transmission station and the transmitter
itself.

The mass needed is the mass required for the cables, processing equipment, and
antenna/signal package. The power is the transmitting power plus the processing power. No
power is specifically dedicated to dust mitigation, as a passive design may be used. The cost is
the cost of the cable, antenna package, and processor hardware and software. No operating
costs, satellite costs, or transportation costs are considered.

8.7.3 Assumptions and ground rules

Estimates of data rate taken from Spitzer and JWST [42, 43, 44] lead to 1 Gbps as an order-
of-magnitude estimate for the downlink data rate, with 100-500 kbps as the uplink data rate.
For transmission distances equal to or less than the distance to the Moon, a Ka-band radio will
meet this data rate requirement [50].

The processor size, power, and mass are estimated according to [39], and it is assumed that
the unit described is linearly scalable as a function of data throughput.

8.7.4 Development process, trade studies, and sensitivity

To develop the communications system architecture, a preliminary model of the system
was constructed. It was designed to output estimated cost as a function of telescope outrigger
distance, estimated data rate, and whether a radio link or a cable link was used. The
communications architecture was designed to link to the human base, so that initial data analysis
and later retransmission to Earth ground stations could be facilitated.

The preliminary model was used to compare data rates to costs for fiber optic cable links to
the human base with costs for a radio link to the human base. The base distance to the human
base was set to 5 km. This distance is dictated by the distance from the human base to the
nearest permanently-shadowed cold trap, where the telescope will be placed. The distance is
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estimated at between 3 and 20 km.

The preliminary model showed that a cable relay and a radio link break even in cost at about
a distance of 2.34 km from the lunar base. Radio is thus selected as a preferred link method.
The cable link scales up rapidly with distance, but not data rate, and the radio link scales up
rapidly with data rate, but not with distance. Therefore, because distance will be driven by the
location of cold traps, data rate is a more important variable in this trade.

Figure 77 and Figure 78 show the details of this trade, calculated form the first-order
preliminary model. The breakeven points for cost and distance are approximately 5 km and 1
Gbps; these represent a low-end distance and a high-end data rate, so in both cases, a radio link
is expected to be a cheaper option than a cable link for the most likely size and location of the
final telescope design.
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Figure 77. Cost versus downlink data rate.
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Figure 78. Cost versus distance from human base.

8.7.5 Final subsystem design

The final communications station will be a radio antenna operating in the 32-GHz Ka band,
placed in the immediate vicinity of the telescope’s central processor station but taking advantage
of terrain features if possible.

According to [49], the link budget design for a short-range transmitter (to a nearby receiver
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at the human base) is nearly the same as the link budget for a long-range transmitter (to Earth
itself). This is probably because the receiving end is much more effective in the long-range
link, which connects to the Deep Space Network. The power levels and dish sizes for a Ka-
band antenna at 5.0 W are nearly exactly the same, with a 30-GHz carrier and SNRs of the same
order of magnitude. Therefore it is assumed that the similarly-sized communications system for
LIMIT can be designed to operate either as a point-to-point system, relaying data to the human
base for retransmission to Earth, or as a direct downlink to the Deep Space Network. The final
decision for this communications system architecture choice is left for future work.

Figure 79 shows the final telescope communications system architecture.
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Figure 79. Communications system overview.

8.8 Transportation, Deployment, and Servicing Subsystems

8.8.1 Introduction

This subsystem consists of transportation, which is the launch, transportation, and landing of
telescope elements from the Earth to the Moon, deployment, which is the deployment of the
observatory on the lunar surface, and servicing, which is the activity to service the telescope
elements. Servicing is included as a means of allowing sustained performance for LIMIT,
including upgrades and repairs.

8.8.2 System definition and interfaces
Transportation

For LIMIT, the transportation system is mainly concerned with the transportation vehicle, the
total mass of components to be transported, the launch cost estimate, and the landing site.

Deployment

The deployment system is mainly concerned with the assumption about human lunar outpost
and rovers, the deployment process and configuration, and the extravehicular activity (EVA) and
deployment time estimate.
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Servicing

The servicing system is only concerned with the repair process when, for example, one
telescope is malfunctioning and it has to be repaired at the lunar base. The inputs to the
subsystem are the mass and location of each component and the distance from the telescope site
to the lunar base.

8.8.3 Assumptions and ground rules

For LIMIT, it is assumed that, as shown in Figure 80, there is already a human lunar outpost
at the Moons’ south pole, and that rovers for operations on the lunar surface are present at the
base. The location of the telescope site is assumed to be the Shackleton crater floor, at a distance
of less than 10 km from the lunar base. Figure 81 shows a sketch of the location of telescopes
and the lunar base.
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Figure 80. Moon base at the lunar south pole.
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Figure 81. Telescope location.

Transportation

To leverage the vehicles under development for the Constellation program, the Ares V, also
referred to as the Cargo Launch Vehicle (CaLV), is assumed as the launch vehicle for this
project, as seen in Figure 82. The launch cost for the Ares V rocket is set at $1.26 billion per
launch. For the landing vehicle, NASA’s currently planned Lunar Surface Access Module
(LSAM), shown in Figure 83, is assumed. The landing site will be the Shackleton crater floor.

Figure 82. Ares V (CaLV).
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Deployment

The deployment assumption for the IR concept is that the deployment will be carried out by
astronauts and rovers (Figure 84), which is different from that for the LIRA concept, which
operates autonomously. For a rover which will deploy the telescope elements, JPL’s ATHLETE
rover [70], as shown in Figure 85, is assumed as a reference. The ATHLETE rover is able to
move at 10 km/h over Apollo-like terrain and its payload capacity is 450 kg per vehicle.
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Figure 85. ATHLETE rover.

8.8.4 System components to be transported

Table 27 shows a list of system components to be loaded onboard the Ares V and launched
from the Earth. Location B corresponds to the lunar base and Location C corresponds to the
telescopes on the crater floor (Figure 81). As shown in the table, much more mass must be
landed at Location C than at Location B. Therefore, the landing site should be near Location C,
on the crater floor. A non-dedicated Ares V launch would be enough for this mission, since the
total mass that the Ares V can carry to the lunar surface is 18 mT, and the total system mass for
this mission is approximately 4400 kg. The launch cost estimate would be about 25% of the
$1.26 billion cost for the Ares V, which is $308 million.
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Table 21. System components to be transported.

Quantity e'\:z;s[:;] Area [m?] Z:Luhrr;em ?]f Location
Telescopes
Telescope +
Insulation + 9 138 - 2.00 C
Base structure
Fiber optic cabling 1 7.6 - 0.25 C
Beam Combiner
Beam combining unit 1 300 - 3.75 C
Thermal cryocooler 1 40 - 0.25 C
Power
Solar panels 1 27 2.25 - B
Batteries 1 354 - 0.0052 C
Support equipment 1 27 - - B
Power cabling 1 1184 - 1.00 B-C
Power distribution box 2 50 - 0.25 B,C
Electronics & Communication
Computer 1 9.7 - 0.01 C
Radio transmitter 1 3.6 - 0.28 C
TOTAL SYSTEM 4399
(plus integration)

8.8.5 Deployment process

Figure 86 shows the deployment process. After the lander lands near Location C on the
crater floor, astronauts and rovers will arrive at the landing site. Using ATHLETE rovers,
astronauts will unload the cargo and deploy and install all the telescope elements carefully and
connect the cables between them. After all the installation is completed, astronauts and rovers
will return to the lunar base and wait for a period long enough to allow any raised dust to settle.
The mirror covers will then be opened to prepare for observation.
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Figure 86. Deployment process.

8.8.6 Deployment time

It is assumed that 3 astronauts and 2 ATHLETE rovers will carry out the deployment
operations. It is also assumed that 6-8 hours of extravehicular activity (EVA) will occur at one
time, that is, during one operational day. Since the distance between the telescopes and the lunar
base would be less than 10 km, and the ATHLETE rover moves at 10 km/h, it will take about 2
hours for the round trip from the lunar base to the telescopes during each EVA. Therefore, the
operational time for one EVA is 4-6 hours. Table 22 shows the deployment time estimate
needed for each component. The total operational time for the whole deployment would be
around 68 hours, which means that 17 EVAs are needed for the deployment phase.

Therefore, the deployment operations will take approximately 2-3 weeks. For these
calculations, however, operational time needed for each component was overestimated and
operational time in one EVA was assumed to be 4 hours, so the deployment time of 2-3 weeks
might be an overestimate and the actual deployment operation might not take more than 2 weeks.
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Table 22. Deployment time estimate.

Quantity Operation Time Tota_l Operation| EVA# or
of each [hrs] Time [hrs] Day [days]
Telescope 9 4 36 9
Fiber optic cabling 1 4 4 1
Beam combining unit 1 2 2 0.5
Thermal cryocooler 1 2 2 0.5
Solar panels 1 4 4 1
Batteries 1 4 4 1
Support equipment 1 2 2 0.5
Power cabling 1 4 4 1
Power distribution box 2 2 4 1
Computer 1 2 2 0.5
Radio transmitter 1 4 4 1
|  TOTALEVA | | 68 17

8.8.7 Servicing telescope malfunction
When one telescope is malfunctioning, it can be repaired on site or at the lunar base. Figure
87 shows the repair process. Before retrieval, all the mirror covers on all the telescopes will be

closed, so that the dust kicked up by the retrieval activity will not contaminate the mirrors.

Astronauts and rovers will travel to the malfunctioning component, disconnect the cables, and
then either make repairs or bring it back to the lunar base. After being repaired by astronauts or
at the lunar base, the telescope will be brought back to the original position and reinstalled into

the support structure. After sufficient time is allowed for any raised dust to settle, the mirror

covers will be opened to resume observation. The same process can be applied in the case of
system components being upgraded.
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Figure 87. Repair process.

8.8.8 Final subsystem design
Transportation

System components to be transported, using the Ares V and the LSAM, are listed in

Table 2/. The total mass to be launched from the Earth is 4400 kg, and therefore the launch
cost is estimated to be around $308 million. Considering the system mass distribution, the
landing site would be near Location C on the crater floor.

Deployment

The deployment operation will be carried out by astronauts and JPL’s ATHLETE rovers.
The deployment process and configuration is shown in Figure 86, and the deployment time
estimate is shown in Table 22. The total operation time is estimated to be 2-3 weeks (17 EVAs)
or less.

Servicing

The repair process in the case of system component malfunction is shown in Figure 87. The
same process can be applied in the case of system components being upgraded.
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8.9 Dust Mitigation

The general problems of dust on the Moon pertain especially to the design and operations of
LIMIT. Though the design of each piece of equipment sent to the Moon must consider the
effects of lunar dust, particular issues arise in the context of an infrared telescope on the lunar
surface, and these will be discussed in this section.

Infrared detectors are extremely sensitive to dust contamination. Any particles entering the
detector can significantly degrade the performance of the whole telescope, if not disabling it
completely. Because of this, much effort should be spent ensuring excellent sealing of these
components. Redundant seals and layers would be wise for detector protection.

Optics

Another problem dust poses to a telescope observatory is the settling of dust on the mirrors.
The three major issues are scattering, diffraction, and thermal emission. The first two would be
related to the size of the dust particles that impinge on the optical surfaces. The average
regolith grain size is about 70 um, but Apollo samples have been measured as small as 0.01 pm,
and between 10% and 20% of the regolith by weight is less than 20 pm [71].

Lunar dust grain, removed due to copyright restrictions.

Figure 88. Lunar dust grain.

Based on these sizes and the expected target IR wavelengths, there will be degradation of
the observational capability of the telescopes. Unknown, however, is the amount of dust
expected to be deposited on the mirror surface for a given amount of time. Tests off the
reflectors placed on the Moon by Apollo astronauts indicate adequate reflective properties even
after more than 30 years, but the data is not definitive due to incomplete knowledge of effects
from surface EV As versus subsequent obscuration.

Johnson [72] gives theoretical obscuration percentages for a typical Apollo 14 landing.
Though this indicates that large amounts of dust would be deposited out to several kilometers
from a landing site, the analysis does not consider how mitigation techniques such as landing
site preparations or mirror covers would reduce the actual degree of obscuration. In addition,
Hyatt [73] describes the complex plasma environment that exists near the terminator region on
the Moon. A dust fountain model indicates charged dust particles can reach distances greater
than 10 km from the surface; however, it is not clear to what extent these particles will obscure
incoming astronomical signals, either above the lunar surface or in terms of the amount of dust
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that falls on the mirror itself.

If direct dust settlement on the mirrors becomes a show-stopper, a few techniques are
possible for improving the situation. First, the use of a non-stick coating on the mirror surfaces
may reduce the adhering ability of dust. A low surface energy material such as polyimide
would have a low susceptibility to couple with the primarily basaltic (SiO,) Moon dust,
increasing the success probability of other removal techniques. Thin films would not interfere
with the optical surfaces. Though the coating would be exposed to bombardment from
micrometeorites, a material such as polyimide is harder than something such as Teflon, which is
easily scratched [74].

Calle has developed a means of moving electrostatically charged dust by using a timed
sequence of electrodes to lift and push it away. While the experiment has not been verified for
actual lunar dust, the concept is promising for keeping an optical surface clean [75].

Another method for the physical removal of dust from a mirror surface is the use of
ultrasonic vibrations through the structure to induce migration of the particles off the optical
surface. A low-amplitude, high-frequency excitement vibration could move dust either through
the Cassegrain hold in the primary for a zenith-pointing angle, or off the edge for horizon-
pointing angles. The experimental verification of this technique for use in telescope mirror
cleaning has not been found, however, so tests proving the viability of such an approach are
necessary [76].

The final means of dust cleaning from the mirrors is merely some brushing motion, probably
robotically, but possibly by humans if the contamination is not greater than the de-
contamination. Reports from the Apollo missions indicate that the use of a lens brush was
effective in cleaning the camera lenses. This should be contrasted, though, with the effect of
trying to wipe dust off display windows, which rendered them unreadable due to scratches [73].

The last issue with dust on the optical surfaces is that of thermal emission. On JWST, for
instance, dust grains sitting on the primary are thermally decoupled from the primary and heat
up due to warmer surfaces that they see, due to a lower reflectivity than the primary [77]. To
examine the problem for LIMIT, a transient heat transfer problem was modeled for a dust grain
settling on the primary mirror surface, and isolated from view of anything outside the
temperature other than the sky. The dust is assumed to be of average size (70 um) in a disk
shape with a height of 10 um. For an extreme case, the temperature of the grain is taken to be
396 K, the maximum expected temperature on the Moon, and the temperature distribution
throughout the grain is assumed to be uniform throughout time. Figure 89 shows the transient
dust grain temperature for a primary mirror temperature of 10 K. Since the time that is required
to reach within 1°C of the mirror temperature is less than 5 seconds, the noise produced in the
system by the settling dust particle is small. This result is also consistent with a conclusion
given by Lester [62] that small amounts of dust on the mirror would not pose thermal problems.
Not examined, however, is the case of dust on or near the secondary in the field of view that is
possibly heated up by line of sight to re-radiating regions of the crater rim.
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Figure 89. Transient temperature of dust grain incident on a LIMIT telescope mirror.

There is also the consideration of how much dust can potentially interfere with telescope
operation. Because of the lack of atmosphere on the Moon, dust particles that are lofted off the
surface travel in ballistic trajectories. Based on their initial velocities, the distances traveled by
dust particles can be quite large for high-velocity departures. As given by [72], typical ejection
speeds and range distances are shown in Table 23.

Table 23. Typical human activities and maximum ranges
of particles ejected at speeds on the Moon.

Activity Speed Horizontal Range (m)
(m/s)
Driving vehicle at 5 km/hr 1.38 1.17
Dropping a tool from 3 m 3.12 6.0
Throwing a major league fastball 40.7 1,023
Landing a rocket (rocket exhaust speed) 1,700 5,460,000

Locating the telescope at least 10 km away from a human outpost at the lunar south pole
should prevent normal operations from sending dust as far away as the telescope. The dust
kicked up by landings, however, is a concern. There are a number of possible mitigation
techniques, including:

1. The construction of a retaining wall around the landing site would help prevent the
wide dispersion of dust. Hardening of the surface around the landing site would also
lessen the amount of escaping dust. This is beneficial for both the proposed
observatory and a nearby human presence.

2. A cover for the telescope that shielded the optics during take-offs and landings would
prevent dust from falling onto the primary mirror of each telescope. Since ejected
dust particles would remain lofted for less than an hour, this would have little impact
on the total observing schedule of the observatory [72].

MIT Aeronautics and Astronautics 128



Mechanisms

Another concern is the contamination of mechanisms by dust particles. The Apollo
missions revealed numerous problems associated with contamination of tools and experiments,
where unprotected mechanisms accumulated dust. One lesson learned is to ensure excellent
sealing and covering of anything susceptible to dust accumulation. For the rotating telescope
regions, i.e. bearings and motors, there could be a flexible material that allows relative
movement between the stationary and rotating components while completely covering the
moving surfaces from external dust contamination. Acting as a loose membrane, it would keep
dust out without constraining the motion of the telescope during operation.

The modular telescope design concept of LIMIT refers to the possibility of deploying the
individual apertures at different intervals, each time adding to the Golay configuration and
obtaining a larger effective aperture diameter. Since it would be difficult to autonomously
deploy each telescope due to the precise alignment required for interferometric observations,
astronauts would necessarily be walking around, thus kicking up dust in the process. Two
concepts stand out in terms of dust mitigation. The first is to close the telescope covers when
astronauts are conducting EVAs around the sensitive equipment, as done during rocket take-offs
and landings. Second, the potential for sintering of lunar regolith using microwave energy has
been proposed by Taylor. As showed by a microwave experiment on Moon dust brought back
from the Apollo missions, the lunar regolith quickly melts when exposed for just 30 seconds to
microwave energy at 250 watts of power. The idea is to develop an instrument to sinter the
lunar surface into a “glass road.” This would help reduce the amount of dust kicked up during
astronaut-aided deployment [78].

Smoothed surface of sintered lunar dust,
removed due to copyright restrictions.

Figure 90. Smoothed surface of sintered lunar dust.

Concept for lunar lawn mower for microwave
regolith sintering, removed due to
copyright restrictions.

Figure 91. Concept for lunar lawn mower for microwave regolith sintering.
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9. Cost Estimation and Spreading

9.1 Telescope Cost Estimation

When dealing with a space system as complex as a lunar observatory, accurate cost
estimation is an important program driver. Accurate cost estimation is essential to the success of
such a program. In both the LIRA and the LIMIT concept, an attempt is made to provide an
accurate, yet conservative, estimate of the overall budget for all project phases. The processes
used for estimating the costs of the two facilities are essentially parallel, but some differences
exist because the respective design approaches were quite distinct. In both cases, an effort is
made to keep the Technology Readiness Level (TRL) of all components as high as possible.
Unless otherwise stated, all costs are provided in 2010 U.S. dollars.

For each concept, a conservative cost estimate, including a generous allocation for research
and development (R&D), is formulated. In the case of the LIRA concept, these development
costs are added to the cost of each component. For LIMIT, on the other hand, the development
costs are added to the aggregate calculations since almost all components were previously flight
tested and operationally employed so that prices are available for off-the-shelf components from
previous missions.

9.2 LIRA Cost Estimation
The total cost of the LIRA telescope facility is estimated to be $1.987 billion. The estimate for
the system itself is $726.2 million. For transportation costs, the current Ares V launch cost
estimate of $1.26 billion, as described in Section 9.5, is used. The details of the cost estimation
are provided in Table 24 and

Table 25.

Table 24. Subsystem mass and cost breakdown for the LIRA concept over the entire
development timeline.

LIRA Subsystem Mass and Cost Estimation

Mass (kg) Component Cost (M$)
Electronics 58.2 28.2
Communications 826.7 6.5
Power 4,546.1 1.7
Structures and Mechanisms 7,149.5 71.5
Deployment 1,007.3 256.6
Integration and Other 3,396.9 91.1
Software and Ground Segment -- 270.7
Subsystem Total 16,984.5 726.2 (M$)
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Table 25. Total transportation cost for the LIRA concept, based on the number of Ares V
boosters required to transport all telescope subsystems.

LIRA Transportation Cost

Cost/Ares V Number of Launches
(M$/Launch) Required Cost (M$)
Transportation 1,260 1 1,260
Total 1,260 (M$)

The rationale for the cost estimates of the various subsystems are discussed in the following
subsections.

9.2.1 Rationale for costing of computers and electronics

The cost estimate for the electronics subsystem is based on the actual costs of the command
and data handling (C&DH) subsystem of the Solar and Interplanetary Radio Spectrometer
(SIRA) telescope. Engineers at Broad Reach Engineering have verified that this estimate serves
as a reasonable basis for costing the LIRA electronics subsystem [38].

9.2.2 Rationale for costing of communications

To estimate the cost of the communications subsystem for the LIRA telescope, the
comparative costs for laser and radio communications equipment are estimated at $5000 per
kilogram and $1000 per kilogram to reflect the relative difference in technological maturity
between the two technologies. The relays are priced at $10,000 per kilogram to reflect both their
technology readiness level and the fact that more structure (as well as more miniaturized or
carefully-scaled components) will likely be required for the relays than for the rest of the
communications equipment. The costs for fiber-optic cable are based on current costs for
commercial fiber optics.

9.2.3 Rationale for costing of power

Estimates for the solar and RTG power unit costs for the LIRA concept are derived from
[79]. The numbers in this report represent the unit cost of technologies available to
approximately 2012.

9.2.4 Rationale for costing of structures and mechanisms

SMAD estimates the uncrewed spacecraft structure system’s theoretical first unit cost to be
$13,100 per kilogram in year 2000 dollars [37]. Adjusting this for inflation and adding a learning
curve savings for production of 95%, the average cost per kilogram of cluster structure is
approximately $10,000 per kilogram in 2010 dollars.

9.2.5 Rationale for costing of deployment

Because the cost of deployment for the LIRA telescope is dominated by the development of
the rover, the estimate is based entirely on the cost of that component of the deployment system.
The closest past analogue to this system is the lunar rover used during the Apollo program. The
rovers required for LIRA will have additional capabilities, including autonomous navigation and
robotic loading/unloading of cargo. Nevertheless, the same level of development effort will not
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be required for the structure, chassis, drivetrain, and other components as a result of experience
from Apollo and other rovers. Assuming that these two factors roughly balance each other, the
cost of the deployment system is taken to be the Apollo rover cost inflated to 2010 dollars plus
20 percent margin [80].

9.2.6 Rationale for integration and other costs

Integration costs and other space segment costs are anticipated during the implementation of
the LIRA concept. To account for this, an additional mass and cost is added to the overall values
for the various subsystems. This includes a conservative mass increase of 25 percent through the
development and integration of the telescope architecture and a similar 25 percent increase in
subsystem cost. This integration factor also contributes to higher transportation costs because of
the increase in mass. The factor should account for any subsystems not included in the initial
design and any increased complexity of current subsystems.

9.2.7 Effect of array design on cost estimation

As explained in Section 7.9.3, the number of dipoles used in the point design chosen for this
study could be increased in future design iterations. Increasing the number of dipoles, however,
will have a direct effect on the estimate for the total cost of the system. To account for this,
Figure 92 shows the effect of the number of dipoles on overall system cost, indicating the
location on the curve of the present design.
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additional launch needed as the total mass of all dipoles increases. The
location of the point design discussed in this study is indicated by the red dot.

9.3 LIMIT Cost Estimation

The total cost of the LIMIT telescope facility is estimated to be $1.631 billion. The system
itself is estimated to cost $1.322 billion. The transportation costs are taken to be approximately
25 percent of the current Ares V launch cost estimate of $308 million (because it can be
launched along with other systems, as described in Section 9.3.10). The details of the cost
estimation are provided in Table 26 and Table 27.

Table 26. Subsystem mass and cost breakdown for the LIMIT concept over the entire
development timeline.

LIMIT Subsystem Materials Cost and Mass Estimation
Mass (kg) Component Cost (M$)
Telescopes (9) 1027 45.1
External Optics 429 5.8
Structures and Mechanisms 212 2.9
Active Thermal Control 40 0.1
Electronics 10 4.7
Communications 13 0.2
Power 1789 0.3
Integration and Other 880 14.8
Subsystem Research & Development -- 977.8
Ground Segment Development -- 270.7
Total 4,399 (kg) 1.322 (BY)

Table 27. Total transportation cost for the LIMIT concept, based on the number of Ares V
boosters required to transport all telescope subsystems.

LIMIT Transportation Cost
Cost/Ares V Number of Launches
(M$/Launch) Required Cost (M$)
Transportation 1260 >0.25 308
Total 308 (M$)

The rationale for the cost estimates of the various subsystems are discussed in the following
subsections.

9.3.1 Rationale for costing of primary optics and beam combining unit

The LIMIT telescope design is based largely on operationally tested hardware. This includes
telescope optics and subassemblies from the Spitzer telescope, external combining optics from
the Argos telescope array, and active thermal control architectures from NASA’s Advanced
Cryocooler Technology Development Program (ACTDP).

Due to the reuse of major telescope components, values for off-the-shelf costs of the various
telescope components are based on previous program costs. For example, cost values for the
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Argos beam combining optics and optics assemblies were determined from exact component
costs of the Argos telescope itself. Due to the new application of these components, appropriate
research and development costs were added to these component costs. Due to the new
application and the additional hardware needed for the combining optics, the research and
development costs was determined to be 20 times the cost of the components themselves.
Similar R&D costs were calculated throughout the telescope design, valuing the component cost
at 5 to 10 percent of the total component cost contribution.

It was more difficult to directly determine the cost of the individual telescope elements, as
the Spitzer optical assembly cost was not directly available. Therefore, a Meinel relation was
used based on estimations from SMAD [37]. The relationship used was

Cost = 356,851*D"%, (Eq. 29)

where D is the diameter of the aperture. The result was then inflated to 2010 dollars. Since the
Spitzer design is relatively complex, being composed of a single beryllium structural element,
the above cost was multiplied by a factor of 10 to be conservative. In addition to this single
element material cost, the research and development costs was determined to be 10 times the cost
of the components themselves (telescope assembly equal to 10% of total contributing cost). This
low number was used due to the similarity of this telescope to legacy designs. Also useful to
note, this research and development cost was added to each of the 9 individual telescope
elements, making the cost estimate still more conservative. Applying an appropriate learning
curve to this technology development, research and development costs would realistically only
be appropriate for the first element.

9.3.2 Rationale for costing of computers and electronics

As with LIRA, the cost estimate for the electronics subsystem of LIMIT is based on the
actual costs of the command and data handling subsystem of the SIRA telescope, as verified by
Broad Reach Engineering [38].

In addition to central processing, communication, and scheduling/pointing computer systems,
the LIMIT concept uses similar charge-coupled devices (CCDs) and associated electronics from
the Spitzer telescope. The collecting electronics are priced according to available information on
Spitzer, with research and development costs added.

9.3.3 Rationale for costing of communications
The rationale for the LIMIT communications cost estimate is the same as for LIRA.

9.3.4 Rationale for costing of power
The rationale for the LIMIT power cost estimate is the same as for LIRA.

9.3.5 Rationale for costing of structures and mechanisms

The structure for supporting and pointing each telescope element is priced using
commercially available, aerospace-grade aluminum honeycomb materials. Estimates of the cost
of the movable parts and power systems for the supporting structure were also done using
commercially available materials. In addition to the cost of material, a large research and
development cost is added to account for the new technology development.
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9.3.6 Rationale for costing of thermal control system

Cost estimates for the active thermal control of the beam combining unit are derived from the
cost of various architectures from NASA’s Advanced Cryocooler Technology Development
Program (ACTDP). Estimates for the passive cooling of each telescope element were found
using commercially available Multilayer Insulation.

9.3.7 Rationale for costing of deployment

The LIMIT telescope does not include deployment costs in the total for the telescope
architecture. It is assumed that the human space flight program, including the south pole lunar
base, will be heavily leveraged. This includes the use of two lunar base rovers for transportation
and 2 to 3 astronauts for approximately 2 weeks. Due to the difficulty of assigning a value to
this cost, it was left out of the cost estimation.

9.3.8 Rationale for integration and other costs
The rationale for integration and other costs for LIMIT is the same as for LIRA.

9.3.9 Research and development costs

Even though most of the LIMIT subsystems are designed to use operationally-tested
technology, there is still a need for some new technology and integration and flight certification
of legacy technology. In addition, it is estimated that there will be some subassemblies not
included in the initial subsystem designs. To account for this, R&D cost multipliers ranging
from 10 to 20 are used. This translates to an additional 90 to 95 percent of the subsystem cost as
R&D-specific. The relative research and development multiplier costs for each telescope
subsystem are shown in Table 28.

Table 28. Research and development cost multipliers for various LIMIT telescope subsystems.

LIMIT Research Development Cost Multipliers
Subsystem Cost
(M$) R&D Multiplier

Telescopes 451 10
Supporting Structure /

Mechanisms 29 20
External Optics 5.8 20
Active Thermal Control 0.1 20
Electronics / Computer 4.7 10
Communications 0.2 20
Power 0.3 15
Integration and Other 14.8 20
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9.3.10 Rationale for costing of transportation

The transportation cost for the entire LIMIT concept is based on the number of Ares V
booster vehicles necessary for launch. This number was calculated from the fraction of the total
mass capability of an Ares V required for launch to the Moon. Because the LIMIT mass is less
than the mass capability of a single Ares V launch, combined with the location of the LIMIT
facility near the human base infrastructure, a decision was made to share the transportation with
one or more other launches to the base. It is important to note, however, that the volume
constraints for the Ares V were not known at the time of writing. For this reason, mass is used as
the limiting factor in the estimation, though it could turn out that volume is the more important
constraint.

9.3.11 Effect of number of elements on cost estimation

If it is decided in further design iterations that the number of Spitzer elements used in LIMIT
should be increased beyond the number used in the point design chosen for this study, the
modularity in the design of LIMIT provides an easy means of scaling the number of elements.
Increasing the number of interferometer elements, however, will have a direct effect on the
estimate for the total cost of the system. To account for this, Figure 93 shows the effect of the
number of elements on overall system cost, indicating the location on the curve of the present
design.
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Figure 93. Effect of number of telescope elements on total system cost. The regular
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and increments of 15 elements per each beam-combining unit. The location of
the point design discussed in this study is indicated by the red dot.

In this analysis, nothing was done to account for the learning curve for building in larger
quantities. Thus, the actual total cost of the system would not increase as fast with increased
number of elements as in Figure 93. The modular nature of the design, including beam-
combining elements, leads to stepped cost increases due to the cost of adding 15-beam
combining assemblies, as seen in Figure 93 at 16 and 31 elements.

9.4 Software and Ground Segment Development Cost

When dealing with a space flight program, it is often difficult to directly measure and
calculate the cost of ground segment development. In principle, this can be done by estimating
the square footage of operational facilities, the number of processors, or the amount of hardware
needed. When the program is in the conceptual phases, however, there often is no reasonable
basis for making such estimates. Thus, a useful heuristic for ground segment costs is to estimate
the number of software lines of code (SLOC) required and then to estimate the relative
weightings of software, facilities, equipment, and other ground segment factors. This type of
estimation is fairly representative of what is typical of the conceptual phases of a major mission.

For the number of total lines of code on each of the lunar telescope concepts, it was assumed
that the level of complexity of a lunar surface program would be approximately half that of a free
space telescope program. While many subsets of software would be either reused or redeveloped
for a Moon based telescope, no code would be needed for attitude control or orbital guidance.
Also, the level of complexity of code will not need to be as high due to the relatively low impact
of software failures on a surface telescope as compared to a space-based one. Both the LIRA
and LIMIT concepts will need to contain software for field of view tools, pointing, scheduling,
and various other functions.

To estimate the software lines of code for the LIRA and LIMIT concepts, the Hubble Space
Telescope was used as a starting point. Due to the stable baseline, there will be no need for
many space flight software functions, as previously mentioned. There will also be no need to
keep all software space ready, as modifications to the code and re-uploading of software will
only cost time, which is not as mission critical to a ground based system as to a free-flying one.
Thus, the LIRA and LIMIT concepts were estimated to have approximately half the SLOC as
HST. There will also not be a need to keep all software space-certified, resulting in lower
complexity and cost. The HST has approximately 500 thousand lines of code (KLOC), so LIRA
and LIMIT were estimated to have on the order of 250 KLOC, with only 1/3 of the code needing
flight certification. From SMAD [37], this results in a software cost estimation of approximately
$80.2 million. Also from SMAD, this number can be used to calculate total ground segment cost
as a function of KLOC. From this, the total ground segment development cost for both LIRA
and LIMIT is estimated to be $270.7 million.

9.5 Ares V Transportation Costs

It is assumed that the LIRA and LIMIT concepts will leverage the human space flight
architecture currently under development, including the Ares V booster capabilities for
transportation. At the time of this report, the Ares V has been estimated to have a capability of
sending 126 metric tons to Low Earth Orbit (LEO). Using the cost of sending a single kilogram
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of payload to LEO of $10,000, it is determined that the cost of a single dedicated launch of an
Areas V booster would be $1.26 billion dollars. Also, the predicted payload capacity to the lunar
surface is believed to be approximately 18 metric tons. From the cost and payload capacity of
the Ares V, the transportation cost is estimated for both LIRA and LIMIT, using the required
number of boosters to take the entire telescope payload to the lunar surface. It is assumed that
this $1.26 billion encapsulates the entire cost of landing payload on the lunar surface, including
the cost of the landing vehicle (LSAM) and all other cost to the surface.

9.6 Operating Costs

From SMAD, the operating and maintenance costs for both LIRA and LIMIT were
estimated on a per-year basis, assuming no major upgrade or servicing missions are performed.
These costs will cover ground operations and support after the completion of the telescope. The
day-to-day operations of both telescope facilities are expected to require approximately 25
government employees and 50 contractors. From SMAD, the FY2000 cost of a single
government worker is $110,000, and the cost of a single contractor is $160,000. Inflated to
2010 dollars, this is equivalent to $135,000 and $196,000, respectively. Including a per year
maintenance cost equivalent to 10% of the cost of software, equipment, and facilities, the total
yearly operating cost of the telescope is estimated at $31.03 million per year.

This cost is not included in the cost spreading sections to follow, as these costs will not be
incurred until after the 15-year development window (or at least quite late in the timeline). If
major servicing or upgrade missions are planned, the cost spreading section to follow can be
updated to include such costs. This would help to illuminate how the budget for large-scale
servicing mission could be spread beyond the 15-year initial project development timeline.

9.7 Cost Spreading

In the previous subsection, an estimate of the overall costs of the LIRA and LIMIT facilities
is provided. These numbers, however, oversimplify the costing of a large-scale, long-term
technology development program such as a lunar telescope. Space missions take several years to
develop, so the costs must be spread across the entire development timeline. In this discussion, a
notional timeline of 15 years is used to demonstrate the effect of cost spreading over the entire
program. This choice is somewhat arbitrary. Nevertheless, changes in the actual development
schedule will not affect the relative cost spreading timeline.

The cost spreading function in common use in the U.S. space program is:'

F(S)=105*(4+BS)1-S)* +5*(5-485), (Eq. 30)

where S is the elapsed fraction of the total development time, F(S) is the fraction of the total cost
spent after time fraction S, and 4 and B are coefficients that depend on the particular manner in
which costs are split over the development time. In a typical program, about 60% of the costs
are incurred by the midpoint of the development schedule. This split corresponds to values of 4

' The form of this equation is algebraically simplified from that presented in SMAD.
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=0.32 and B = 0.68 [37]. These values of 4 and B were used for all major subsystems, R&D,
integration, and ground segment development. For the transportation costs, however, it was
assumed that the cost would be incurred at a later phase of development. Therefore, it was
assumed that 20% of the transportation costs would be incurred by the midpoint of the
development schedule. This split corresponds to values of 4 =0.00 and B =0.04 [37]. Using
these parameters, we find the cost spreading functions shown in Figure 94 and Figure 95 for
LIRA and LIMIT, respectively. According to these figures, it can be seen that the peak annual
cost over the notional 15-year development timeline is about $220 million for LIRA and about
$175 million for LIMIT.
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Figure 94. Spreading of the $1.987 billion development cost for LIRA over a notional 15-year
development timeline. The maximum annual development cost is about $220 million.
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Figure 95. Spreading of the $1.631 billion development cost for LIMIT over a notional 15-year
development timeline. The maximum annual development cost is approximately $175 million.
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9.8 Cumulative Cost Spreading

Figure 96 and Figure 97 show the cumulative expenditure over the total development
timeline for LIRA and LIMIT, respectively. In addition, these cumulative beta functions are
augmented to provide a notional distribution of costs over various subsystems and other aspects
of the program throughout the development timeline.
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Figure 96. Cumulative cost spreading of $1.987 billion development cost for LIRA over a
notional 15-year timeline.

As can be seen in Figure 96, transportation comprises almost two thirds of the total cost of
the LIRA architecture. Ground segment development and deployment on the lunar farside
make up the majority of the remaining cost. At the end of the 15-year development timeline,
the total cost of the LIRA concept is estimated to sum to $1.987 billion. Also, the highest per-
year expenditure is in year 11 (as can be seen in Figure 94), which is very late in the
development timeline. This is due to the rightward shift (toward the out years) in transportation
costs for LIRA development. This reduces the impact of the peak cost, as current year dollars
are worth more than discounted future dollars.
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LIMIT Cumulative Cost Spreading Beta Function
All Sub-Systems - 60% Incurred by Program Midpoint

1800 Transportation - 20% Incurred by Program Midpoint

H Transportation

1600 _L| | Integration and Other

O Ground Segment

Development

1400 B Power P

O Communication

1200 | m Electronics / Computer

O Active Thermal Control
O External Optics

1000 o Supportingp

Structure / Mechanisms

|| @ Telescope Elements

Cost (M$ 2010)
[=2] (o]
(=] (=]
o o
|

0 7 8 9 10 11 12 13 14 15

Year

Figure 97. Cumulative cost spreading of $1.631 billion development cost for LIMIT over a
notional 15-year timeline.

In contrast to the LIRA concept, the cost of LIMIT is not dominated by transportation.
For this reason, the highest per-year expenditure is in year 8, which is near the middle of the
development timeline. At the end of the 15-year development timeline, the total cost of the
LIMIT concept is estimated to sum to $1.631 billion.
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10. Future Work

The scope of this project enabled the generation of a multitude of possible architectures and
the downselection to and maturing of two reference designs, which were explored in detail,
although many important facets of each design were either left for future work or estimated. In
some cases, insufficient data was available for detailed analysis; in other cases the reference
designs required a higher level of maturity to define completely an aspect of the design.
Continued work on these two reference designs is necessary for further maturity, and this section
discusses certain areas which have been identified as meriting particular attention.

10.1 Further Design Trades

10.1.1 LIRA

The LIRA telescope has the potential for breakthrough astronomy, and its compact and
lightweight design would allow it to be transported in the planned Constellation vehicle
architecture. The concept, however, requires further analysis in three key areas.

Deployment

Autonomous deployment of 215 clusters of radio dipoles would require a sophisticated
system of rovers, communications, and planning. Deployment by human power alone would
likely strain the abilities and usefulness of astronauts on the Moon, and even automated
deployment represents a stretch for existing capabilities. The design of a capable deployment
rover, and the tradeoffs of complexity and cost between the rover and other elements of the
telescope concept are important issues.

Optical communications

A second major consideration is the transmission of high data rates using laser relays on the
far side of the Moon. The main objective is to avoid emitting radio waves, which may interfere
with the astronomical measurements being done; it was deemed desirable to keep the far side
of the Moon radio-quiet. This drove the design to include an optical relay system, the cost of
which was found to be less than that of an orbiting satellite. However, the Technology
Readiness Level of a laser-relay communications system such as this is still low, and further
investigation into this problem is suggested to justify the choice or generate alternatives for the
communications system.

Location

A significant driver in cost will be the determination of where to put the LIRA telescope.
First, the attenuation of radio noise from Earth needs further study to determine the distance
behind the limb necessary to achieve the sensitivity required for the primary science goal,
observing the Epoch of Reionization. This choice impacts areas such as communications,
power, and deployment, with the effects of location selection spiraling into the resultant cost.

10.1.2 LIMIT

The LIMIT array presents strengths in its modularity and evolutionary features. Building on
the proven capabilities of the Spitzer optics, the telescope elements would be well suited for
phased transportation to the facility site on the lunar surface, where growing array sizes allow
increased performance with marginal costs. Some areas of remaining concern are:
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Beam combination

Whereas other subsystems have had adequate development in other contexts, the system of
beam combining for the Golay array would require further research and study. The need for an
optical delay line on the same order as the array baseline implies the need for a system
consisting of a moving trolley and/or an optical switchyard. If fiber optics are suitable for this
use, a series of paths with different lengths and the ability to switch between them would allow
the physical distance of trolley movement to be reduced to something on the order of a meter
instead of tens of meters. This central beam combining unit is a primary area for additional
work.

Final array configuration

The array configuration should be reassessed primarily in establishing its size and layout.
The cost of building the array larger will limit the ultimate performance, but it is expected that
effective diameters as large or larger than planned concepts can be achieved by the LIMIT
observatory at a much lower cost. The flexibility in deployment allows for the incremental
build up of performance over time. With this flexibility, it may be desirable to consider not a
Fizeau interferometer design, but a long-baseline nulling interferometer design. While there are
limitations to being on the lunar surface for something aimed at finding extrasolar planets (a
space-based TPF mission would have several advantages), the stable surface allows precise
metrology without the need for active station-keeping. The LIMIT concept as presented has
focused on achieving numerous science goals with a Fizeau imaging array, but other
configurations are possible, and this would depend heavily on the progress of the TPF and
SAFIR missions. The development (or lack thereof) of TPF and SAFIR would then clarify the
niche of the LIMIT concept.

Thermal and dust issues

The operation temperatures for particular wavelengths of interest should be considered more
closely, particularly in determining the maximum allowable temperature for the telescope
optics. It is desirable to allow for passive cooling of the mirrors, since that reduces weight, cost,
complexity and risk. The permanently shadowed regions of the Shackleton Crater reach very
cold temperatures, but the work done in this study has not been able to confirm that the design
includes viable passive cooling to temperatures around 10 K. An unavoidable issue for Moon-
related designs which is particularly relevant to a lunar telescope is dust, which will complicate
the design of many components. Further means for mitigating the detrimental effects of moon
dust should be considered in future work.

Other issues

Other work to be done would include optimizing the positioning of telescope elements to
achieve the best performance over different viewing angles and for various targets (also with
consideration of using the Moon's rotation to improve non-optimal configurations), improving
the power transmission over about a 10 km distance to reduce the weight of the system,
assessing future detector development for increased sensitivity, redesigning a more compact
telescope support structure, and outlining the logistics of deployment with consideration of
available human and robotic resources.
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10.2 Other Future Development

10.2.1 Data gathering on the lunar environment

In order to conduct the detailed trade studies described in Section 10.1, more data on
physical conditions prevalent on the lunar surface will be necessary. The manned lunar
exploration program and the Lunar Reconnaissance Orbiter mission may provide key data that
will be used to select exact locations for the proposed telescope reference design concepts, as
well as to inform the proposed trade studies and allow for a better assessment of the detailed
technical issues relevant to telescope design, such as dust mitigation.

10.2.2 Integration into planned science programs

Although there currently exist plans to carry scientific equipment to the Moon as part of the
returned human presence there, the payloads are distributed between missions and do not
include allowances for the placement of a major telescope on the lunar surface. However, the
ability to place, maintain, and upgrade such a telescope, which will leverage the unique
advantages of the lunar surface and deliver valuable information in previously-unexplored
realms of astronomy, is itself a significant justification for the return to the Moon.

Evaluation of the astronomical targets which can be observed from given locations on the
Moon, as well as assessment of the expected flows through the stakeholder value delivery
network model developed in Section 3, will provide further weight to the case currently
presented for returning to the Moon. Further detailed comparisons with other existing or
planned space telescope programs may also be informative. If the case can be presented
convincingly, the proposed telescope designs can be integrated into the overall plan and launch
manifests for a lunar campaign.
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11. Conclusion

This Final Design Review document summarized the results of the design process for a lunar
telescope facility, motivated by plans for the return of a human presence on the Moon. The
detailed consideration given to the Moon as the location for an astronomical observatory
includes stakeholder analysis, a rigorous downselection methodology, and two matured reference
designs for the proposed lunar telescope facility.

The Lunar Interferometric Radio Array (LIRA) reference design is an arrangement of 3440
simple radio dipoles with a maximum baseline of 62 km, with the goal of observing the Epoch of
Reionization enabled by the radio-quiet environment on the far side of the Moon.

The Lunar Infrared Modular Interferometric Telescope reference design is a Golay-9
configuration of 0.85-m Spitzer-like units, relying on the operational heritage of many of its
components and its location in a permanently-shadowed region of the Shackleton Crater, where
the low ambient temperature and the stable baseline provided by the lunar surface uniquely
enable the performance of its science goals.

Although the two reference designs operate in different regimes of the electromagnetic
spectrum, both will use the unique properties of the lunar surface to deliver large gains in
scientific knowledge of the universe, and advance human understanding of the stars.
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Appendix B: An Analysis of Team Interactions (by Mark S. Avnet)

One of the unique aspects of the present study of two lunar telescope concepts is a meta-
analysis on the interactions of the team itself. Over the course of the design study, each member
of the LIRA/LIMIT design team completed a weekly survey logging their interactions
(conversations, group discussions, and e-mails) with other team members. Based on these
surveys, the team interactions during the preliminary and final design phases were analyzed.

B.1. Team Interactions in the Preliminary Design Phase

During the preliminary design phase, the team split into five subteams with the goal of
downselecting to a few concepts. The subteams included one focused on Stakeholder Goals and
Requirements (G), one whose purpose was the task of downselection (D), and three each
analyzing one of the possible concepts considered — an IR interferometer (I), an IR segmented
telescope (T), and RF dipoles (R). To retain anonymity, each member of each subteam is
identified by a code consisting of the letter representing the subteam and a number between 1
and 3 assigned in no particular order.

The communications were coded by type and strength of interaction and were then organized
in an N? diagram, shown in Figure B.1. A key is provided to show the meaning of each of the
single-letter codes in the N?, and the weightings are provided on a 1-5 scale, which is represented
by shading of the cells. The N? is similar to a design structure matrix (DSM) in that each cell
represents the information obtained by the element in the corresponding row from the one in the
corresponding column. Also, like a DSM, the matrix is partitioned, or ordered, in a meaningful
way. Unlike a DSM, however, the rows and columns represent people rather than tasks, and the
partitioning is done to group subteams rather than to represent chronological order. In a standard
DSM, the goal of partitioning is to provide an order of tasks that minimizes interdependencies by
reducing the number of marked cells above the diagonal [B1]. In the N* shown here, on the
other hand, markings inside one of the boxes on the diagonal represent communication within a
subteam, while markings outside the boxes (either above or below the diagonal) represent the
passage of information from one subteam to another.
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Figure B.1. N” representation of team interactions during the preliminary design phase.
The figure demonstrates frequent communication internal to the Stakeholder Goals and
Requirements subteam (upper left corner), strong interactions of the Downselection
subteam with all other subteams (outlined in red), and the firewalling of the three
concept subteams to ensure independence in developing each concept (outlined in green).
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From the locations and weights of the interactions represented in the N diagram, it can be
seen that the strongest interactions within any given subteam occurred in Stakeholder Goals and
Requirements. It was the Downselection team, however, that communicated most with all of the
other subteams. This activity was important to the success of the downselection process, as this
subteam needed to be aware of each of the three concepts under consideration, and it also needed
to be able to relate those concepts to the results of the stakeholder analysis.

In addition, it can be seen that the intended firewalling of the concept subteams from one
another (see Figure 22) was successfully implemented. The purpose of this firewalling was to
ensure that the three concepts were developed independently. The sparseness of interactions
between these three subteams demonstrates that the concepts were developed as intended — with
little cross-fertilization between them.

B.2. Team Interactions in the Final Design Phase

In the final design, the LIRA/LIMIT team split into two separate teams to carry out the
designs of the two lunar telescope concepts. In this appendix, the interactions of the team in
Weeks 2 and 3 of the final design phase are presented. The results are organized in an N*
format similar to that used for the preliminary design phase.

In the two N? diagrams shown in Figure B.2, the large box in the upper left of each
represents the interactions within the LIMIT team, while the large box in the lower right
represents interactions within the LIRA team (the small boxes at the upper left and lower right
represent the Overall Systems Integrator and the Communications role, as their work cut across
both teams). According to the figure, there were strong interactions within the LIRA team
during both weeks, while the interactions within the LIMIT are relatively sparse, especially
during Week 2. This, perhaps, can be attributed to the distinct design approaches taken for the
respective telescope concepts. The LIRA team began defining the important relationships
among parameters early in the final design process. Within a short amount of time, the team
had developed a first-cut N” to represent the passing of parameters between subsystems and had
begun to develop subsystem tools for an integrated model.

The LIMIT team, on the other hand, had to begin the process by completing the
downselection between the two possible infrared concepts. Once the interferometer concept
was selected, the team focused its effort on the modification of legacy systems for use on the
lunar surface. Therefore, the low-level design interactions that occurred between subsystems
for LIRA were not as necessary in the early stages of the design of LIMIT. As the design
progressed from Week 2 to Week 3, however, the density of interactions increased as trades
across subsystems became increasingly important. Although results of the survey data collected
for Week 4 are not presented here, it is reasonable to posit that the interactions within the
LIMIT team would appear denser during that week than in Week 3. The next step in the
analysis, then, will be to use the survey data for Week 4 to determine if the prediction of a trend
of increasing interaction density in the LIMIT team is supported.
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Week 2 Week 3

Figure B.2. N? representation of team interactions during Weeks 2 and 3
of the final design phase. According to these diagrams, the interactions within
the LIRA team were frequent during both weeks, whereas the interactions
within the LIMIT team were sparse in Week 2 and became somewhat
denser during Week 3. (Note that the content codes in the cells are not
discussed directly in this subsection, but the key containing
the meanings of the codes used can be found in Table B.1.)

B.3. Future Work: Relating Team Interactions to the LIRA Design Outcome

Although the analysis of team interactions demonstrates some interesting phenomena
regarding the work of the team, the real value of this analysis will come from relating the
analysis to the technical design outcomes. Because the LIRA team organized its design through
the use of an N” diagram of parameter relationships, the interactions of the LIRA team can be
more readily analyzed in this way than can those of the LIMIT team.

To compare the parameter relationships to the LIRA team interactions, the first step was to
examine only the LIRA interactions from the N? of Week 3 in Figure B.2. Although the team
member in the role of Communications subsystem design performed this task for both the LIRA
and LIMIT teams, that team member is considered to be part of the LIRA team for this purpose.
The resulting LIRA-only N? diagram is shown on the left side of Figure B.3. Next, the
relationships in the LIRA N* shown in Figure 26 were translated to a format equivalent to that
of the team interaction N?, with the weighting of interactions determined by the number of
parameters passed.! Although the parameters in Figure 26 flow in only one direction, the
passing of a parameter from one subsystem to another often implies a two-way interaction
between the two subsystems involved. Therefore, the translated parameter-based N is
constructed as a symmetric matrix. The resulting N” for LIRA is shown on the right side of
Figure B.3.

! Presumably, some parameters are of greater importance than others and could be weighted differently here.
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Figure B.3. N” representation of LIRA team interactions during Week 3
of the final design phase (left) and technical parameter passing in
the LIRA design (right). Comparisons of these matrices can lead to
important insights regarding the relationship between communication
among team members and the ultimate design outcome. The key
containing the meanings of the codes used in the cells is shown in Table B.1.
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Table B.1. Key of content codes for interactions in Figures B.2 and B.3.

With a common format for the team interactions and parameter relationships established, it
is then, in principle, possible to examine relationships between the two matrices. For example,
statistical correlations and metrics of convergence can be calculated to understand the extent to
which team interactions relate to the important design parameters. From this type of analysis,
combined with a cell-by-cell content comparison of the two N* diagrams, it will be possible to
provide the team with an understanding of the important relationships that were discussed
among the team members, those that were not, and the issues that were discussed but that were
not directly related to particular parameter relationships. This information, in turn, can be used
to improve the team’s process for future studies (or for refinement of the present study). This
connection between team interactions and technical design outcomes is an important area of
future work for the investigation of interactions in this and other design teams.

B1. Eppinger, S.D., D.E. Whitney, R.P. Smith, and D.A. Gebala. “A Model-Based Method for
Organizing Tasks in Product Development.” Research in Engineering Design 6(1): 1-13, 1994.
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