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Technical Assessment Report 

1.0 Notification and Authorization
Since the beginning of the space age, the Moon has been proposed as a platform for astronomy. 
The Moon provides unique capabilities for astrophysics observations. NASA’s Artemis plan to 
return humans to the Moon in the mid-2020s in a sustainable manner provides an opportunity to 
advance synergistic approaches between human and robotic exploration. This NASA 
Engineering and Safety Center (NESC) workshop assesses the feasibility and value proposition 
of using the Moon as a location for performing unique science observations, leveraging Artemis-
era infrastructure while evaluating risks and key engineering challenges. 

Azita Valinia, NESC Chief Scientist, was assigned the lead for this assessment. The key 
stakeholders for this assessment include the Science Mission Directorate (SMD), the Space 
Technology Mission Directorate (STMD), the Exploration Systems Development Mission 
Directorate (ESDMD), and the Space Operations Mission Directorate (SOMD).
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4.0 Executive Summary

“A program of scientific exploration can be constructed this decade 
whereby science enables human exploration and human exploration 

enables science.” 

From Origins, Worlds, and Life: A Decadal Strategy for Planetary Science and 
Astrobiology 2023-2032

Since the beginning of the space age, the Moon has been proposed as a platform for astronomical 
facilities. With the NASA Artemis plan to return humans to the lunar surface in the mid-2020s, 
there is renewed interest in using the Moon as a location for studies ranging from observing our 
solar system to studying the early universe before the first stars were formed. Great opportunities 
lie ahead to advance groundbreaking science using the synergy between human and robotic 
exploration. Furthermore, human exploration that does not include science as one of the primary 
objectives is a missed opportunity and is likely to result in the exploration program not being 
sustainable. For these reasons, a workshop bringing together the various stakeholders was 
sponsored by the NASA Engineering and Safety Center (NESC) on June 7–9, 2022, to
accomplish the following: 

Explore leveraging the Artemis era infrastructure to conduct unique science experiments and 
observations from the lunar surface and maximize return on investments. 
Advance synergistic approaches between human and robotic exploration. 
Identify and address key engineering challenges and risks. 

The NESC workshop produced the following deliverables: 1) unique and compelling science 
case studies that can be accomplished from the surface of the Moon, 2) synergistic approaches 
for human/robotic science exploration, 3) lunar science exploration engineering challenges and 
approaches for risk mitigation, and 4) methodologies for defining Artemis mission requirements 
for decadal-level science studies. 

For the purposes of this assessment, the workshop identified three case studies to place a low-
frequency radio telescope on the lunar far side to study the Dark Ages1 of the Universe. These 
were chosen because this low-frequency radio band can only be observed from space, with the 
Moon’s far side shielding radio interference from the Earth. Additionally, the decadal survey on 
Astronomy and Astrophysics 2020 (Astro2020) identified the science topic as a future area of 
discovery. In addition, NASA funding has previously been applied to evaluate the feasibility of 
these concepts. This is not an endorsement of their priority relative to other possibilities—that is 
the role of the decadal surveys and peer review. These case studies are not exclusive, and there 
are many others that NASA can consider. 

The key findings, observations, and NESC recommendations from the workshop are as follows. 

Future science decadal surveys should consider use of human exploration capabilities as
viable options for meeting decadal-level science objectives.

Priorities for NASA science goals and missions for each NASA science discipline are set by 
decadal surveys administered by the National Academy of Sciences (NAS). Realizing the use of 

1 The Dark Ages is the epoch in the Universe before the first stars were born.
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the Moon as a science platform will require high-priority science and mission endorsements as 
identified in future decadal surveys. A key element of this NESC assessment is to identify how the 
human exploration program can be leveraged to achieve decadal-level science. There are 
previous successful examples of this, with the most spectacular being the Space Shuttle launch of 
the Hubble Space Telescope (HST) and subsequent HST servicing missions. More recently, this 
leveraging has been limited primarily to telescopes and facilities attached to the International 
Space Station (ISS) via Principal Investigator (PI) led and directed opportunities. For a future 
lunar base camp, there are analogies with the Amundsen-Scott South Pole Station in Antarctica, 
which provides a hub for scientific activities, including telescopes to study the cosmic 
microwave background and neutrino experiments. Making science a key part of the Artemis 
goals provides a long-term sustaining purpose beyond just exploration for its own sake.

All future science decadal surveys should request briefings from NASA on the current status
of the Artemis architecture and the overall Moon to Mars strategy in a public forum so that
viable mission concepts can be discussed and proposed.

Exploiting the infrastructure provided by the human exploration program will have major 
benefits both in cost savings to the science program and its sustainability (e.g., via potential 
upgrades/repairs of facilities). There is concern from the science community that the changing 
programmatic goals and funding uncertainties in the human exploration program make 
dependencies risky. On the other hand, as demonstrated by HST and the ISS,  the potential exists
for achievement of major decadal-level science when the human and science programs work 
together. To convince future decadal surveys that scientifically exciting, technically feasible, and 
cost competitive scenarios exist, it is critical to define key parameters such as down-mass (to the 
lunar surface), available volume, and communication interfaces for possible scientific 
investigations. To prepare for future decadal surveys, this definition should begin as soon as 
possible. 

Beyond Artemis IV, the Science Mission Directorate (SMD) and the Exploration Systems
Development Mission Directorate (ESDMD) should continue to be empowered to
collaboratively identify mission requirements to accomplish decadal-level science via human
exploration missions.

As highlighted by the 2022 planetary decadal survey, there is a risk of science falling between 
the directorate stovepipes at NASA HQ. Currently, the science requirements are retrofitted to the 
capabilities of the early Artemis missions. This is understandable given that early missions are to 
demonstrate basic capabilities, but this limits the science return. Just as the later Apollo missions 
made science a driving goal with increased capabilities, the same should be true for Artemis. 
This must bridge HQ mission directorates, with clear lines of authority and accountability for the 
science payloads leading back to SMD. This can be captured with an upfront SMD-led science 
definition team process for both large strategic observatories and consideration of the 
requirements for more modest PI-led opportunities. What is critical is that architectural elements 
to enable decadal-level science be included in the Artemis requirements at an early stage of the 
Artemis Program. SMD must have both responsibility and authority; otherwise, new and bold 
ideas are liable to remain unrealized.
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To enable in-space servicing, assembly, and manufacturing (ISAM2), design of future
observatories or instruments deployed on the lunar surface should follow the HST and ISS
models, where standards are followed to make them astronaut friendly for servicing (e.g.,
standard bolt sizes, easily accessible avionics, avoidance of sharp edges, etc.).

Any human assembly of scientific instruments or observatories on the lunar surface should focus 
on items that cannot be affordably and technically implemented by robots. For situations where
robotic exploration is not feasible and affordable, the presence of humans on the lunar surface is 
an opportunity to deploy, repair, and upgrade scientific instruments or observatories. This 
includes those that may have been robotically landed and deployed or those that have been 
manufactured in situ. The lesson learned from HST and the ISS is that creating and following 
standards (e.g., using the same bolt sizes and accessible connectors, and providing easy access) is 
crucial. This provides the ability to recover from unexpected events and failures and upgrade 
existing facilities with new technology, thereby ensuring sustainability. 

While the lunar surface environment is challenging, with dust contamination and maintaining
a far-side radio quiet zone being the major concerns, no showstoppers to using the Moon as a
platform for science observatories were identified.

The lunar surface is a challenging environment with dust contamination, large thermal swings, 
extreme shadows at the lunar poles, and the need for power generation and storage. Of these, 
dust contamination of optics has been a driving concern for astronomical facilities. The 
successful operations of ultraviolet (UV) telescopes on the lunar surface by Apollo 17 astronauts 
and, more recently, robotically on the Chinese Chang’e 3 mission for several years have 
demonstrated basic feasibility for optical facilities. Dust is not an issue for radio telescope 
performance, but radio frequency interference (RFI) is a concern. While the frequencies being 
observed are lower than typically used for spacecraft communications, the major concern arises
with broadband radio emitters (e.g., high-power switching circuits, motors, and digital noise 
from computers). Adequate low-frequency RFI testing, screening, and shielding must be 
considered and standardized for all spacecraft and payloads that will be visible from the lunar 
radio quiet zone. In the near term, payloads that demonstrate needed technical capabilities and/or 
the scientific potential of the lunar surface as a platform for frontier astrophysics should be 
encouraged for development and deployment3. Site assessment is among the first tasks in 
establishing a terrestrial telescope facility, and the same should be true for the lunar surface.

In summary, to ensure sustainability of the human exploration program and provide added return 
on investment, integration of decadal-level science requirements into the Artemis Program at an 
early stage is a must. Otherwise, it is likely that a lunar human exploration program will not be 
sustainable. 

2 In-space Servicing, Assembly, and Manufacturing National Strategy (https://www.whitehouse.gov/wp-
content/uploads/2022/04/04-2022-ISAM-National-Strategy-Final.pdf).
3 Consistent with NASA’s Moon to Mars Objective PPS-1, “Conduct astrophysics and fundamental physics 
investigations of space and time from the radio quiet environment of the lunar far side,” available at 
https://www.nasa.gov/sites/default/files/atoms/files/m2m-objectives-exec-summary.pdf. 
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5.0 Workshop Motivation and Structure
NASA is planning to return astronauts to the Moon, followed by journeys to Mars. This time, 
astronauts will remain on the surface of the Moon for long periods of time, developing a base 
camp and infrastructure for continued exploration of the Moon, which can be used as a stepping 
stone to Mars. Hence, it is timely to examine the feasibility and value proposition of using the 
Moon as a platform for scientific exploration.  

Lunar surface science exploration and resource utilization have been topics of several recent 
NASA Lunar Surface Science Workshops (LSSWs). These workshops have been focused on 
near-term Artemis missions and scientific exploration objectives centered on lunar geology and 
resources. This NESC workshop, however, focused on longer-term science exploration objectives 
using the Moon as a platform for unique scientific exploration. A prominent example of such 
science is low-frequency radio astronomy observations from the far side of the Moon, a band that 
is not accessible from the Earth’s surface or its orbit. Assembling radio observatories on the far 
side of the Moon is a complicated feat that will require human and robotic collaboration and 
potentially in-situ resource utilization, while leveraging lunar surface infrastructure that is 
planned to be built on the surface of the Moon. This effort will require at least a decade or more 
of planning and technology and engineering research and development to bring the concepts to 
reality. Close collaboration will be required between scientists, engineers, technologists, and the 
spaceflight operation communities to develop and plan concepts of operations (ConOps) for 
unique scientific exploration goals in the next decades. This workshop was conceived as a first 
step toward that goal. 

The workshop primarily considered revealing the Dark Ages of the Universe, before stars and 
galaxies formed, by observing the highly redshifted 21-cm line of neutral hydrogen using a radio 
telescope on the far side of the Moon as the leading unique science, which can be enabled only 
from the Moon. This science was identified as an area of “discovery” in the Astro2020 decadal 
survey, where innovative approaches to obtaining these measurements will certainly lead to 
breakthrough science discoveries in cosmology. Three concept studies were explored to 
understand the benefits of and interactions between robotics, Artemis infrastructure, and human 
extravehicular activity (EVA) to bring the concepts to reality and sustain them for many years. 
These concept studies are outlined in Section 6.

The workshop participants examined key engineering challenges and risks for science 
experiments from the Moon. These included lunar dust and charging, communication, power 
generation, extreme thermal environments, and lighting. Engineering challenges and risks are 
summarized in Section 7. 

Finally, through a number of interdisciplinary interactive sessions, the workshop participants 
sketched a framework for synergistic science and human exploration activities that provides 
precursor requirements for bringing complicated scientific experiments from the Moon to reality 
in the 2030s and 2040s. These are summarized in Section 8. Section 9 summarizes the findings, 
observations, and recommendations from the workshop. A list of workshop participants is 
included in Appendix A, and the workshop agenda is provided in Appendix B. 
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6.0 The Lunar Surface as a Platform for High-priority Decadal Science
6.1 Lunar Surface Observatories: Past and Present Experience
Ultraviolet imaging and spectroscopy of astrophysical targets from the lunar surface were
demonstrated by the Far-Ultraviolet Camera/Spectrograph deployed during Apollo 16 (see 
Figure 6.1-1) [Carruthers, 1973]. Hence, a proof of concept was established in NASA’s initial 
wave of lunar exploration for conducting up-looking observations from the Moon with the 
presence of astronauts on the lunar surface. Carruthers [1973] remarks on “the great potential of 
the lunar surface as a base for astronomical observations.” 

Figure 6.1-1. First View of Earth in Far UV Light (left) using UV Telescope (right)  
In the photograph on the right, PI Carruthers is shown (right) with a technician (left). The image 
on the left was taken from the lunar surface during Apollo 16 by John Young and Charles Duke.  

Other than pictures taken by the astronauts during the Apollo missions, ranging measurements 
using the Apollo laser retroreflectors, and the Carruthers tripod-mounted UV camera on Apollo 
16, the U.S. has not executed an up-looking telescopic observing campaign from the lunar 
surface. The Chinese, however, demonstrated sustained lunar surface scientific operations on 
their Chang’e 3 and 4 robotic missions using a repeating sequence of lunar day operations and 
lunar night hibernation. The Chang’e 3 mission hosted a 130-millimeter (mm) diameter gimbaled 
Lunar-based Ultraviolet Telescope (LUT) that operated during lunar daytime for 2+ years using 
a commercially available charge-coupled device (CCD) detector, employing simple dust 
mitigation protocols, and showing no degradation of optical performance over the mission 
lifetime [Wang et al., 2015]. Those protocols included keeping the telescope optics stowed or 
covered during launch and landing and stowing the telescope prior to the day-night transition and 
reopening after the night-day transition.  

The Moon has a tenuous dusty exosphere that has been observed in various ways, including by 
the Lunar Dust Experiment aboard NASA’s Lunar Atmosphere and Dust Environment Explorer
(LADEE) mission (e.g., [Elphic et al., 2015; Horanyi et al., 2016]). A persistent, albeit extremely 
thin, cloud of ballistic dust surrounds the Moon, fed by micrometeoroid impacts on the lunar 
surface. Close to the surface, the densities are estimated to be a few particles per cubic meter, 
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which would not impact a SmallSat-scale experiment operating for weeks, months, or several 
years. However, over time the settling of dust on optical surfaces may impede their long-term 
throughput and affect precision optical measurements and interferometric instruments. An 
analysis by Murphy et al. [2010] suggests that over several decades, lunar dust has accumulated 
on exposed optical surfaces of the lunar retroreflectors left by the Apollo astronauts. Over four 
decades, this has gradually degraded the return signal strength by an order of magnitude (that is
not to say that the reflectors have become opaque, but they are very sensitive to thermal 
gradients, and warming due to accumulated dust is the simplest explanation for the degradation). 
Thus, future lunar surface-based telescopes will need to include a dust mitigation strategy  
(e.g., aperture covers such as those used by free-flying observatories like the HST, Spitzer, and 
Kepler; stowing; baffling; defining Sun avoidance angles as needed with free-flying satellites; or 
optical surface cleaning procedures). 

To provide further demonstration of imaging from the lunar surface, a small, up-looking camera 
sponsored by the International Lunar Observatory Association (ILOA) and built by Toronto-
based Canadensys Aerospace, called ILO-X, is planned for the first Intuitive Machines 
Commercial Lunar Payload Services (CLPS) mission (IM-1), currently scheduled to be launched 
in late 2022. Meanwhile, the NASA STMD is supporting efforts to remove or repel lunar dust 
from surfaces including optical systems [NASA BIG Idea Challenge Press Release, 2021].

Figure 6.1-2. Low-frequency Radio Spectrum Measurement by RAE-2  
(imaging geospace from the Moon) 

NASA’s Radio Astronomy Explorer-2 (RAE-2) (Explorer 49) satellite made the first radio 
astronomy observations in lunar orbit in 1973–1975. RAE-2 was placed around the Moon to 
shield the satellite from the Earth’s auroral kilometric radiation (AKR), >40 dB, which is 
brighter than the Galaxy below ~1 megahertz (MHz) [Alexander et al. 1975]. RAE-2 focused 
on low radio frequency measurements of the Milky Way, solar and Jovian radio bursts  

(Figure 6.1-2), the AKR originating from the terrestrial magnetic field, and the extragalactic 
radio background. The Chang’e 4 mission was the first to place a lander on the lunar far side. It 
housed a Very Low Frequency Radio Spectrometer and a tri-pole antenna operating between  
0.1 and 40 MHz [Chen et al. 2019] with science goals to observe solar radio bursts during the 
lunar day and measure the lunar ionosphere at its surface. These have been the foundational 
observations that have led to considerations for putting a radio observatory on the lunar far side, 
shielded from human RFI and AKR. 
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6.2 Setting Science Priorities
Decadal surveys are used by NASA to set both scientific priorities and the missions to address 
them. This consensus process, administered by the NAS, covers each science division within the 
NASA SMD. The recent Planetary Decadal Survey released in May 2022 included examining 
the possible science that could be leveraged by the return to the lunar surface. Key 
recommendations (in the context of lunar science) included:  

Conducting decadal-level science should be a central requirement of the human exploration 
program. 
NASA should engage with the science community to 1) define scientific goals for its human 
exploration programs at the early stages of program planning; and 2) ensure scientific 
expertise in field geology, planetary science, and astrobiology in its astronaut teams. 

The survey results further note that “The separation of roles and responsibilities across multiple 
Divisions and offices therein is not conducive to the development or implementation of a 
cohesive lunar science and exploration program.” 

Ultimately, for the lunar surface to be used for scientific observations, both the science goals and 
the mission implementation must be highly ranked in a decadal survey. The recent Astro2020 
decadal survey report released in November 2021 did not prioritize any observatories that use the 
Moon as a platform.  

O-1. Exploration that does not include science as one of the primary objectives is a lost 
opportunity and likely to mean the exploration program is not sustainable.  

F-1. Realizing use of the Moon as a platform for science will require high-priority science and
mission endorsements from future decadal surveys. 

Many in the space and Earth science community have concerns about relying on the human 
exploration program to realize strategic missions. These concerns include fear of cancellation, 
the costs of human rating for an instrument or observatory, and programmatic delays and 
associated costs increases. For example, after the loss of the Challenger space shuttle in 1986, 
observatories that were originally planned to be launched or serviced by the space shuttle were 
moved to expendable launch vehicles and/or launched to orbits where they could no longer be 
reached by the shuttle for servicing. These included the Chandra X-ray Observatory, the Spitzer 
Space Telescope, and the Cosmic Background Explorer (COBE) mission. This required major 
redesign efforts, delays, cost increases, and lost opportunities for upgrading via servicing. The 
result is NASA space and Earth science programs that are currently decoupled from the human 
spaceflight programs.  

O-2. While there have been notable successes (e.g., HST, ISS), the scientific community is 
wary of engaging human exploration capabilities because of past changes in destinations, 
shifting priorities, and delays.  

However, there have been examples of successful collaboration in the past, such as the HST 
(Figure 6.2-1). This was a successful partnership between NASA human spaceflight and science 
programs. The science program funded the observatory and instruments ($14B), and the human 
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spaceflight program funded launch and servicing missions ($6B).4 The servicing capability 
provided ability to recover from unexpected challenges, perform complex repair tasks, and install 
new state-of-the-art scientific instruments. It is this last capability that has enabled the HST to 
continue to make discoveries at the leading edge of astrophysics over several decades of 
operation. 

Figure 6.2-1. HST Being Serviced by Astronauts 

The ISS provides another example of a successful partnership, although it came following a slow 
start. Science was enabled on the ISS through the use of exterior payload attach points viewing 
up (astrophysics) and down (Earth science)5 and biological and physical sciences (BPS) enabled 
via onboard experiments. Figure 6.2-2 shows the Neutron Star Interior Composition ExploreR 
(NICER) telescope on the ISS, which enabled ground-breaking discoveries that led to the 
winning of the Rossi Prize for the NICER science team. Again, human spaceflight provided the 
launch and enabling infrastructure, and science funded the instruments via competed (e.g., the 
Explorers Missions of Opportunity, Earth Venture) or directed opportunities. Other agencies also 
provided attached payloads, including the funded Alpha Magnetic Spectrometer (AMS), 
an international collaboration involving 44 institutions from America, Europe, and 
Asia sponsored by the US DOE and NASA, and the Japan Aerospace Exploration Agency 
(JAXA)-funded Monitor of All-sky X-ray Image (MAXI) experiment.

Future NASA SMD-funded lunar observatories/instruments are more likely to happen through 
partnerships between human spaceflight and science programs, following the successful 
HST/ISS model where the human spaceflight program funds the launch and any human-assisted 
construction, communications, and servicing, while the science program funds the observatory, 

4 Fiscal year 2017 dollars [Gainor, 2021]. 
5 BPS experiments at the time were being funded by the NASA Human Exploration Directorate.
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instruments, operations, and data analysis. Agreements and plans must be in place for future 
decadal surveys to convince science communities that the opportunity is robust and cost 
effective. 

O-3. Science investigations of decadal-level quality must be a critical part of a sustained lunar 
presence and preparation for future Mars missions.

R-1.  All future decadal surveys should request briefings from NASA on the current status of 
the Artemis archietecture and the overall Moon to Mars strategy in a public forum so that 
viable mission concepts can be discussed and proposed. 

Figure 6.2-2. NICER X-ray Telescope on ISS

6.3 The Promise of Artemis: Sustainable Scientific Exploration from the 
Moon

The Artemis Program is the Agency’s plan to return humans to the Moon. Scientific objectives 
for the Artemis human exploration program, driven by both U.S. and international science 
community priorities, are laid out in the Agency’s Artemis Plan [Artemis Plan, 2020]:

Understanding planetary processes. 
Understanding the character and origin of lunar volatiles. 
Interpreting the impact history of the Earth/Moon system.
Revealing the record of the ancient sun and our astronomical environment. 
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Observing the universe and the local space environment from a unique location. 
Conducting experimental science in the lunar environment.  
Investigating and mitigating exploration risks. 

NASA’s implementation strategy to achieve these objectives focuses on the development of 
science payloads and enabling technology, the utilization of new human exploration systems 
(e.g., Gateway and the Human Landing System (HLS)), and science planning for Artemis crews 
on the Moon specific to the landing site and architectural constraints of each surface mission. 

As an example of that process, SMD chartered a Science Definition Team to define compelling 
and executable science objectives for the Artemis III mission, the first human mission to the 
surface of the Moon in the 21st century. The process focused on assessing goals for the mission 
to achieve the science objectives articulated by NASA (above), including investigation 
approaches, key surface science activities, and potential inputs to the ConOps. Science 
investigations were drawn from guiding documents like the Lunar Exploration Roadmap [Lunar 
Exploration Analysis Group, 2016], the Scientific Context for Exploration (SCEM) report and its 
recent progress report [National Research Council, 2007; Lunar Exploration Analysis Group, 
2018], and the Planetary Decadal Survey [National Research Council, 2011, current at the time], 
as well as white papers solicited from the scientific community [Lunar and Planetary Institute,
2022]. The final report [Artemis III Science Definition Team, 2020] recommends a notional 
program that captures the highest-priority science for Artemis III and provides the greatest feed-
forward to follow-on missions. Prioritization was determined ranking each investigation 
according to two independent criteria: 1) the compelling nature of the science (e.g., how 
fundamental the investigation is to making a significant scientific advancement), and 2) whether 
Artemis III presents an enabling opportunity given the architectural constraints of the mission. 

After Artemis III, the Agency’s plan is “to conduct operations on and around the Moon that help 
prepare us for the mission durations and activities that we will experience during the first human 
mission to Mars, while also emplacing and building the infrastructure, systems, and robotic 
missions that can enable a sustained lunar surface presence” [Artemis Plan, 2020]. To do this, 
NASA will develop the Artemis Base Camp (ABC) at the South Pole of the Moon. There are 
analogies with the Amundsen-Scott South Pole Station in Antarctica, which supports telescopes 
to study the cosmic microwave background and neutrino experiments in an extreme 
environment. 

This workshop focused on forming a vision for sustainable science under Objective 5: Observing 
the universe and the local space environment from a unique location, namely, the surface of the 
Moon. The Artemis Program, both its robotic (CLPS) and human elements, offers substantial 
opportunities to perform science investigations on the lunar surface that significantly advance 
decadal science priorities.

6.4 Example Science Opportunities
6.4.1 The Dark Ages

The 21-cm line of neutral hydrogen (HI) offers the only observational probe of the Universe’s 
“Dark Ages,” the period of cosmic history before the formation of the first stars; however, this 
technique requires observations at wavelengths longer than the cutoff of Earth’s ionosphere, 
necessitating a mission in space. Recently, the Astro2020 decadal survey report stated that “At 
the end of the Dark Ages, the neutral hydrogen pervading the universe became visible against the 
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CMB [cosmic microwave background] backlight, enabling observations of the primordial 
density fluctuations over a vastly larger range of scales than for any other cosmological 
probe…21 cm and molecular line intensity mapping of the Dark Ages and reionization era is 
both the discovery area for the next decade and as the likely future technique for measuring the 
initial conditions of the universe in the decades to follow.” 

HI can be detected through its hyperfine 21-cm transition ( rest). The observed wavelength of the 
line ( obs) grows through cosmological redshifting ( obs = (1 + z) rest, where z is the redshift);  
21-cm emission from the cosmic Dark Ages (z  30) is detected at decameter wavelengths or 
frequencies of 1 to 50 MHz today. Measuring the signature over a wide range of wavelengths 
enables a three-dimensional reconstruction of the distribution of matter (since redshift maps to 
distance). The ultimate deliverable of HI cosmology is, therefore, a tomographic map tracing the 
evolution of the Universe stretching from before the birth of the first stars through the early 
Cosmic Dawn epoch. The Dark Ages and the earliest portion of the Cosmic Dawn are only 
accessible from space based observatories such as the lunar far side at frequencies <50 MHz, 
whereas the Epoch of Reionization (EoR) may be probed using ground-based arrays (e.g., Low 
Frequency Array (LOFAR), Murchison Widefield Array (MWA), Hydrogen Epoch of 
Reionization Array (HERA), and Square Kilometre Array (SKA)). 

Figure 6.4.1-1 places these epochs into perspective. After the Big Bang, the Universe was hot, 
dense, and nearly homogeneous. As the Universe expanded, the material cooled, condensing 
after ~400,000 years (z~1100) into neutral atoms, freeing the cosmic microwave background 
(CMB) photons. The baryonic content during this pre-stellar Dark Ages consisted primarily of 
HI. About 50 million years later, gravity propelled the formation of the first luminous objects—
stars, black holes, and galaxies—which ended the Dark Ages and commenced the Cosmic Dawn 
[Loeb and Furlanetto, 2013]. These first stars (Population (Pop) III, nearly metal-free, ~100 M )
likely differed dramatically from stars we see nearby, as they formed in vastly different 
environments [Abel et al., 2002].

Figure 6.4.1-1. Pre-stellar (Dark Ages), First Stars (Cosmic Dawn), and Reionization Epochs of 
Universe [reprinted from Bandyopadhyay et al., 2021a] 

(These can be uniquely probed using a redshifted 21-cm signal. This history is accessible via the 
neutral hydrogen spin-flip background. Lunar radio arrays such as FarView will fill in the missing 

data during the Cosmic Dark Ages and Cosmic Dawn.) 

Spatial fluctuations in the 21-cm Dark Ages signal are governed almost entirely by well-
understood linear structure formation—the same physics used to interpret observations of the 
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CMB—allowing precise predictions of the expected signal within the standard cosmological 
model. Interferometric measurements of fluctuations in the 21-cm Dark Ages signal can 
therefore uniquely test the standard cosmological model in an unexplored epoch at the onset of 
structure formation, without the complication of highly nonlinear baryonic effects. Any 
departure from these well-constrained predictions will provide new insights on the physics of 
structure formation, potentially into the nature of dark matter [Slayter, 2013], early dark energy 
[Hill and Baxter, 2018], or any exotic physics [Clark et al., 2018]. Such observations could also 
measure the ultimate number of linear modes (Fourier modes of three-dimensional density fields) 
in the Universe and lead to exquisite cosmological constraints, including the masses of neutrinos 
and their hierarchy [Mao et al., 2008], the non-Gaussianity of initial density perturbation  
[Muñoz et al. 2015], and the imprints of primordial gravitational waves to reveal the complexity 
and energy scale of cosmic inflation [Book et al., 2012; Ansari et al., 2018]. 

In many ways, spatial fluctuations in the 21-cm absorption during the Dark Ages provide the 
ultimate cosmological observable. The simplest way to quantify these fluctuations is with the 
power spectrum (Figure 6.4.1-2), which characterizes the amplitude of the variations as a 
function of spatial scale (1/k), analogous to Planck measurements of the CMB. During this time, 
the 21-cm line traces the cosmic density field, allowing a straightforward interpretation of the 
measurement in terms of the fundamental parameters of our Universe [Lewis and Challinor, 
2007]. The lack of luminous astrophysical sources makes the Dark Ages signal a clean, powerful 
cosmological probe and renders the 21-cm line the only observable signal from this era. Note 
that the power spectrum can only be measured with interferometers where a large range of 
angular scales can be sampled, in contrast to a large, single-dish telescope.

Figure 6.4.1-2. 21-cm Power Spectrum, distinguishing between Different Exotic Physics Scenarios 
during the Dark Ages

In these models, a fraction fdm of the dark matter is assumed to have a small charge; the oscillations 
in the power spectrum arise from the large-scale streaming of baryons relative to dark matter. The 

solid curves are the total power for each value of fdm after linearly adding the dash-dotted lines, 
showing the contributions from dark matter/baryon scattering to the standard cosmological model 

(labeled “21cmFAST”) [reprinted from Muñoz et al., 2018].
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6.4.2 Heliophysics 

The Moon is immersed in a plasma environment—the local cosmos—that is “magnetized.” It is 
threaded with magnetic fields that are often “frozen” into the plasma, a state of high electrical 
conductivity that effectively couples the motions of the plasma and the magnetic field. This 
inherently strong coupling means that the structure and evolution of magnetic fields (of the Sun, 
of the Earth, and even of the Moon itself) play an essential role in organizing and regulating the 
local environment of the Moon—the environment to be experienced by our explorers. By 
working to understand, and so predict, the variations that occur from day to day and from region 
to region, the productivity and overall success of future lunar robotic and crewed missions can be 
significantly enhanced. The most interesting challenge of the lunar plasma-field environment is 
that it is alternately dominated by the extended but variable outer atmosphere (the 
“magnetosphere”) of the Earth and by the extended but highly variable atmosphere of the Sun 
(the “heliosphere”). The Moon spends nearly 25% of its orbital period immersed within the 
Earth’s magnetosphere, which offers some degree of shielding from heliospheric effects; the 
remaining time is spent exposed to the full effects of the Sun’s radiation and interplanetary 
fields. Thus, the lunar plasma environment offers unique opportunities to study a variety of 
fundamental plasma physics processes—processes that have applications to many other objects 
throughout the universe. 

Since the inception of the U.S. space program with Explorer 1 through present-day space 
weather missions, scientists in the heliophysics community have worked to develop a thorough 
understanding of the connected Sun/Earth/Moon system. A great deal more is known about our 
space environment than was known during the Apollo era, and this new knowledge is ready to be 
applied. Data from heliophysics missions, past and present, can be mined for applicable 
measurements. Our understanding of underlying physical processes can be used to provide an 
informed predictive capability that will aid in the operational planning for lunar and, eventually, 
Mars missions. The Heliophysics System Observatory (HSO), an ensemble of spacecraft 
designed to provide system measurements of the Sun/Earth/heliosphere system, is available to 
provide real-time space weather awareness during crewed flights. And, once a human presence 
on the Moon is established, new classes of experiments can be implemented to further advance 
these fields of study. 

In the quest to understand our space environment, the first challenge is to understand the basic 
physics behind the plasma processes of magnetic reconnection, the mass loading of solar and 
stellar winds, and plasma/dust interactions. These processes play fundamental roles in the 
explosive processes at the Sun and in planetary accretion. Increasingly, as we probe more deeply 
into the underlying plasma-field interactions, heliophysicists are guided by comparisons of 
plasma processes in the Earth’s magnetosphere, in the solar corona, in the magnetospheres of 
other bodies in the solar system (i.e., the Moon and planets), and in distant astrophysical 
environments. This comparative approach creates a rich variety of unique opportunities for 
lunar-based heliophysics science. These areas of interest exploit the Moon’s unique 
magnetodynamic environment: 

The Moon has weak crustal magnetic fields, the origin of which is still a mystery and a 
central question for the science of the Moon. These weak magnetic fields continually interact 
with the solar wind and lunar dust close to the lunar surface. The presence of weak magnetic 
fields is common to many planetary bodies, including Mars. On the Moon, however, the 
locations of these small-scale interactions can be identified precisely and studied near the 
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lunar surface. This is a unique circumstance that will provide new insights into the 
fundamental behavior of magnetodynamic systems and may hold lessons for models of 
magnetic fields in the Sun’s corona, Earth’s magnetosphere, and other planetary systems. 
As the Moon orbits the Earth, it passes through a rich variety of plasma environments that 
offer the opportunity to study plasma physics processes over a wide range of ambient 
conditions. 
Mass loading is a term describing the basic plasma process, where bodies such as comets, 
planets, and moons produce dust and charged particles that become entrained in the 
impinging solar wind. The products of such interactions and their effects on the solar wind 
and other astrophysical or planetary plasmas are often observed. The lunar surface offers a 
unique location in which to study this process as it begins. These studies will contribute to 
many areas in space science and astrophysics, where the interactions with plasmas, dust, and 
charged particles play a central role. 
Understanding the interaction of submicron lunar dust grains and the near-surface plasma is 
key to characterizing the lunar surface environment and associated potential hazards in which 
robotic and human explorers will operate. Studies on the Moon will include an investigation 
of interactions between charged particles and lunar dust. 

Future investigations will not only advance our characterization of the basic plasma interactions, 
which is key to an increased understanding of the organization and evolution of large-scale 
magnetodynamic systems but will inform key aspects of future plans for planetary exploration. 

With its lack of an absorbing atmosphere, the Moon provides a natural observation platform 
from which to observe the sky, the Sun, geospace, and the Earth. Furthermore, the Moon is 
locked into synchronous rotation with respect to the Earth and, therefore, always displays the 
same side to Earth. The opportunities to exploit the Moon as a unique observation platform 
include: 

Imaging the heliospheric boundary: The heliospheric boundaries can be imaged in extreme 
ultraviolet (EUV) and energetic neutral atoms (ENAs) from either the lunar surface or from a 
satellite in lunar orbit. Due to the sheer size of our heliosphere and the difficulty in observing 
its boundaries, little is known about how it interacts with the local interstellar medium. Basic 
knowledge about the heliospheric boundaries is required to compare our heliosphere with 
astrospheres of other stellar systems. Such comparisons provide critical information on the 
current evolutionary stage of stellar winds and stellar mass loss rates, give insight into the 
stars’ local interstellar environments, and possibly enable the assessment of the habitability 
of other solar systems. 
Low-frequency radio astronomy observations of the Sun: Radio emissions from solar 
coronal mass ejections (CMEs) and solar flares below 10 MHz can be imaged from the lunar 
surface to probe space from a few solar radii out to 1 astronomical unit (AU). Observations 
of radio emissions from the Sun allow improved space weather forecasting, improve our 
understanding of shock formation and evolution in the solar wind, and enable detailed time-
dependent mapping of the interplanetary electron density and magnetic field topology 
(Figure 6.1-2). 
Imaging geospace: The iconic image of Earth’s ionosphere and the Appleton anomaly (the 
fingers reaching to the Earth’s night side) first made by Carruther’s UV camera that was 
emplaced by the Apollo 16 astronauts on the lunar surface demonstrates the feasibility of 
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performing this from the lunar surface (Figure 6.1-1). Such imaging can address several 
compelling science questions related to large-scale coupling mechanisms between various 
complex regions in geospace from the ionosphere and extending into the magnetosphere. 
Global observations of ionospheric and magnetospheric phenomena provide measurements 
that are key to understanding the hazards and impact of space weather in the regions of space 
where most space agency, commercial, and military space operations occur. These 
measurements also provide constraints to global ionospheric and magnetospheric models and 
provide keys to solving compelling science questions associated with the coupling between 
the solar wind, the magnetosphere, and the ionosphere, and coupling of the high and mid-
equatorial regions of the ionosphere [Meier, 1991; Su et al., 2001].  
Analyzing the composition of the solar wind: The solar wind reflects the composition of 
the Sun and physical processes in the corona. Analysis will help differentiate between several 
theories of solar system formation and physical processes in the solar corona. Ions will be 
collected on various materials and analyzed on return to Earth. Similar experiments were first 
done using foils on Apollo missions. Then, the Genesis mission added to the database, 
although with some complications due to the hard return of the spacecraft to Earth. 
Additional data gathered in this very simple and inexpensive experiment during upcoming 
lunar missions will expand the restricted scientific return of Genesis. Specifically, additional 
elements and isotopes will be accessible, providing missing information on solar formation 
and evolution. 
Using the Moon as a base for a high-energy optical solar observatory: The Sun can be 
observed with optical and UV telescopes and coronagraphs, vector magnetographs, and 
X-ray and gamma-ray imaging spectroscopes from the Moon. The benefits of the proposed 
lunar instrumentation are twofold: (1) enable fundamental advances in scientific 
understanding of the processes that lead to energy release and the acceleration of energetic 
charged particles by the Sun and, thus, in other, more distant and more energetic 
astrophysical objects; and (2) allow further understanding of the conditions that lead to 
hazardous eruptive solar events, thus providing operationally useful warnings (or “all clears”) 
to enhance the safety and productivity of crewed missions to the Moon and Mars. 

6.4.3 Exoplanet Magnetosphere

There have been several efforts to find exoplanets with magnetospheres. When considering our 
own solar system, magnetospheres are very common. Of our eight planets, uncertainty exists for 
only Venus as to whether it was able to generate a magnetosphere. There are several 
electromagnetic (EM) waves that are generated in and can escape from a planet’s 
magnetospheres. The lowest frequency EM wave is the left-hand polarized non-thermal 
continuum (NTC) radiation associated with the interface of hot and cold plasma. It is typically 
generated in the frequency range of ~10 to 800 kilohertz (kHz) [Green and Boardsen, 2006].  

Another radio frequency (RF) emission is generated by the cyclotron maser instability (CMI) 
mechanism, which derives its named based on the frequency range of the observed emission. It is 
well known that this type of emission is closely related to the local gyrofrequency being 
generated above a planet’s aurora from downward streaming electrons and therefore provides 
important clues as to the presence of a planet’s magnetic field and its strength. For example, the 
Earth’s intense auroral-related radio emission is called AKR, and the Jovian decametric (DAM) 
emissions are CMI-related emissions from Jupiter’s auroral zone. The CMI emissions are right-
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hand polarized, being generated over a broad frequency range (i.e., ~25 to 800 kHz for AKR and 
~10 to 40 MHz for DAM).  

The third and final radio emission escaping from certain planetary magnetospheres emanates 
from a planet’s radiation belts by the synchrotron mechanism generated by trapped relativistic 
electrons. The fundamental characteristic of this emission is the narrow beaming pattern 
generated from the gyrating electrons, which provides the basis for constraints on both the 
magnetic field and the distribution of charged particles in the inner magnetosphere [Bolton et al., 
2001]. Jupiter’s decimetric (DIM) radiation ranges from 0.1 to 15 gigahertz (GHz). 

It is believed that the intense auroral related radio emission is the best indicator of planetary 
magnetospheres [e.g., Bastian et al., 2000; Zarka et al., 2001]. The CMI-generated radio 
emissions produce intense radiation perpendicular to the local magnetic field, but the resulting 
emission cone can be filled in by refraction or hollow, as shown in Figure 6.4.3-1. For instance, 
the emission cone of AKR has been observed to be relatively well filled in [Green and Gallagher, 
1985] at higher frequencies and may be hollow at the lower frequencies [Calvert, 1987], while 
the Jovian DAM emissions produce hollow emission cones [Green, 1984], as illustrated in 
Figures 6.4.3-1a and 6.4.3-1b, respectively. The Earth’s AKR emission cone points tailward with 
partially overlapping northern and southern hemisphere cones (only the northern hemisphere 
cone at one frequency is shown in Figure 6.4.3-1a) and is not dependent on Earth’s rotation or 
the location of the Moon. 

Figure 6.4.3-1. Schematic of Emission Cones of Auroral Radio Emissions 

One aspect of the Jovian DAM emission is that it is strongly coupled with the moon Io, which
has a thin atmosphere, allowing an ionospheric current to connect field lines from Jupiter and
create a constant current and, therefore, a constant aurora and resulting CMI-related radio
emissions. These Io-controlled DAM emissions produce hollow emission cones that move with
Io around the planet, which has an orbital period of about 42 hours. Io is in an elliptical orbit and
is so close to the planet Jupiter that the energy from the strong tidal forces is dissipated through 
volcanic activity that is so strong on Io that a torus of escaping material is left in its wake that
stretches around Jupiter. Alfven waves are set up in the Io torus that produce magnetospheric 
currents stretching all the way to the Jovian auroral regions and trigger additional CMI emissions
that produce a set of nested hollow emission cones. 

Near equatorial spacecraft (e.g., the Voyager 1 and 2 missions) observed the Io DAM emissions
as a series of arc-like structures in frequency-time spectrograms. The shape of the nested
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emission cones, in frequency-time spectrograms, are strongly controlled by the higher moments
of the Jovian magnetic fields since the strongly right-hand polarized DAM radiation propagating 
from the source over these intense magnetic islands [Green et al., 2020] suffers significant 
refraction. In addition, Jupiter’s moon Ganymede also produces aurora, not only in the upper 
atmosphere of Jupiter but also in the very tenuous Ganymede atmosphere since that moon is the 
only one in the solar system that has been observed to currently generate its own magnetosphere 
[e.g., Wang et al., 2018]. The rather small Ganymede magnetosphere is anti-aligned with Jupiter, 
facilitating the exchange of atmospheric constituents and even producing aurora in Ganymede’s
very tenuous atmosphere.  

In the case of both an exoplanet and an exomoon with magnetospheres, a new situation occurs in
which the exomoon would be controlling the location of a potential CMI emission cone and
producing either a hollow or filled-in emission pattern. From a distant radio observer, 
periodicities in an observed CMI emission cone pattern, with the radio emission frequency, not 
only could point to the existence and strength of an exoplanet’s magnetosphere but also to the 
existence of an exomoon. The extent of the emission cone, ranging from completely hollow to
completely filled, provides additional information about the extent of the exoplanet’s ionosphere. 
In this manner, the detection and analysis of CMI-generated radio emissions may provide 
additional information as to the habitability of the exoplanet. To understand the long-term
evolution of exoplanetary atmospheres and their suitability for creating a habitable environment 
that may host life, we must understand not only the stellar environment of these planets but also 
whether these planets and their associated moons have magnetospheres.  

The low-frequency radio spectrum of the objects in the solar system is shown in Figure 6.4.3-2. 
It is expected that radio emissions from other solar systems are similar, but these have not been 
measured. Magnetospheric radio emission is a nonthermal process produced by auroral maser 
emission. The frequency of this emission is directly proportional to the magnetic field strength. 
Only Jupiter has a B-field large enough to produce radio emission that can be seen from Earth 
above the ionospheric cutoff. As Figure 6.4.3-2 shows, every other planetary B-field in the solar 
system emits at much lower frequencies and cannot be seen from Earth. Earth itself produces 
high flux density auroral kilometric radiation, but it is below 1 MHz and was first detected from 
space. There have been extensive searches for exoplanet radio emission using ground-based 
telescopes, but all have come up empty handed. A low frequency radio observatory on the far
side of the Moon, as discussed in the next section of this report, can be designed to detect radio
emissions not only from solar system objects but also radio emissions from potentially habitable 
exoplanets. 
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Figure 6.4.3-2. Contributions to Low-frequency Radio Spectrum of the Solar System from the 
Earth, Sun, and Planets [Zarka, 2007] 

6.4.4 IR-Optical-UV Observatories

AstronetX and other organizations are studying sustainable lunar observatory concepts spanning 
UV, visible, and infrared (IR) wavelengths. For example, there are a number of astrophysical and 
geophysical phenomena that can be studied using timestamped, broad bandpass imaging and 
photometric data from modest wide-field imagers attached to lunar landers. Scientific programs 
include tracking stellar activity and astroseismology, monitoring light curves of transiting 
exoplanets and interacting variable stars, and mapping properties of the lunar exosphere. Like 
images from terrestrial observatories, such data from the lunar surface could aid in cislunar space 
traffic management to ensure safety of flight for robotic and crewed missions. The ecliptic and 
sky regions at low Sun angles can also be accessed from different landing sites for studying Solar 
System objects, including for planetary defense purposes. 

Key scientific enablers for precision time-domain photometric measurements and diffraction-
limited performance of SmallSat-class optical systems (compared with low Earth orbit (LEO) 
satellites) are the stable platform of the lunar surface and long, uninterrupted visibility periods. 
These characteristics could enable a future UV-visible, lunar surface-based sparse aperture 
interferometer capable of extremely high-resolution imaging, deployed robotically or with 
astronaut assistance over a baseline of at least several hundred meters. Such a facility could 
resolve the surfaces of stars, monitor photospheric activity of exoplanet host stars that could 
affect habitability, measure parallaxes to large distances in the galaxy and beyond, probe the 
inner accretion and debris disks around nascent stars and black holes, and demonstrate 
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technologies and techniques for a future free-flying configuration of telescopes capable of 
resolving weather patterns and surface features on the nearest exoplanets.

6.5 Lunar Radio Telescope Case Studies
For the purposes of this assessment, three NASA-funded studies to place a radio telescope on the 
lunar far side were used for the case studies. The original ground rule for these studies was that 
they must be fully robotic and self-contained missions with no external dependences. The
workshop focused on the technical and cost benefits to leveraging the Artemis Program to 
implement these concepts. Note that the choice of these case studies should in no respect be seen 
as an endorsement of these concepts over other possibilities: that is for future decadal surveys to 
consider. 

A long-wavelength radio telescope on the far side of the Moon has significant advantages 
compared with Earth-based and Earth-orbiting telescopes, including: 

Enabling observations of the early Universe at wavelengths longer than 10 m (i.e., 
frequencies below 30 MHz), at which critical cosmological signatures from the Dark Ages 
are predicted to appear. These wavelengths cannot be observed from the Earth’s surface or 
Earth orbit due to ionospheric absorption and reflection. 
The Moon acts as a physical shield, isolating a lunar surface telescope from radio 
interference or noise sources from the Earth’s surface, the ionosphere, Earth-orbiting 
satellites, and the Sun’s radio emission during the lunar night. 

6.5.1 FARSIDE 

NASA Astrophysics funded the first engineering design study of an interferometric array for 
possible deployment by a large CLPS lander on the lunar far side [Burns et al. 2019a, 2021]. 
FARSIDE is one of the astrophysics Probe-class missions considered by the Astro2020 decadal 
survey.  

The FARSIDE architecture and operations concept were developed via a series of studies at the 
Jet Propulsion Laboratory (JPL) [Burns et al. 2019a, 2021]. These studies assessed the technical 
feasibility of the instrument and the mission, and the cost-realism for a Probe-class mission. The 
current FARSIDE design architecture consists of 128 non-cospatial orthogonal pairs of 
antenna/receiver nodes distributed over a 10-kilometer (km) diameter in a four-arm spiral 
configuration, as shown in Figure 6.5.1-1. The nodes are deployed in a zigzag pattern, with the 
first antenna of the pair having a vertical polarization axis (Ey) and the next having a horizonal 
axis (Ex), producing measurements of all four Stokes parameters. The FARSIDE payload mass 
is estimated to be 1750 kilograms (kg), which would be delivered to the lunar surface by a large 
commercial lander. Four single-axle teleoperated rovers would deploy the nodes, which are 
connected to the base station (lander) by science tethers, providing communications, data relay, 
and power. 
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Figure 6.5.1-1. Three Components of FARSIDE: Commercial Lander carrying Base Station, Four 
Single-axle Rovers to Deploy Antenna Nodes, and 128×2 (two orthogonal polarizations) Node 

Antenna Array
The array will be deployed in a spiral pattern to produce good u-v coverage. Tethers connect the 
base station to the nodes, providing communications and power. A lunar-orbiting communication

satellite will relay data to Earth. [Image courtesy of Blue Origin] 

Beginning with the distinctive radio-quiet characteristics of the far side as a requirement, an 
astronomical array at frequencies of 0.1 to 40 MHz is driven by sensitivity and spatial resolution. 
The sensitivity is determined by the number and type of antennas used in the array, and the 
resolution is governed by the maximum baseline. For FARSIDE, 100-meter (m) tip-to-tip thin-
wire antennas are used. It was determined that 128×2 dipole antennas provide the needed 
sensitivity to span the science cases described in Burns et al. [2019a], especially probing the 
Dark Ages global signal, the space plasma weather, and magnetospheres in exoplanetary 
systems. With an array diameter of 10 kilometers (km), FARSIDE achieves a resolution of  
10° full width at half maximum (FWHM) at 200 kHz and 10 arcminutes (arcmin) at 15 MHz.

Sensitivity specifications for FARSIDE are summarized in Table 6.5.1-1. The array sensitivity 
(i.e., minimum detectable flux density) in Table 6.5.1-1 depends on the frequency bandwidth, the 
integration time, the system temperature, and the effective area of the array. The effective area is 
determined by the dipole length and the antenna impedance. This was modeled using  
NEC4.2 simulations that consider that the dipole wires rest directly on the regolith. The system 
temperature depends on the sky and regolith temperatures and the front-end amplifier. See Burns 
et al. [2019a] for complete details of the modeling and simulations. 
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Table 6.5.1-1. FARSIDE Sensitivity
Quantity Value

Frequency coverage 0.1 – 40 MHz (1400 × 28.5 kHz channels)
Antenna efficiency 6.8×10-6 @ 200 kHz; 9.5×10-5 @ 15 MHz
System temperature (Tsys) 1×106 K @ 200 kHz; 2.7×104 K @ 15 MHz
Effective collecting area (Aeff) ~12.6 km2 @ 200 kHz; 2240 m2 @ 15 MHz
System equivalent flux density (2kBTsys/Aeff) 230 Jy @ 200 kHz; 2.8×104 Jy @ 15 MHz
1 Sensitivity for 60 sec 66 mJy @ 200 kHz; 933 mJy @ 15 MHz

The FARSIDE instrument front end uses the electrically short antennas to achieve sky 
background noise-limited observations. On the lunar far side, the lunar highlands are thick, have 
low conductivity, and vary slowly with depth, thus removing the need for a ground plane. The 
net impact of this multipath effect is to introduce a direction-dependent component to the array 
synthesized beam. FARSIDE will use an orbital beacon for calibration and to map both the 
antenna beam pattern and the array synthesized beam to capture this effect. The 100-m antennas 
are embedded within the tether and will be placed directly on the lunar surface. The array 
leverages existing designs from high-heritage front-end amplifiers, fiber optics, and the 
correlator system based on ground-based observatories such as the Owens Valley Radio 
Observatory Long Wavelength Array (OVRO-LWA) [Anderson et al., 2018]. 

The concept design calls for operations during the lunar night as well as the lunar day, using 
proven low-temperature electronics and batteries. Recent tests indicate that core constituents 
(e.g., resistors and capacitors), forming the basis of the electronic components of the FARSIDE 
receiver nodes, are capable and survivable to temperatures less than –180 degrees Celsius (°C) 
[Ashtijou et al., 2020].  

The 128 antenna node pairs are distributed along four spirals, as shown in the Figure 6.5.1-1 
insert. This configuration with four JPL Axel rovers would allow the full deployment of the array 
in one lunar day. A tether connects the nodes to one another and to the central base station for 
data transmission and power. For each spiral arm, the rover would carry a set of antenna nodes 
from the base station, unspooling the tether, before returning to the base along a different path. 
The landing site and rover path are assumed to be relatively flat and free of obstacles with scale 
sizes 1 m. 

The base station includes solar panels and batteries to provide power for the receivers and the 
signal processing using an FX correlator [Kocz et al., 2014], as well as data relay to Earth via a 
communications satellite. The rovers draw power along the tether from the base station. The 
rover will either be operated from Earth (with 5-second (sec) latency) or teleoperated via 
astronauts aboard the lunar Gateway (with 0.5-sec latency) [Burns et al. 2019b]. After cross-
correlation via the FX correlator, visibility data will be conveyed to Earth for further analysis. 
This is estimated to be about 130 gigabytes (GB) of data per 24-hour period. The goal is to 
process 10,000 square degrees of the sky every 60 sec over 1400 frequency channels. This would 
then produce dynamic spectra at the location of each bursting object, including Type II/III solar 
emissions and bursts in any of the several thousand nearby exoplanetary system counterparts, as 
well as CME-driven auroral emissions from nearby terrestrial exoplanets. The array is planned 
for operations over 5 years. At its lowest frequency, FARSIDE would operate two orders of 
magnitude below the Earth’s ionospheric cutoff. 
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6.5.2 Lunar Crater Radio Telescope (LCRT)

The proposed design of a Lunar Crater Radio Telescope (LCRT) on the far side of the Moon 
(Figure 6.5.2-1) uses a projectile-based anchoring system to deploy tethers and wire mesh in a 
1- to 2-km diameter lunar crater with suitable depth. This deployment will create a 350-m
diameter parabolic reflector and a 35-m feed inside the crater. LCRT will be one of the largest 
filled-aperture radio telescopes in the Solar System, similar to the former Arecibo telescope 
(305-m diameter) and the Five-hundred-meter Aperture Spherical Radio Telescope (FAST)
(500-m diameter) on Earth. 

Figure 6.5.2-1. Concept Art of LCRT on far Side of Moon

LCRT will enable scientific discoveries in the field of cosmology by observing the early universe 
in the 6- to 64-m wavelength band (i.e., 4.7- to 47-MHz frequency band), which has not been 
explored for cosmological observations to date. The LCRT’s Science Traceability Matrix (STM) 
is shown in Figure 6.5.2-2. 

Figure 6.5.2-2. LCRT STM
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The ConOps for constructing the LCRT is shown in Figure 6.5.2-3; key phases are as follows:  

Step 1. A spacecraft approaches the selected crater on the far side of the Moon and lands on the 
crater floor. 

Step 2. The spacecraft fires anchors, with lift wires, to the crater rim using a pyro/compressed-
gas-based projectile mechanism.

Step 3.  The spacecraft tensions these lift wires, which causes the anchors to grip into the lunar 
regolith and provide sufficient tension for the deployment process.  

Step 4.  Subsequently, the 35-m Log Periodic Antenna feed is hoisted and deployed using a 
pulley system.  

Step 5. Next, the 350-m diameter parabolic reflector is deployed along an origami fold pattern, 
using the pulley system. 

Step 6. Finally, the deployed LCRT is calibrated using a known source from a beacon CubeSat.  

Further details of the ConOps, robotics operations, the design of LCRT’s feed and reflector, and 
mass, power, cost, and risk budgets are discussed in Bandyopadhyay et al. [2021a, 2021b], Gupta 
et. al. [2022], Wang et. al. [2023], and Arya et. al. [2023]. 

Figure 6.5.2-3. LCRT ConOps

6.5.3 FarView

FarView is a NASA Innovative Advanced Concepts (NIAC) funded study (completed in 2021) 
for a low-frequency (5 to 40 MHz) radio interferometer consisting of 100,000 dipole antennas, 
distributed in a subarray architecture across 200 km2 of the lunar surface. One of the unique 
aspects of FarView is that it would be built in-situ using mostly material extracted from the lunar 
regolith by Lunar Resources, Inc.'s developed technologies. FarView would be built on the 
radio-quiet lunar far side to reduce background noise, enabling the primary science goal of 
studying the cosmic Dark Ages. The Dark Ages and Cosmic Dawn epochs of the Universe can 
be uniquely probed using the redshifted 21-cm signal. FarView will fill in the missing data 
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during the cosmic Dark Ages and Cosmic Dawn. See Section 6.4.1 of this report for a discussion 
of this epoch of the Universe. 

FarView is designed to address the recommendations of the recent Astro2020 decadal review 
regarding the cosmic Dark Ages by measuring its three-dimensional power spectrum. The 
principal product from FarView will be tomographic maps tracing the evolution of the Universe 
from before the birth of the first stars through Cosmic Dawn. Spatial fluctuations in the Dark 
Ages signal are governed by linear structure formation, allowing precise predictions of expected 
signal for standard cosmology. FarView’s sensitive interferometric measurements can uniquely 
test the standard cosmological model at the onset of structure formation. Departure from these 
well-constrained predictions will provide insights into new physics. FarView will have a broad 
science portfolio in addition to the cosmology research. 

Solar System science will include imaging of solar Type II radio bursts associated with CMEs at 
>2 solar radii, monitoring at <10 MHz the variable solar wind’s impact on the auroral flux 
density, and atmospheric lightning from outer planets. In the solar neighborhood, FarView will 
detect Type II/III radio bursts from nearby stars with exoplanets out to ~10 parsec (pc) and detect 
terrestrial planet magnetospheres in nearby exoplanets, produced by coherent radio emission at 
<1 MHz. Because FarView will image the entire sky hemisphere above the lunar horizon every 
few minutes, it will greatly expand our knowledge of radio variable/transient sources, including 
fast radio burst sources, flares in stars, neutron stars, and black holes, and will likely discover 
new types of radio variables. Finally, very local to FarView, it will be able to sound the mega-
regolith on the Moon and its transition to bedrock expected at ~2 km below the surface. Once 
fully populated with its 100,000 dipole antennas, FarView will be the most sensitive low-
frequency radio telescope ever built.

To achieve this high sensitivity, FarView must be built in the most radio-quiet locations on the 
lunar far side. The far side southern hemisphere between 20° S and 60° S latitude and 120° and 
220° E longitude was found to be particularly rich in sites that likely meet all science and 
manufacturing requirements. A smaller number of additional sites can be found in the northern 
hemisphere of the lunar far side. FarView will be built using a subarray architecture: ~200 
subarrays, each containing ~500 10-m dipole antennas, distributed across ~200 km2 in a core-
halo arrangement. Figure 6.5.3-1 illustrates an example of FarView subarrays in the Pauli impact 
basin. The core-halo architecture has a compact core (the dashed line in Figure 6.5.3-1) with 
approximately uniform spacings of subarrays out to a diameter of ~6 km and an outer quasi-
power-law distribution of subarrays out to ~14 km. FarView subarrays will have an average of 
500 dipole antennas, but the number of dipoles in a subarray is somewhat arbitrary. The  
500-dipole number approximates what one manufacturing rover can build in 1 lunar workday  
(12 Earth days), and the total area occupied by a single subarray is ~0.18 km2. The right side of 
Figure 6.5.3-1 provides greater detail on the subarrays. Each FarView subarray will have its own 
in-situ built power infrastructure (i.e., ~1 kilowatt (kW) solar arrays, batteries, and all power 
lines). Each dipole will have an average separation of ~17 m from adjacent dipoles within and 
between rows.

FarView is enabled and made affordable by two Lunar Resources-developed technologies that 
first extract metals from regolith, purify the metals, and use them to manufacture the dipole 
antennas, solar arrays, and power lines. The Molten Regolith Electrolysis (MRE) system 
(Figure 6.5.3-2) reduces the regolith oxides into aluminum, iron, silicon, magnesium, and 
oxygen, and needs only electrical energy (no reagents or beneficiation of regolith). Lunar 
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Resources is demonstrating MRE technology under NASA and National Science Foundation 
(NSF) support, raising its technology readiness level (TRL) from 3 to 5. Once the metals are 
extracted, a vacuum vapor deposition system (previously flown in space and at TRL 8), 
integrated with a lunar rover and benefiting from the high vacuum environment on the Moon, 
will directly deposit thick metallic film dipole antennas, interconnections, power lines, and solar 
cells to build the observatory components. 

Figure 6.5.3-1. FarView Antenna Notional Distribution
(Left: full interferometer array in the crater Pauli, black dots represent subarrays. The core-halo 
architecture can be seen in the uniformly distributed core (inside the dashed line), and the quasi-
power law distribution of dipoles outside the core. Upper right: notional example of a FarView 

subarray. Middle right: dipole row detail, indicating dipole spacing and orientation. Bottom right: 
individual dipole details.)
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Figure 6.5.3-2. Schematic of FarView Molten Regolith Electrolysis System

To build FarView, a total of ~1 to 2 metric tons of hardware must be landed. This can be 
achieved with a single landing of all the hardware or multiple landings delivering subsets of 
hardware. All FarView extraction and manufacturing systems are highly autonomous and do not 
need regular human tending. These systems operate principally during lunar daytime and have 
minimal communications needs, a data link of ~1 megabits per second (Mbps), for ~30 min 
approximately every 6 hours during lunar daytime. After startup, the system will be in a fully 
autonomous mode with the MRE system producing and packaging metals, and the rover(s) 
fabricating thick film dipole antennae and thin film solar cells directly on the lunar surface and 
integrating them with fabricated power lines. During lunar night, all manufacturing processes are 
in hiatus, the rovers are parked, and the dipole antennas are gathering science data. Command 
and control communications are expected to be reduced relative to daytime operations. Science 
data flow, both from the individual dipoles to the central processing hub and from the hub back 
to Earth, is substantial. The current estimate is a rate of ~5 terabytes (TB) per 24-hour period for 
partially processed data that needs to be sent to Earth. Efforts are underway to develop 
techniques to reduce this rate. Regardless, an optical communications system will be required for 
FarView science data to meet the data volume requirements.

Since FarView builds its own power network, power systems do not need carried from Earth to 
power the array. The MRE system can be powered by in-situ built power systems, but landing a 
40- kW power system to supply power for 6 months with the initial landing of hardware would 
greatly benefit the initial setup, shortening the time for the system to come online and reducing 
mission risk. The MRE system and its thermal environment are also used as a “thermal wadi” 
area, where rovers can be parked to reduce the impact of the lunar night. 

Astronaut support is not required to build FarView, but astronaut support during the initial 
landing to aid in the initial setup and occasional (~every few years) astronaut visits to 
replace/repair/upgrade aspects of the rovers and other hardware would be useful to keep the 
observatory in good working condition. 
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FarView will take 3 to 5 years to build, depending on the amount of hardware landed, the 
realized extraction and manufacturing rates, and the performance characteristics of the rovers. 
The in-situ manufacturing allows for the key observatory components to be repaired or replaced 
as needed. FarView will have a lifetime of multiple decades. 

6.5.4 Site Selection

The Moon can be modeled as a straight edge such that the diffraction of radio waves around the 
edge can be calculated analytically. The electrical properties of the lunar material must be 
included, as well as the presence of lunar material beyond the edge where the diffraction occurs. 
Takahashi [2003] used a finite difference time domain (FDTD) algorithm to numerically 
simulate the electromagnetic environment. Bassett et al. [2020] use advances in software and 
computing resources to extend Takahashi’s method by directly simulating higher frequency 
waves and including lunar properties (e.g., topography and density profile) using the same 
underlying simulation framework. The results show that as the frequency of the radiation is 
increased, the amount of attenuation directly behind the Moon becomes greater and the size of
the region defined by a given amount of attenuation widens (Figures 6.5.4-1 and 6.5.4-2). This 
behavior is to be expected because as the frequency is increased the waves will be diffracted by a 
smaller amount, which leads to greater attenuation at any given point on the far side. Although 
performing FDTD simulations at frequencies in the MHz range is difficult due to computational 
limits, results for frequencies between 5 to 100 kHz can place a lower limit on the level of 
attenuation. Elevation data from the Lunar Orbiter Laser Altimeter (LOLA) instrument on the 
Lunar Reconnaissance Orbiter, used to evaluate the effect of the topography of the Moon on the 
intensity of the RFI, show that while the craters of the Moon do have an effect on the 
propagation of radio waves, the effect in the intensity of these waves on the far side is small, less 
than 5 dB at most.

Even at frequencies as low as 100 kHz, RFI signals will be attenuated by at least 80 dB over a 
large portion of the far side. When the frequency is increased to 10 MHz, the quiet region covers 
nearly the entire far side, including the South Pole Aitken Basin. This presents opportunities to 
deploy low-frequency experiments in conjunction with lunar studies at geologically interesting 
locations on the far side (e.g., the Schrodinger crater) [Kramer et al., 2013]. 

Other factors that impact site selection include: 1) avoiding the equatorial regions to minimize 
thermal effects on spacecraft, antennas, and science instruments; 2) high crustal thickness and 
well-mixed regolith to minimize interactions of the radio antenna beam with subsurface 
reflectors; 3) low slopes, low rock abundance, and avoidance of geological structures;
4) preference for landing on a flat topographic high point to maximize sky accessibility; 
5) smooth horizon with, at a minimum, 360° panoramic, reasonably high-resolution imaging of 
horizon from the telescope location so the horizon is accurately known. Some potential sites are 
shown in Figure 6.5.4-2. 
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Figure 6.5.4-1. Results of 4000- by 4000-km FDTD Numerical Simulation of Lunar Radio 
Environment at 30 kHz

RFI incident from the left is attenuated behind the Moon on the right. Higher frequencies exhibit 
even greater levels of attenuation due to the decreasing effect of refraction around the limb of the 

Moon [Bassett et al., 2020]. 

Figure 6.5.4-2. Map of RFI Suppression at 100 kHz based on Numerical Simulations from Bassett 
et al. [2020]. Contours indicate suppression of –10, –50, and –90 dB relative to incident intensity. 
Map colors indicate elevation. Yellow stars signify several craters that may be of interest to low-

frequency radio experiments and/or lunar studies.
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6.5.5 Lunar Surface Electromagnetics Experiment (LuSEE) 
The Lunar Surface Electromagnetics Experiment (LuSEE) was selected in June 2019 by NASA 
in the Lunar Surface Instrument and Technology Payloads (LSITP) for the CLPS Program.
LuSEE is split into two payloads on two separate landers: 

LuSEE “Lite” to the Schrödinger Basin (south pole far side) on the CP-12 mission. The 
payload is based on the Parker Solar Probe FIELDS experiment flight spare hardware [Bale 
et al., 2016]. This will provide measurements of surface plasma physics and waves, DC 
electrostatic potentials, dust impacts, and coordination with LITMS/LMS (magnetotellurics). 
LuSEE “Night” to the far-side mid latitudes on the CS-3 mission in a collaboration with the 
DOE Brookhaven National Laboratory and Lawrence Berkley Laboratory. The goal is low-
frequency radio astronomy (< ~50 MHz) with standalone operations through the lunar night, 
including radio astrophysics/cosmology pathfinder. The landing site will be on the lunar far-
side landing side at mid latitudes with full EMI control. 

O-4. Fully robotic missions to deliver scientific payloads to the lunar surface have been 
studied and are feasible. 

7.0 Lunar Environment Challenges and Mitigations
The lunar surface is an extreme environment in which to operate telescopes. These extremes 
include dust and charging, large thermal excursions, sustaining power through the lunar night, 
maintaining communications to the far side and extreme lighting conditions. The consideration 
of augmenting robotic exploration with human exploration involves balancing risk and 
opportunity. Part of that balance involves understanding and addressing the challenges to both 
the human and robotic elements that are posed by the environment. 

Merging human spaceflight and robotic exploration is challenging on many levels—technical, 
political, motivational, financial, and opportunistic. There are many tasks humans can do better
or more effectively than robots, but humans are demanding on resources and must be kept safe. 
Humans are only productive 15 to 20% of the time, require a lot of fuel, and are fussy about 
warmth, atmosphere, and radiation. Robots and surface observatories also have issues—they are 
sensitive to dust, electrostatic discharge (ESD), and cosmic rays— and may be unable to deal 
with unexpected situations or technical challenges. Any solution, whether human or robotic, 
requires power, bandwidth, time, a degree of cleanliness, thermal control, micrometeoroid and 
orbital debris (MMOD) and radiation protection, logistics, and maintenance capabilities.

The workshop explored some of the engineering challenges faced by any mission and, in 
particular, those aspects of the human presence.  

F-2. While the lunar surface environment is challenging, with dust contamination and 
maintaining a far-side radio quiet zone being the major concerns, no showstoppers to 
using the Moon as a platform for science observatories were identified. 

7.1 Lunar Dust
With a return to the lunar surface in the Artemis era, there is no doubt that the lunar regolith will 
pose a challenge. Apollo taught us just how insidious the lunar dust can be. The accounts from 
astronauts, as well as the documentation of problems caused by dust across several systems, 
alerted us to the significance of the lunar dust problem [Gaier, 2005]. As we plan for longer stays 
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on the surface, this problem will only amplify. If we are to create a sustainable lunar architecture 
with a variety of lunar assets, then dust mitigation needs to be at the forefront of mission design. 

To understand the challenge of lunar dust, it is important to know the physical and electrical 
characteristics of the dust. Lunar regolith is angular, abrasive, and irregular in shape. Regolith is 
the fragmental layer covering the lunar surface, independent of rock size or composition [McKay 
et al, 1991]. It was created by the bombardment of the solid lunar crust by meteoroids, solar UV 
flux, solar wind, radiation, etc. over billions of years. During this process, agglutinates were 
formed by micrometeorite impacts. Agglutinates are fused particles of impact glass, rock, and 
mineral fragments (<1 mm in size). The term “dust mitigation” is widely used, although the 
definition of dust itself varies depending on the subject area. The geologic definition typically 
refers to particles less than 20 microns (μm). For the purpose of dust mitigation, dust is defined 
to be all lunar particulate that will need to be mitigated. The sizes of interest will vary depending 
on tolerance of systems. For example, the human systems (i.e., lungs) concerns include the 
inhalable particles (<10 μm) and the respirable range (<2.5 μm) that can deposit more deeply 
into the lungs. A rule of thumb for lunar regolith is 50% of the regolith (by weight) is less than 
50 μm, and 20% of the regolith is less than 20 μm. Roughly 1% of the regolith is less than 1 μm. 
The average particle size of lunar dust is 72 μm.6 Lunar dust has interesting electrostatic and 
magnetic properties that add to the challenge while providing the opportunity for novel 
mitigation techniques.

The dust challenge can be approached stepwise as follows: 1) the problems it will cause, 2) the 
hardware/systems it will impact, 3) the solutions, and 4) testing. It is important to look at the 
insight learned during Apollo. As Gene Cernan, Apollo 17 Commander, stated, “I think dust is 
probably one of our greatest inhibitors to a nominal operation on the Moon.” Apollo uncovered a 
plethora of issues [Gaier, 2005], including clogging of joints and mechanisms, human health 
toxicology, false instrument readings, vision obscuration, abrasion of surfaces, failures of seals, 
and thermal control. In the Artemis era, dust mitigation should be a consideration for 
mechanisms, electronics, connectors, seals, softgoods, filtration, crew health and monitoring, 
thermal systems, power systems, optical systems, and plume surface interactions, among others. 
When we envision the current lunar architecture and how it will develop as Artemis progresses, 
almost every aspect of the architecture should have a dust mitigation strategy. Currently, EHP,
HLS, Gateway, Orion, and CLPS all have dust mitigation requirements and solutions in work.  
As the Artemis Program continues and more assets are located on the lunar surface (i.e., habitats, 
rovers), it will become even more important to understand the dust challenge and how to mitigate 
against it. Note that the challenges of lunar dust encompass both the natural environment as well 
as induced environments (i.e., plume surface interactions and crew/vehicle activities.) 

In tackling dust mitigation, there are four components to dust management: tolerating dust 
exposure, detecting/monitoring dust, controlling entry of dust into vehicles or systems, and 
removal of dust. When we think about solutions for dust mitigation, we should consider 
architectural solutions, operational solutions, passive technologies, and active technologies 
[International Agency Working Group, 2016]. Examples of architectural and operational
solutions include suit ports, airlocks, mudrooms, porches, landing site selection, prepared landing 
pads, and optimized EVA and traverse planning. Examples of active technology solutions 
include electrostatics, compressed air, vacuum, electrodynamic dust shield, and more. Examples 

6 For reference, a human hair is 100 μm, pollen is 30 μm, most bacteria are 0.3 μm, and smoke is 1 μm.
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of passive technologies includes high efficiency particulate air (HEPA) filters, cyclone 
separators, soft walls, surface coatings, coveralls, dust traps, brushes, tape, wipes, etc. NASA is 
working with commercial partners through various solicitations opportunities to advance dust 
mitigation technology solutions. 

Every designer of a piece of hardware going to the lunar surface should think about a dust 
mitigation strategy from the very beginning. At a high level, a dust mitigation strategy includes 
six steps: understand the natural environment, understand the induced environment, understand 
the hardware or system’s tolerance to dust, write dust requirements, select dust mitigation 
solutions, and test hardware in dusty environments. 

More information on understanding the natural environment can be found in the Design 
Specification for Natural Environments (DSNE) [SLS-SPEC-159, 2021]. Understanding the 
induced environment is dependent on the mission, spacecraft, and ConOps. For testing in dusty 
environments, more information can be found in NASA-STD-1008, Classifications and 
Requirements for Testing Systems and Hardware to be Exposed to Dust in Planetary 
Environments [NASA-STD-1008, 2021]. This NASA Technical Standard establishes minimum 
requirements and provides guidance for testing systems and hardware to be exposed to dust in 
planetary environments. It provides tables with expected lunar sources of dust for four different 
environments: planetary external, planetary pressurized, in-space pressurized, and in-space 
external. It provides information on simulant preparation and storage, as well as simulant loading 
definitions. It goes into detail about nine different types of testing practices for hardware that will 
be exposed to dusty environments. This includes aerosol ingestion testing, abrasion testing, 
optical testing, thermal testing, mechanisms testing, seals and mating surfaces testing, reactivity 
testing, electrostatics properties, and plume surface interaction testing. NASA-STD-1008 also 
contains information on simulants and facilities for testing. In addition to NASA-STD-1008, a 
Dust Mitigation Best Practices Guide will be available in early fiscal year (FY) 2023 [NASA 
Dust Mitigation Best Practices Guide, to be published]. 

There are several different areas of consideration within lunar dust mitigation, each with its own 
challenges and potential solutions. Some of these areas include mobility, thermal, reactivity, 
electrostatics, aerosols, sensors and instrumentation, adhesion, abrasion, optical, simulants, 
surfaces/coatings/surface modifications, plume surface interactions, toxicity and health concerns, 
and dust deposition, among others. For example, consideration of electrostatics is important both 
for operations on the surface and testing on the ground. In general, the movement and deposition 
of granular materials is dependent on their electrostatic properties, which can dominate all other 
forces in high-vacuum and low-gravity environments. Electrostatics testing is important for any 
hardware that could have its properties or operation altered by the electrical properties of dust.
This includes electrostatic properties of granular materials, ESD circuit shorts from accumulated 
dust, and electrical arcing [Buhler et al., 2007].

As we expand our presence on the lunar surface, lunar dust will be inevitable. It will be a feature 
of all lunar surface science investigations, whether welcome or not. Mitigating dust is critical for 
the success of lunar surface science and exploration investigations, whether human-led or 
robotic. It will be necessary to ground test future instruments against the effects of lunar dust 
[NASA-STD-1008, 2021]. For example, rovers that may carry scientific payloads need to 
provide mobility as the wheels traverse through the regolith. Investigations that involve 
mechanisms (e.g., drill or arms transporting samples to instruments) need to understand how to 
mitigate dust to improve reliability and extend operations. Imagery, optics, or solar panels need 
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to protect their surfaces from the abrasiveness of lunar dust. Incorporating certain solutions into 
the design of future investigations may be necessary. 

7.2 Communication and Navigation
The approach to lunar Communications, Pointing, Navigation, and Timing (CPNT) used for 
Apollo relied on the Deep Space Network (DSN) and its three ground stations spaced roughly 
120° around the world to provide nearly continuous coverage. A terrestrial ground network, 
however, cannot provide service to the polar regions or the far side. The Apollo Program focused 
on a small number of space systems for communications and an even smaller number for 
tracking and did not accumulate capabilities over multiple missions, instead opting for single site 
sorties. NASA’s new lunar mission set, composed of a combination of human exploration 
elements forming the Artemis campaign and science elements through a recurring set of CLPS 
missions, changes all three of those key parameters. A multi-element international Gateway will 
be established in lunar orbit, functioning similarly to the ISS in LEO. An ABC will be 
established near the lunar south pole with a steady expansion of base capabilities and increasing 
excursion range with robotic and crewed rovers. CLPS missions will deliver a steady stream of 
science and technology payloads to destinations all over the Moon, including the far side. The 
aggregate downlink demand from these missions with tens of space systems is estimated to reach 
~1 gigabit per second (Gbps) by 2030. The uplink demand, unlike the typical tens of kilobits per 
second (Kbps) needed to command robotic spacecraft, is estimated to reach tens of Mbps (i.e., 
three orders of magnitude greater than current capability), which, like the ISS, is largely required 
for human crews. 

These factors drive defining a new architecture for the Moon: LunaNet, a lunar Internet capable 
of starting small but growing over time, providing the communications and navigation 
infrastructure to support the steadily growing demand. Like the Internet, LunaNet will be 
composed of contributions by many organizations. No one organization will own or control it. It 
will act as a single, integrated network by virtue of standardized services and interfaces enabling 
international interoperability. Figure 7.2-1 lists some of its key characteristics and provides a 
notional diagram of the extent of the networks that include Earth-to-lunar orbit, lunar orbit-to-
lunar orbit, lunar orbit-to-lunar surface, and lunar surface-to-lunar surface links. Network layer 
services using the Internet Protocol and Bundle Protocol for delay/disruption-tolerant networking 
will make LunaNet operate like our terrestrial Internet. Navigation services, including traditional 
deep space radiometric tracking, will be combined with navigation broadcast service similar to 
the US global positioning system and European Galileo systems using highly accurate clocks to 
provide highly accurate position and orbit determination. 
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Figure 7.2-1. LunaNet Overview and Key Characteristics

Achieving LunaNet requires adding lunar communication and navigation satellites to provide 
polar and far side coverage. Figure 7.2-2 shows the preferred concept for an early network of 
relays using elliptical lunar frozen (ELF) orbits. Relays in the southern ELF orbit (black) provide 
early coverage of the south polar region and periodic far side coverage. The same orbit with a 
northern inclination could be used to add coverage of the north polar region and increase far-side 
coverage, while equatorial relays could be added to provide nearly complete and continuous 
lunar coverage. The number of relays in these orbits could be increased to enhance capacity. In 
addition to communications and networking, these satellites would provide radiometric tracking 
to assist in landing, ascent, and surface mobility. 

On the lunar surface, a similar combination of capabilities in addition to the orbiting LunaNet 
capabilities will provide robust communications, networking, and navigation services to robotic 
and human users, as shown in Figure 7.2-3. The navigation broadcast signal will provide 
coverage into permanently shadowed regions (PSR) to support surface mobility for in situ 
resource utilization (ISRU) and geological research. 
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Figure 7.2-2. Candidate Orbits for Early LunaNet Constellation 

Figure 7.2-3. Lunar Surface Communications, Networking, and Navigation Capabilities 

To achieve these capabilities, a lunar spectrum architecture has been developed by the Space 
Communications and Navigation (SCaN) Program in coordination with NASA’s Spectrum 
Management Office. As shown in Figure 7.2-4, this architecture include the RF uses, as well as 
growth for future optical communications and navigation services. The frequency bands have 
been reviewed for compliance with the United Nations’ International Telecommunication Union 
(ITU) and Space Frequency Coordination Group (SFCG) protections for the shielded zone of the 
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Moon (SZM), as described in Section 7.3. Fundamentally, the architecture restricts use of all 
bands below 2 GHz to minimize potential radio astronomy RFI. S-band (2-GHz) services are 
used for lunar proximity links (i.e., those links between lunar orbiting and surface systems),
while X-band (8 GHz) is used for telemetry, tracking, and control (TT&C) links from Earth 
along with medium rate mission data. This separation of S- and X-bands is due to the increasing 
congestion being experienced globally in S-band. UHF in the 410- to 420-MHz band is 
authorized for use for EVAs; however, this is expected to be constrained to use either in 
locations where or at times when radio astronomy is not being done. Amateur radio is allocated 
use of the 144- to 146-MHz and 435- to 438-MHz bands, which will only be used on the near 
side. Use of 5G cellular telephony capabilities, based on standards developed by the 3rd 
Generation Partnership Project (3GPP), is being considered for surface use in addition to WiFi®, 
but the associated frequency allocation is still under study. Optical capabilities use 1550 nm, 
equating to 193 terahertz (THz), which does not present any concern for radio astronomy. 

The navigation broadcast signal is allocated to the 2483.5- to 2500-MHz band recently approved 
by the SFCG for this purpose. In addition, the L-band used by the terrestrial Global Navigation 
Satellite System (GNSS) (i.e., 1164 to 1215, 1215 to 1300, and 1559 to 1610 MHz) is used in 
receive-only mode as a means of synchronizing the terrestrial GNSS (including time 
dissemination) with the LunaNet equivalent navigation broadcast. 

Figure 7.2-4. RF and Optical Spectrum Architecture for Lunar Region Communications and 
Navigation 

7.3 Preserving the Radio Quiet Environment of the Moon 
The far side of the Moon presents a unique opportunity for low-frequency radio astronomy. This 
has been recognized and codified in the ITU radio regulations, creating the SZM as depicted in 
Figure 7.3-1. Regulations in place to protect the SZM include the ITU Radio Regulations, the 
SFCG recommendations, and, in particular, International Astronomical Union (IAU) Resolution 
B16: 

ITU-R REC RA.479-5 (2003), ITU-R REC RA.769-2 (2003). 
SFCG Recommendations 32-2R3 and 29-2, SFCG Resolution 23-5. 
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Figure 7.3-1. Shielded Zone of the Moon (SZM)

RFI can corrupt desired science measurements. When RFI does occur, it is difficult to correct or 
compensate for, so data are often flagged as simply lost. Passive sensors and radio astronomy 
systems are particularly sensitive to RFI because they are designed to detect very weak RF 
signals. 

NASA is actively involved in domestic and international coordination forums to ensure 
protection of spectrum for passive remote sensing and radio astronomy applications, including 
maintaining the SZM free from RFI for its value for passive observation, while recognizing the 
requirement for radiocommunication transmission in support of science objectives (essential 
transmissions).

The frequencies being observed by the proposed low-frequency radio telescopes are lower than 
typically used for spacecraft communications, so the major concern with maintaining the SZM is 
with broadband radio emitters (e.g., high-power switching circuits, motors, and digital noise 
from computers).  

F-3. The frequencies being observed by proposed low-frequency radio telescopes are lower
than typically used for spacecraft communications, so the major concern with 
maintaining the SZM is with broadband radio emitters (i.e., high-power switching 
circuits, motors, and digital noise from computers). 

R-2.  Adequate low-frequency RFI testing, screening, and shielding must be considered for all
spacecraft and payloads that will be visible from the lunar radio quiet zone. Spacecraft 
equipment destined for the SZM must be designed to standards to minimize RFI and be 
subjected to radio noise validation tests. 
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7.4 Extreme Thermal Environment 
The lunar thermal environment presents a difficult engineering challenge due to the extreme 
variation in temperatures from lunar day to night. Exposure to these temperature extremes may 
compromise the performance of conventional electronics and thermal control systems. 
Additionally, induced thermal gradients can cause high thermal stresses and structural fatigue. 
These extremes are primarily due to the Moon’s lack of atmosphere, its slow rotational period, 
and the low thermal diffusivity of the regolith. Surface temperatures can vary from 18 kelvin (K) 
in the coldest lunar craters [Paige and Siegler, 2016] to above 400 K near the equator [Williams 
et al., 2017], which is one of the widest ranges for rocky bodies in our solar system. As shown in 
Figure 7.4-1, these temperature swings occur nearly everywhere on the surface. The lunar 
day/night cycle lasts 29.5 Earth days, with maximum surface temperatures occurring around 
local noon, and minimum temperatures occurring just prior to sunrise. 

Figure 7.4-1. Maximum (top) and Minimum (bottom) Global Temperatures

An object sitting on the lunar surface will exchange heat with the regolith through conductive 
and radiative heat transfer and will experience solar heating via direct incident sunlight and 
sunlight reflected off the regolith (albedo). Direct solar radiation varies from 1310 to 1426 watts 
per square meter (W/m2), depending primarily on the distance from the Moon to the Sun. 
Reflected solar radiation varies from 91 to 285 W/m2 depending on regolith reflectance, which 
can range from 0.07 to 0.2. Regolith reflectance can vary due to regolith composition and solar 
incidence angle. The IR radiative heat flux from the surface can be as high as 1255 W/m2

depending on regolith temperature and emissivity, which can range from 0.95 to 0.98  
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[SLS-SPEC-159, 2021; HLS-UG-001, 2021]. It is worth noting that an object can receive as 
much energy from the lunar surface (IR and albedo) as it does from direct solar heating. 

For the lunar radio telescope case studies examined in this workshop, the potential landing sites 
are on the far side of the Moon roughly between –60° and +60° latitude and 120° and 240° 
longitude. These missions desire to survive or operate during the lunar night with a potential 
operational life of 5 years or longer. Therefore, they will experience multiple day/night cycles 
and see the full range of extreme temperatures at their locations. Zonal mean temperatures in this 
region can range from 82 K to 391 K with extremes from 70 K to 405 K. Temperature 
differences between the far and the near sides are not significantly different, with equatorial 
temperatures on the near side averaging around 3 K warmer at noon compared with those on the 
far side [Williams et al., 2017] This is due to the higher prevalence of maria regolith on the near 
side, which is less reflective in the solar spectrum than highlands regolith, which is more 
prevalent on the far side [SLS-SPEC-159, 2021; HLS-UG-001, 2021]. However, this effect is 
somewhat offset by the fact that the far side of the Moon is closer to the Sun at local noon than 
the near side; therefore, it receives about 1% more solar flux [Kaczmarzyk et al., 2018]. 

Local surface temperature variations can also present a challenge as regolith temperatures can 
vary drastically even across small distances. These variations can be due to terrain topology and 
regolith composition. Terrain features like hills and craters can affect solar visibility and 
azimuth, resulting in hot spots. Similarly, shadowed areas can be significantly colder than their 
illuminated surroundings. Seasonal variations also affect surface temperatures, although in 
general they are only significant at the poles due to the Moon’s small axial tilt of 1.5° relative to 
the ecliptic plane [Williams et al., 2019]. 

The presence of dust will also degrade the performance of radiators, further exacerbating the 
thermal management challenges. Dust impacts on radiator performance have been studied using 
regolith simulants [Gaier et al., 2010, 2013], and dust mitigation and removal technologies are in 
development. However, more work is needed to better understand the impact of lunar regolith 
dust as a function of coverage, especially for other types of thermal control surfaces (e.g., 
specular reflectors or insulation). 

Continued research and development in thermal technologies for surviving the extreme lunar 
environment will expand the range and capabilities of lunar surface missions. The NASA STMD
recently published an overview of the current state of the art, new advances, and goals for future 
development of such technologies [STMD, 2022]. 

7.5 Power Generation and Storage
The surface of the Moon poses a unique set of challenges for missions not found elsewhere in the 
Solar System. This section discusses the primary engineering challenges faced by lunar surface 
missions and their impact on current state-of-the-art power generation and energy storage 
systems and provides a short discussion on power distribution challenges. 

7.5.1 Lunar Surface Challenges

The primary engineering challenges experienced by lunar surface missions are the result of the 
environment on the lunar surface. In particular, the extreme thermal environment and the impact 
of lunar dust will drive designs of the power generation and energy storage systems. These 
environments will be briefly discussed here as they relate to the power generation and energy 
storage systems, but a full discussion can be found in their respective sections of this report. 
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Perhaps the most challenging issue is the length of the lunar diurnal cycle, with a mean length of 
29.53 Earth days, which results in a point on the lunar surface being illuminated for roughly 
14.75 Earth days and shaded for the same duration. This, along with the low thermal 
conductivity and high emissivity of the lunar regolith, produces temperature extremes during 
both the lunar day and night. Surface temperatures around the equator can vary from up to  
400 K during the day and down to 80 K at night, with local variations based on surrounding 
topology and geologic features. The highlands that dominate the far side of the Moon generally 
have a higher albedo, which reflects more of the solar thermal radiation, resulting in a slightly 
lower maximum temperature.

The impact of the extreme diurnal temperatures generally has a negative effect on power 
generation. The high daytime temperatures increase degradation of components and reduce 
efficiencies of many power-generating systems. The large gradient between day and night 
temperatures generates thermal stresses in components and typically requires active heating to 
maintain operational temperatures through the night. This requires power to be available at all 
times, which can greatly increase the mass and complexity of the energy storage systems due to 
the long lunar nights. 

The other challenge discussed here is the impact of lunar dust on power generation systems. 
Typical state-of-the-art power generation systems (e.g., solar arrays and radioisotope power 
systems (RPS)) are reliant on large external surfaces to generate power. Should these surfaces 
experience dust deposition, their effectiveness may be greatly reduced, typically requiring the 
design to carry margin, which increases cost and mass. The long-term effects of dust on sensitive 
surfaces are relatively unknown, as the last NASA lander mission was Apollo 17 in 1972. More 
detail on the dust effects related to specific technology is provided in Sections 7.5.2 and 7.5.3. 

7.5.2 Power Generation Technologies

This section briefly discusses three primary power generation technologies being considered for 
lunar surface application (i.e., photovoltaic array, RPS, and fission power systems) and the 
environmental impacts for each.

Photovoltaic arrays, or solar arrays, are one of most common technologies used to generate 
power on space-based systems. Solar arrays are composed of multiple photovoltaic cells, which 
are made from semiconductor wafers that produce power when exposed to light. The amount of 
power generated is determined by the intensity of the solar flux on the surface of the solar array. 
This is maximized by ensuring the array is pointed directly at the Sun, typically requiring 
mechanisms to orient the solar arrays. Benefits of using solar arrays to generate power on the 
lunar surface include the maturity of the technology, scalability, and length of the lunar day. 
Solar arrays have been used on the majority of space vehicles and are well characterized for the 
space environment and integration onto vehicles. They are easily scalable by increasing the 
number of solar panels in the array to fit the needs of the mission. The long lunar day provides 
extensive periods of power generation to enable science and energy storage charging to prepare 
for the night. The challenges with using solar arrays include: 

The system must include energy storage to provide power to the mission throughout the lunar 
night. 
Extreme temperatures reduce array efficiency and increase degradation of the photovoltaic 
cells.
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Articulation is required to maximize the array effectiveness.
Mitigation of dust accumulation is necessary. 

The second technology is the RPS. These systems use heat produced by the natural decay of 
plutonium-238 (Pu-238) to generate power. Current systems use static thermoelectrics to convert 
a heat gradient to power. There is currently a dynamic system in development that will use 
Stirling engines to generate power at a higher efficiency. These systems use Pu-238 on the 
internal, hot side of the RPS and radiator fins on the external, cold side. The amount of 
temperature difference determines the amount of power produced. Currently, there are multiple 
missions using RPS as a power source, including Voyager 1 and 2, the Mars Curiosity and 
Perseverance rovers, and the New Horizons mission. The Apollo Lunar Surface Experiments 
Package (ALSEP), which was a set of experiments on the lunar surface as part of the Apollo 
missions, was powered by the SNAP-27 RPS and was set up by the Apollo astronauts. RPS are 
designed to operate for extended periods of time and can generate power during the lunar day 
and night, eliminating the need for significant energy storage systems. Some of the challenges 
faced by RPS missions are the high temperatures on the lunar surface during the day, which 
reduce the temperature difference across the power conversion system, resulting in reduced 
efficiency. Additionally, lunar dust deposition on the radiators will increase the solar absorptivity 
of the radiators, reducing their effectiveness while illuminated. RPS missions are typically under 
1kWe, but this can be scaled with multiple RPS units. 

The final power-generation technology is fission power systems. Unlike the natural heat of decay 
used by an RPS, fission systems use a uranium reactor to provide the power conversion system 
with heat. This fills the role for power level requirements higher than can be generated by an 
RPS, with current concepts in the 1 to 10 kWe range and up to 40 kWe. The systems currently in 
design use low enriched uranium (LEU) to provide the fissile material to the reactor, controlled 
via control rod. Current power conversion systems being looked at are Stirling engines and 
Brayton cycle engines. Many of the same benefits and drawbacks as for the RPS are applicable 
to fission power systems as well, with fission systems being able to generate power throughout 
the day and night. Fission systems are less susceptible to the high lunar surface temperatures 
because they can run higher radiator temperatures. An additional drawback to fission systems is 
the need to protect sensitive nearby objects from the radiation produced. This requires shielding 
on the reactor itself or use of the surrounding environment or distance to shield users. 

Missions using RPS or fission systems are required to go through the NASA Nuclear Launch 
Authorization process, which is NASA’s process to ensure the safety of the public during 
launches containing nuclear material.

There is no one-size-fits-all approach to choosing a power generation technology for lunar 
surface missions. Each mission will need to address their requirements while weighing the pros 
and cons of each type of technology. 

7.5.3 Energy Storage 

The lunar diurnal cycle poses a difficult challenge for energy storage systems. Excluding the 
extreme cases near the poles, a lander on the surface of the Moon will experience roughly  
14.75 continuous Earth days in the dark, as well as extremely cold surface temperatures. An 
energy storage system must be sized to provide the required operational or survival power 
throughout the lunar night. Many missions choose to limit operations during this period to only 
what is required to survive to minimize the size of the energy storage system. One of the benefits 
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of fission and RPS systems is that they can operate and provide consistent power levels 
throughout the night, potentially allowing more than just survival operations to be performed and 
providing a source of heat on the spacecraft itself.

Many current missions use batteries as the core of their energy storage system. Many potential 
battery cell chemistries have been well-characterized and can be scaled to meet the needs of a 
given mission. Many missions are using lithium-ion cells, which can achieve a high energy 
density. One of the drawbacks to lithium-ion batteries is the need for a more complex power 
management system and charge controller, which reduces the system energy density. 
Additionally, lithium-ion batteries require a thermal management system to maintain them within 
their optimal temperature range for safety, as well as voltage stability and cell degradation.

Another energy storage technology currently under development is regenerative fuel cells 
(RFCs). RFCs use a fuel and oxidizer that are reacted in the fuel cell to produce energy and the 
resulting byproduct of the reaction. During the lunar day, when external energy is available via 
solar panels or similar, the reactant byproduct is electrolyzed to separate the byproduct into its 
initial fuel and oxidizer constituents to be stored until energy is needed. RFCs can self-generate 
heat when supplying energy, which can be a benefit during the lunar night, saving potential 
heater power for other systems. RFCs have relatively complicated supporting systems to 
transport the reactants and byproduct to the storage tanks and electrolyzer cells. While fuel cells 
have flown in the past on Shuttle missions, there is currently no flight-qualified system. Many 
fuel-cell chemistry options are currently operating in the terrestrial market. Several have good 
aerospace viability, particularly the low-temperature proton exchange membrane (PEM) and
high temperature solid oxide fuel cell (SOFC), which are currently being developed for 
aerospace applications.

7.6 Lighting 
The lighting environment on the Moon is different enough from that on Earth that it demands 
special consideration in designing for human interaction. It will be important to plan work based 
on the natural lighting conditions and their effect on the visual envelope of the people (or robots; 
see below) who must perform the required work. Near the poles all the time, and for several 
Earth days each month, in the middle latitudes the Sun will be near the horizon. there will be 
extreme glare if the workstation has the astronaut facing in the direction of the Sun. This glare is 
likely to make identification of the components to be worked on and interaction with its fasteners 
and connectors nearly impossible. If the Sun is overhead (middle latitudes), there still could be 
glare from structures and from regolith, and while this is more manageable than looking into the 
Sun it should be considered in worksite design. In any case, consideration should be made for 
artificial lighting, even when the system is in daylight, because shadows from structure or terrain 
could put the task components into extreme darkness. The EVA system will include lights, so 
designers must understand their capabilities and make decisions about whether the provided 
illumination will be sufficient. If not, the instrument design team may choose to provide special 
task lights. Despite the issues identified, the lighting environment at these latitudes is benign and 
is easily compensated for relative to the natural lighting environments at the poles.  

7.6.1 Special Case of Lighting at the South Pole 

This special case should be discussed because NASA’s current human exploration plans are for 
destinations near or south of the Lunar Antarctic Circle. The south polar region has many areas 
of rugged terrain of mountains and craters. Since the Sun is at low angles, meaning its rays are 
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nearly tangential to that part of the sphere, the shadows are extremely long and cover large areas 
of the surface. The Sun, if visible at all, will present significant glare issues whenever an 
astronaut or robot is facing in its general direction. Elsewhere, there will be little reflected light 
in the large, shadowed areas. These factors will require designers to understand these conditions 
in much greater detail than in the middle latitudes.

8.0 Human/Robotic Lunar Science Exploration in the Artemis Era  
The Artemis Program of exploration promises to enable significant progress in the scientific 
exploration of the Moon and eventually Mars. Since the beginning of the space age, scientific 
discoveries have been made by a partnership of humans and robots. As noted by Clancey [2006], 
robotic spacecraft do not discover anything, people do. With the renewal of robotic precursor 
landers and rovers on the Moon, followed by astronaut sorties on the lunar surface, progress in 
the scientific exploration of the Moon will generate many new and exciting discoveries. 

8.1 Enabling Science
While the initial science will be focused on lunar science, the combination of robotic and 
astronaut capabilities, especially when working together, offers the opportunity to expand the 
scientific utilization of the Moon to include topics in heliophysics, Earth observation, and 
astrophysics. As a corollary to lunar planetary science, the human-robotic partnership will also 
be a powerful enabler of the research required and the realization of ISRU. The power of a well-
trained astronaut working in a spacesuit on the surface or on site in a well-equipped lab cannot 
be understated. The human ability to observe, imagine, and react to real-time and often 
unexpected situations is often when the greatest discoveries are made.

There are many new capabilities planned for the Artemis Program, including launch of the Space 
Launch System (SLS) rocket, CLPS delivering science to the Moon’s surface, the human-tended 
Gateway station in a high rectilinear lunar orbit, the Orion capsule, and the eventual 
establishment of the ABC on the Moon’s surface. Although robotic precursors will precede 
human exploration, they will be controlled (supervised autonomy at best) by human operators. 
As humans venture further from Earth, the most effective partnership of humans and robots will 
be to move that robotic control along with the human explorers, as well as the use of robotic 
precursors and missions where people will not venture. This will require interfaces and 
operational procedures to best take advantage of the strength of the on-site human-robotic 
partnership.  

O-5. In the near future, there will likely be increased cooperation between human and robotic 
exploration. 

There is no debate that human spaceflight has contributed significantly to science. One only has 
to look at the amazing scientific record of achievement of the HST, enabled by the five servicing 
missions to upgrade and repair the observatory. The success of these missions was dependent on 
highly trained and skilled crew and, in particular, their ability to respond to anomalies in real 
time using the marvelous human brain to creatively solve problems. The HST servicing missions 
are examples of human spaceflight enabling great science. In some instances (e.g., the early 
Apollo missions), the prime motivation for the missions was not science, but decisions about the 
conduct of those missions were steered by the desire to have a productive scientific program, 
even if of limited ambition. This may be the case for the early Artemis missions to the Moon. For 



NESC Document #: NESC-RP-22-01729 Page #:  53 of 96

the Apollo “J” missions, the scientific program was laid out well in advance, and the lunar rover 
capability vastly increased the ability of the astronaut to make scientific discoveries. These were 
science-driven missions, and they produced a bounty of scientific results. In all these cases, a
critical element to the success of the missions was the extensive training of the astronauts to be 
able to execute their activities on site, including science training. The mission plans were 
developed by a large team, including the operations team, the flight crew, the science teams, 
management, safety, and others.

8.2 The 2023-2032 Planetary Decadal Survey
Given the nascent development in Artemis, how can the Artemis exploration enable science from 
the Moon in the early missions, and how can a science-driven approach affect the architecture 
plans for the long-term Artemis exploration of the Moon? The 2023-2032 National Academy of 
Sciences Planetary Decadal Survey (PDS2023) considered this issue [PDS2023, 2022]. It is the 
first planetary science decadal report that takes on the issue of how to ensure that the human 
exploration of the Moon and Mars generates “decadal level” science. PDS2023 notes that human 
exploration is aspirational and inspirational, and NASA’s Moon-to-Mars plans hold the promise 
of broad benefits to the nation and the world. A robust science program provides the motivating 
rationale for sustained human exploration. The advancement of high-priority lunar science 
objectives should be a key requirement of the Artemis human exploration program.  

PDS2023 finds that a strong science program should drive planning and execution for a strategic 
program to accomplish planetary science objectives for the Moon, with an organizational 
structure that aligns responsibility, authority, and accountability. PDS2023 goes on to 
recommend that the SMD should have the responsibility and authority for integrating Artemis 
science requirements into the overall Artemis architecture, including human exploration 
capabilities.

The PDS2023 examined two rover options for studying the South Pole Aiken Basin, the highest 
priority lunar science with the potential to revolutionize our understanding of the Moon and the 
history of the early solar system. After deliberating on a robotic traverse and sample return, 
which could result in several kg of samples being studied back on Earth, and an astronaut-
assisted rover mission, which has the potential to return 100+ kg of samples, PDS2023 endorsed 
the astronaut-assisted variant, Endurance-A, as the highest priority for the Lunar Discovery and 
Exploration Program. The Endurance-A mission would, as described in the NASA SMD-
sponsored studies: 

Use CLPS for delivery to the lunar surface. 
Collect 100 kg or more of robotically acquired samples in a ~1000-km traverse across 
diverse terrains in the South Pole Aiken Basin.
Deliver the samples to the ABC near the south pole of the Moon, for return to Earth by 
astronauts. 

Coordination of these goals with Artemis provides an outstanding opportunity to expand the 
partnership between NASA’s human and scientific efforts at the Moon. This example highlights 
the comparison of two missions of approximately the same cost (medium class planetary 
mission) and how the astronaut-supported version would return two orders of magnitude more 
science.
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O-6. The workshop participants concurred with PDS2023 findings and recommendations 
regarding NASA’s Organizational Structure for Incorporating Science into Human 
Exploration.

8.3 Worksite Design
Examples of the EVA successes of working weightless in a vacuum are significant. As stated 
above, on five successful HST servicing missions, NASA demonstrated the utility and 
adaptability of humans working in spacesuits on astronomical instruments. These astronauts have 
manipulated interfaces, ranging from standard circular Amphenol connectors, and LEMO, SMA, 
odd unique interface, and mechanical connections. On the 2009 HST mission, crewmembers 
were even able to do board-level repairs while working in the spacesuit. After the Apollo 
missions, many of the astronauts indicated that the suits were great but the gloves needed
fixing—NASA redesigned them, which led directly to the ability of the HST servicing astronauts 
to perform the delicate repairs. These spacewalking techniques have allowed NASA to reinvent 
the telescope on each mission and have allowed HST to perform science for more than three 
decades, with the mission continuing to this day. Most significant is that the utility of humans to 
use their brains in situ and adapt has been proven.  

To enable astronauts to interact effectively with science investigations on the Moon, the 
capability for humans working in spacesuits (or for that matter in a shirtsleeve environment in a 
lab) must be designed into the experiment systems from the start. This maxim is important not 
only for maintenance, repair, and upgrades, but also to optimize the conduct of the science. 

The HST is a useful example of a science system that has been kept operational through human 
intervention. The system was designed to allow access by astronauts in EVA suits to facilitate 
expected technology improvements in instruments over time, enabling new observational 
capability. The HST was also designed to facilitate repairs and upgrades to the avionics and 
systems. The HST Program was designed for those activities over the lifetime of the telescope.
Some of the new instrument development work for future missions were started many years 
before their flight opportunity. The design of the telescope included features and interfaces  
(i.e., doors and latches) to allow humans in cumbersome spacesuits to fit into the interior 
volumes of the telescope where work needed to be performed. Consideration was given to the 
astronauts “work envelope” to enable them to perform the required work tasks. These tasks 
included operation of tools to release fasteners, demating of connectors, and removal of 
components through a defined (designed) volume of the telescope that was kept clear of 
obstructions to enable this removal. The installation of a new instrument involved the same set of 
tasks in reverse. These features had to be included in the original design by making decisions 
about which instruments would be changed out and then accommodating the required envelopes 
by keeping other systems out of the way. This was a significant packaging problem, but it was 
necessary to allow the evolution of the telescope throughout its life, ensuring that astronauts did 
not inadvertently damage components while performing upgrades. 

The HST provides another example for instrument design consideration. In addition to the 
planned upgrade missions, the HST had to be repaired after reaching orbit. Some of the tasks for 
the repair had not been planned, so many of the components that needed replacement or 
modification had not been designed to provide the envelopes required. A classic example is the 
correction of the spherical aberration of the primary mirror, which was discovered only after 
launch of the telescope in 1990. The 1993 repair on the Space Shuttle was a heroic effort, on the 
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part of both ground support and operations personnel and the astronauts who did the work. This 
proves that such efforts can be accomplished, if necessary, but the repair was far more expensive 
than the requested ground test that would have discovered the optical problems before launch. 
The point is that if instruments on the Moon are to be repaired, upgraded, or maintained after 
deployment, it is preferable to design for that capability from the beginning. 

The basic consideration for ensuring a system can be maintained, samples can be retrieved, or an 
operator can interact with the system is that the relevant interfaces must be accessible and 
understandable to the person who will handle the interaction. For a science instrument on the 
lunar surface, accessibility includes the type of envelope requirements described above for the 
HST, as well as ensuring stable footing. That is, if an astronaut is to stand on the surface to 
perform work, then the worksite must be at an appropriate distance above the surface to enable 
comfortable access. The HST had an advantage over lunar operations in that worksites were 
approached while weightless, so astronauts could position themselves as necessary to work 
safely. Working overhead in a gravity regime (e.g., operating wrenches or mating connectors) is 
fatiguing and thus increases the likelihood of error. Similarly, squatting or kneeling can only be 
done for short periods. Both these work postures can be mitigated by portable platforms or seats, 
which must be designed. All items to be removed should have handles to allow the astronaut to 
remove the components without damaging adjacent parts and allow the replacement items to be 
handled safely (e.g., without breaking sensitive protrusions). If astronauts need to climb on 
structures to reach the worksite, then they will need appropriately designed (for suit constraints 
and low gravity) ladders and walkways, with fall protection. As for the HST, envelopes for 
suited access (to allow volume for suits with tool caddies and power and life support systems), 
reach (less than if the astronaut were unsuited), gloved hand, tool, and vision are needed. Visual 
envelopes are more constrained than is widely appreciated; astronauts cannot easily see their 
feet, and turning the head 90° only allows them to see the inside of the helmet. NASA STD-3001 
articulates many of the standards for suited and unsuited crew members for reach, visibility, and 
other capabilities; these standards can be used to design systems.

While the types of robots that may be available to support human work on the Moon are 
unknown, the issues that robots deal with in performing work on a system are the same as those 
for humans (i.e., envelopes and access). That is, a robot can only reach those work areas that its 
arms and end effectors can reach without interfering with other structures. The robot needs tool 
envelopes and appropriately designed fasteners and connectors for the available end effectors. 
Finally, the robot must be able to see the worksite; in this case, robots have an advantage over 
humans and might use synthetic vision, using wavelengths outside the visible light spectrum. 
Nevertheless, it is unlikely a robot will be able to look directly into the sun and still perform 
well. Once again, if the work task is out of the reach of the robot, whether too elevated or in too 
tight a volume, some accommodation (e.g., a lift) may be needed.

O-7. Any human assembly of scientific instruments or observatories on the lunar surface 
should focus on items that cannot be affordably and technically implemented by robots.  

8.4 Design for Maintenance and Upgrade
The ISS was designed to be assembled and serviced by spacewalking astronauts. Elements like 
common parts and captive bolts (which are part of EVA requirements) were included in the ISS
development. This has enabled construction and routine maintenance of the vehicle, extending its 
lifespan well beyond that originally planned. One of the great successes of the ISS assembly (and 
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HST servicing) was the use of “standard” EVA interfaces. These enabled the station to be 
assembled and the equipment serviced using the minimum number of tools. The use of standard 
interfaces (e.g., 7/16-inch double height bolts) should be extended to Artemis hardware. 

Programs like the Alpha Magnetic Spectrometer (AMS) did not build EVA requirements into the 
AMS design, but due to hardware failures, EVA was a needed intervention to sustain the 
mission. Unlike many of the ISS repairs, this was a huge effort to not only attempt repair but also 
emplace measures to protect the EVA crewmembers. The repairs were successful, but it should 
be noted that work of this nature increases both programmatic cost (money and time) and risk to 
both crew and mission success. 

The HST is unique in that it had both planned and unplanned servicing over its life. The planned 
servicing set it up for easier additional unplanned servicing that might not have been as 
successful otherwise.

Whether the hardware is designed for human or robotic delivery and initialization, the human 
element should be factored into the design. Future repair, reuse, and recycle opportunities are 
much greater if the hardware is designed with EVA requirements from the beginning. By 
extending the focus beyond the desired plan of the hardware to also include the “what if,” the 
design can be steered toward EVA inclusion. EVA expertise from NASA is available to actualize 
EVA capability into the design concept, thereby extending the life of the hardware and hopefully 
its opportunities as a whole in the Artemis era.

To ensure the integrity of the science, the system should be designed at the outset for the human 
work to be performed. This is accomplished by making decisions regarding which aspects of the 
observatory or station should be upgraded, maintained, or otherwise serviced. These subsystems 
must be placed where astronauts and robots can access them, and interfaces (e.g., fasteners, 
handholds, end effector grapples, and connectors) must be designed to include the envelopes 
required for servicing. The following system design considerations are recommended: 

Allow for human or robotic missions to work in conjunction on the lunar surface. 
Design payloads for upgrades. 
Use standard interfaces. 
Allow for and plan for learning from experience. 
Design for and allow limited servicing or replacement (as one would on Earth). 
Take advantage of the emplaced infrastructure (e.g., wireless data, high data rate 
communication). 
For known limited-life components, build for robotic servicing (e.g., detectors, coolers, 
refueling, rotating components).
Develop robots whose speed and trafficability resemble terrestrial four-wheel drive vehicles 
so robots can work on the same timescale as human crewmembers. 

Requirements and standards recommendations: 
Integrate requirements into Artemis now for projects that may be a decade or more away. 
Adopt standard interfaces to enable human/robotic interaction (i.e., develop interface control 
documentation (ICD).
Tools should be treated as a critical element of assembly, servicing, and manufacturing. 
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For the Artemis program to be sustainable, including the long-term operation of science 
hardware and a base camp, these considerations must be incorporated into the system designs at 
an early stage of development.  

R-3. To enable servicing, design of future observatories or instruments deployed or 
constructed on the lunar surface should follow the HST and ISS models, where standards 
are followed to make them astronaut friendly for servicing (e.g., standard bolt sizes, 
easily accessible electronics cards, avoidance of sharp edges). 

8.5 Leveraging Artemis Era Infrastructure
The infrastructure essential for EVAs in the Artemis era should include a home base that 
provides crew a habitat, consumables recharge station, high-bandwidth communication relays, 
and rapid Earth return for safety. In early missions, the crew will need clear communications 
with Earth, and in both early and late missions crew should have access to communication with 
each other. The small time latency will not significantly affect collaboration between science 
teams and crew. 

One of the areas to be developed for Artemis is the necessary communication and navigation 
systems. This system should include a lunar navigation system that can provide the crew with 
consistent communication and precise navigation. Navigation is needed for safety (i.e., return to 
home base or site for safe haven) and science. Geographic location on Earth is defined by two 
coordinates, latitude and longitude, which can give a specific location outside of a reference 
point heavily used in terrestrial science. Without a lunar navigation system, the science may not 
be as accurate, hampering the pace of scientific discovery. There are many different means to 
develop and deploy a suitable lunar navigation system. 

If Artemis era missions are focused mainly on the lunar South Pole area, then crewmembers will 
be dealing with extreme lighting conditions (Section 7.6). These conditions will have oblique 
lighting angles with extreme shadows. Lunar regolith can be highly reflective, and darkness can 
last for months on end. Permanently shadowed regions are extremely dark and very cold (i.e., 
outside the nominal range of EVA operations of ±200 °F), and areas that remain in shadow for 
months on end can become extremely cold (Section 7.4). This will require development of new 
spacesuit technologies to keep the crew warm and the spacesuit materials operable, including 
materials that remain compliant and secure at cryogenic temperatures.

EVA advancements are needed to make the process of EVA easier. Less overhead and less risk 
for each individual EVA will enable more time devoted to the scientific or maintenance aspect of 
the spacewalk. This can be in-suit improvements in mobility, mass reduction, and center of 
gravity adjustments. Environment advances for shorter prebreathe, quicker depress/repress, and 
less vehicle overhead are other improvement areas. Hardware and software concepts (e.g., 
advanced electronic information delivery) as part of the suit system could increase crew 
autonomy and alleviate some of the more detailed communication with Mission Control on 
Earth.

While it is still early in Artemis campaign development, significant advancements toward filling 
the technology gaps are expected as the Artemis infrastructure develops. As the missions build 
upon one another, so will the technology. In particular, initial missions should be testing dust 
tolerance and mitigation to support the lifecycle of the hardware, both internal in the habitation 
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infrastructure and external hardware that is constantly exposed to the harsh environment on the 
Moon. At all stages, ensuring the safety of the crew is paramount. 

R-4. To ensure the safety of the crew on prolonged missions, early environmental testing 
should be conducted for life support system tolerances and hardware exposure impacts 
during initial Artemis missions.

8.6 Required “Sustained Presence” Capabilities
To enable EVA operations, a consistent resupply of consumables needs to occur. These 
consumables can be delivered from Earth, mined from lunar resources, or obtained through a
combination of the two. A constant resupply of oxygen, water, and power are required. 
Spacesuits have a low tolerance for contaminants in the water, and decompression sickness risks 
increase with low oxygen quality, so high-quality pure water and pure oxygen are required. 

Other manufactured consumable items currently utilized by EVA crewmembers are maximum 
absorbency garments (MAGs), in-suit drink bags, and thermal undergarments. For a sustained 
presence that limits the delivery of manufactured items from Earth, new technology must be 
explored, whether in waste collection, drink bag sterilization for reuse, or the ability to fully 
launder dirty clothes. 

As discussed in required infrastructure, dust mitigation, communication, and navigation are all 
required for sustained operations. The capabilities of the ABC should increase over time as early 
missions transition from “frontier outpost” to semi-permanent facilities.

The ability for crewmembers to be mobile in both pressurized and unpressurized vehicles will be 
critical to continued exploration and will enhance science that needs to be positioned farther 
away from the environmental impacts of a human encampment, whether they are chemical, light, 
or radio noise. Outposts or “safe haven” concepts can allow a crew to extend their range farther 
afield and still be able to revitalize or repair their vehicle enroute to the worksite.

In the Artemis era of the 2030s and 2040s, the human-robotic lunar surface infrastructure will 
grow from relatively short human stays (less than a single lunar month) supported by surface-
based robotic systems to longer duration stays with greater human and robotic capability. This 
effort begins with the establishment of an ABC in the south polar region (Figure 8.6-1). 
However, the Artemis era will also likely see objectives pursued that extend across the lunar 
globe. The Artemis era will allow science to be pursued in local detail through repeated visits 
and permanent stations, and through far-reaching expeditions to new and unexplored regions—
including the lunar far side [NASA Artemis Plan, 2020]. 

In support of this new era in lunar science, an early human-robotic presence will establish 
fundamental capabilities for conducting repeated lunar surface landings and departures, 
including habitation, human mobility, EVA, surface power, communications, and navigation. A
growing number of supporting logistical functions should also be established.  

Supplying crews to both live and work on the lunar surface includes providing food, water, 
breathing air commodities, as well as staging, installing, operating, and maintaining a growing 
amount of available scientific equipment (e.g., science racks, instruments, tools). 

Expanding from this initial state, however, one can envision the establishment of pressurized 
volumes that can serve as dedicated laboratory space for lunar scientists that are separately 
outfitted from the living quarters. More space for more equipment, and more shop capabilities to 
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support the work. Larger scale research can be conducted with more and larger instruments, a 
wider array of analytical equipment and needed storage space; fabrication tools and supplies; 
access to more electrical power, and networking with other surface-based crews, robotic aids, 
and other remote science stations. A good historical example is the progressive buildup of 
research and support capabilities on Antarctica. 

Figure 8.6-1. Potential ABC Locations about Lunar South Pole 
[reprinted from https://www.nasa.gov/press-release/nasa-identifies-candidate-regions-for-landing-

next-americans-on-moon] 

8.7 Artemis Architecture
NASA is employing a methodology that a) starts with the end in mind envisioning a sustainable 
and productive science enterprise, b) understands the initial capabilities and financial constraints 
of the government, industry, and academic partners, and c) analyzes the gaps in necessary 
infrastructure to achieve longer term objectives. This architecting from the right and executing 
from the left approach is shown in Figure 8.7-1, as it begins building the bridge to a new era in 
unique lunar science, technology, and research from the Moon [Free and Vogel, 2022]. 
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Figure 8.7-1. Lunar Element Architecture and Execution

The current Moon to Mars strategy emplaces many of the types of capabilities that will be 
needed to conduct unique human-robotic science from the Moon (Figures 8.7-2 and 8.7-3). 
These initial capabilities, to be available in the 2030s, will also help prepare for the first human 
missions to Mars. Common capabilities to be demonstrated include:  

Long durations for crews in zero gravity (lunar Gateway and Mars transit operations).
Crew sizes amenable to conducting effective deep space missions.
Mobile expeditions (range and duration).
Fission surface power.
ISRU at pilot plant scale.
Partial gravity operations on the surfaces of other worlds.
Some degree of autonomous robotic system activity with/without surface crews.
Contingency methods and techniques employed across human-robotic systems.
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Figure 8.7-2. Methodology for Architecting Lunar Systems, Operations, and Infrastructure in the 
Artemis Ear (2030s through 2040s) 

Figure 8.7-3. Moon to Mars Exploration Strategy—Operations on and Around the Moon Will Help 
Prepare for First Human Mission to Mars
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Challenges come with south polar sites, from which human-based science capabilities will be 
based. The terrain around the south pole’s Shackleton Crater, whose northwest rim is located on 
the geographical south pole, is rugged and offers only low incident angle sunlight and is in 
shadow for many months as the local terrain blocks the Sun during lunar obliquity swings; 
however, it also provides opportunities for relatively long durations of illumination. This is 
needed not only for visibility during operations but also provides the ability for solar power use 
and avoids very low temperature environments. PSRs are abundant and in many different sizes. 
This is both a science and utilization opportunity and an operational challenge to humans and 
machines.

Viewing maps of the lunar landscape can be deceiving in scale. Figure 8.7-4 shows the 
“metropolitan scale of the image, as well as the deceiving depth of a crater such as Shackleton” 
[Artemis Plan, 2020].  

Figure 8.7-4. Lunar South Pole with Shackleton Crater

Surface operations and support functions were offered at the workshop (Figure 8.7-5) as a 
notional view of what might be included when architecting from the right (i.e., from the vantage 
point of the 2030s and 2040s). Some functions will emerge in the actual architecture as sited 
elements, others as shared elements, and other a hybrid combination of functions. The emphasis 
here is on the logistical and interconnecting support functions that allow the architecture to take 
on ambitious activities more effectively as the Artemis era unfolds. 
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Figure 8.7-5. Notional Long-term Surface Operational Functions relevant to Workshop Objectives 
(This figure was a product for the NESC Workshop, by C. McCleskey and M. Lewis, KSC, June 8, 

2022.) 

Surface science operations during the Artemis era occur in a cycle of human-robotic activity, as 
depicted in Figure 8.7-6. Without humans, the surface is prepared, and systems are deployed as 
necessary via various uncrewed modes of operation. The surface is robotically explored, and 
unique science from the Moon (e.g., astrophysical observations) can occur in various uncrewed 
modes, with assistance from remote crews based either in space (i.e., Gateway) or from 
Earth. Given the short ~2-sec latency telerobotic operations from Earth and the need to prioritize 
astronaut time when they are at the Gateway, it is likely that telerobotic operation of robots on 
the lunar surface from Earth will be the more efficient approach.  
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Figure 8.7-6. Cycle of Lunar Surface Activity with Shackleton Crater Emphasized

Certain systems can then prepare for the arrival of the human crews on the surface. Once the 
crew arrives, planned activities using the unique capabilities of the surface crew begin, and the 
unique abilities of surface-based machines can aid the expedition in its science activities.

Some of these may include science intravehicular activities (IVAs) inside pressurized volumes, 
or EVAs by suited surface crews. Additionally, extravehicular robotic (EVR) activities will 
combine the strengths of humans and machines on the lunar surface.  

An example of a lunar science facility deployment objective was taken up by the workshop  
(i.e., emplacement of a radio telescope or, more ambitiously, a network of such instruments on 
the far side of the Moon (see Figure 8.7-7)). The surface operations and support functions shown 
in Figure 8.7-5 are all likely needed for this application in some manner. 

Basic concepts of deployment have been proposed (e.g., Bandyopadhyay et al. [2021a] and 
Burns et al. [2019a]). However, these require further architectural exploration and engineering 
analysis (e.g., documented concepts of power, robotic design and development, delivery and 
logistics, risk analysis, cost analyses, etc.). These concepts may benefit from a combination of 
human and robotic activity, such as pre-arrival robotic setups/prefabricated deployments, 
assembly operations, and unforeseen nonconformances, which are better handled by on-site 
crews to ensure the success of the science and sustain the observatory operations. 

Ahead of such ambitious undertakings are science site master planning and governance of 
science activities, in addition to the delivery, emplacement, construction, assembly, activation, 
test, operations, and sustainment tasks. Also, the cost and economics of the endeavor should be 
examined.
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Figure 8.7-7. Concepts for Lunar Crater Radio Telescope (LCRT) on Far Side of Moon  
[reprinted with permission from S. Bandyopadhyay, JPL] 

In summary, architectural trades are needed, with a view toward a long-term, comprehensive 
functional scope to determine best means to meet science facility deployment objectives across
the science facility life cycle (see Figure 8.7-8).
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Figure 8.7-8. Infrastructure for Lunar Surface Science

F-4. To avoid costly and potentially hazardous designs, systems engineering for both science
payloads and exploration capabilities must bridge the HQ mission directorate stovepipes.  

F-5. Currently, science requirements are being retrofitted to the Artemis capabilities, which is
limiting the possibilities and unlikely to enable breakthrough decadal-level science.
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8.8 International and Interagency Partnerships
8.8.1 International Collaborations 

The PDS2023 noted that international participation in human programs has the benefit of 
(1) spreading the cost out over a larger number of participating entities and making it more
affordable to each, (2) providing wider participation of scientists, engineers, and the public from
different countries and cultures, and (3) enhancing international cooperation in peaceful
endeavors.

The NESC workshop attendees heard that the European Space Agency (ESA) has commenced a 
Topical Team study of a low frequency radio array on the lunar far side that is similar to
FARSIDE. Professor Marc Klein Wolt from Radboud University in the Netherlands leads this 
team in developing the concept for the Astronomical Lunar Observatory (ALO). The science 
goals for ALO are also similar to FARSIDE, with a focus on measuring the global 21-cm 
spectrum from the early star-forming epochs of the Universe. The proposed ALO would 
synergize with the ESA/US human lunar exploration program, while building on European 
technology heritage. ALO is one of several ESA concept studies currently underway, including a 
Polar Explorer mission and a Bioscience Moon mission that includes utilization of a European 
Moon Rover system. ALO would make use of the European Large Logistics Lander (Figure 
8.8.1-1), which can deliver 1.5 metric tons to the surface, analogous to goals for NASA’s next-
generation CLPS landers. ALO would employ an ESA multi-purposed modular mobility solution 
for antenna deployment that can carry ~200 kg. In addition, ESA is designing power stations 
based on photovoltaics and possibly a mini-nuclear reactor to power activities such as the ALO. 
The timetable for potential operations on the Moon would be the mid-2030s. At present, the 
ALO Topical Team is focusing on defining the science objectives and requirements and 
coordinating the technology developments.  

Figure 8.8.1-1. European Large Logistics Lander unloading Cargo on the Moon [Courtesy of ESA] 
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Given the similarities in scientific goals, engineering designs, deployment strategies, and lunar 
infrastructure requirements, there is an exciting opportunity for international collaboration on 
building a low frequency array on the lunar far side. There is substantial precedent for such 
international partnerships for astronomical observatories on the ground, including the Atacama 
Large Millimeter/submillimeter Array (ALMA) telescope in Chile and SKA radio telescopes. In 
the short term, it is recommended that NASA identify and collaborate on technology 
developments. In the longer term, NASA should work toward a common lunar array design and 
build the array from multiple launches by individual partners. 

F-6. There is interest in Europe toward building a low-frequency radio telescope array on the
lunar far side. Interagency partnering is to be encouraged. 

8.8.2 Governmental Interagency Collaborations 

Recently, NASA and the DOE negotiated a memorandum of understanding (MOU) for 
collaborations between the two agencies that includes lunar-based science7.

LuSEE-Nite (PI Stuart Bale, UC-Berkeley; A. Slosar is DOE lead) is the first example of a 
funded partnership between NASA and DOE resulting from the MOU (see Section 6.5.5). 
LuSEE-Nite is a pathfinder radio telescope that is scheduled to land on the lunar far side in 2025. 
NASA provides the launch through the CLPS Program and DOE/NASA share funding on the 
radio instrument design and construction. For the first time, sufficient batteries will be carried to 
the Moon to allow operations at night to explore the wavelength window of 1 to 50+ MHz, 
which encompasses 21-cm neutral hydrogen radiation from the Dark Ages. 

At the DOE, the physics of the Dark Ages is housed within the Office of High Energy Physics 
(HEP) that resides inside the Office of Science. HEP is divided into six research areas, including 
the Cosmic Frontier that addresses questions involving the early Universe—dark matter, dark 
energy, and cosmic inflation—all of which can potentially be probed via the 21-cm line 
generated from the Dark Ages. In general, the experiments selected by HEP for funding are 
driven by a bottoms-up community process known as Snowmass/P5. Snowmass is a series of 
workshops that result in community recommendations; P5 is the Particle Physics Project 
Prioritization Panel that issues a report on science priorities within different budget scenarios. 
NASA and DOE have had several successful shared-cost partnerships, including the Fermi-
GLAST gamma-ray observatory and the AMS. LuSEE-Nite was created by a top-down 
NASA/DOE MOU and a community-sounding RFI. It was enabled by DOE’s desire for more 
medium and small projects, by the opportunity for a CLPS-funded ride to the Moon’s surface 
that was too good to miss, and the MOU providing an opportunity to request extra funding from 
Congress. However, future potential lunar high-energy science experiments will need to be 
recommended by the Snowmass/P5 process. 

F-7. The 21-cm cosmology community needs to demonstrate to the DOE Office of HEP the
importance of Dark Ages investigations as a priority for future Snowmass/P5 
recommendations. 

7 https://www.nasa.gov/press-release/nasa-department-of-energy-expand-on-more-than-50-years-of-collaboration
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F-8. NASA, ESA, and DOE have overlapping science interests in using the lunar surface as a
platform for radio astronomy and other science. 

O-8. To avoid duplication of effort and maximize resources, joint NASA and DOE planning
on the requirements to deliver, deploy, and service scientific payloads on the lunar 
surface should be pursued. 

8.9 Proposed Artemis Mission Requirements for Sustained Scientific 
Exploration

The merging of science and human exploration presents a unique challenge compared with the 
typical manner in which robotic science missions are formulated, where the primary goal of the 
mission is purely science, the primary drivers for mission design are cost and the size of the 
launch vehicle, and the risk posture is less rigid. Human missions focus first and foremost on 
safely launching and returning crew, so science objectives often must fit into the “box” provided 
by the human mission architecture.

F-9. For Artemis IV and beyond, the science requirements need to be captured with an up-
front Science Definition Team (SDT) process for both large strategic observatories and 
more modest “Explorer class” competed opportunities. 

F-10. Delivery of scientific payloads to the lunar surface in the late 2020s and beyond may
require larger down-mass and volumes than the current CLPS capabilities. Planning 
future requirements for CLPS 2.0 based on possible scientific investigations should begin 
now to prepare for future decadal surveys (i.e., Astro2030 and Planetary 2032). 

Two examples of this include HST designed around shuttle capability and that ISS science was 
retrofitted into the program. The HST was designed specifically to utilize the space shuttle for 
deployment and servicing, as well as shuttle-based EVA for repairs or upgrades. HSTs size was 
specified to be packaged and carried to orbit in the shuttle’s payload bay, and HST was outfitted 
with a grapple-fixture capable of being captured by the space shuttle’s Canadarm for berthing in 
the cargo bay or deployment. The HST was outfitted with EVA-compatible handrails, latches, 
bolts, portable foot restraints, and orbitally replaceable internal experiments for EVA astronaut 
servicing. The ISS Program considered science and payloads from the outset; however, in 2014 
the Program realized its processes for using the ISS as a laboratory and science platform were 
byzantine and not friendly to the community it wished to serve. It undertook an internal process 
and cultural transformation from “assembly” mode to a “science discovery/commercialization” 
mode with a Program called RISE, Revolutionize ISS for Science and Exploration, which has 
significantly increased the science utilization of the station since assembly complete 
configuration. 

The Artemis architectural asset that provides lunar surface access is the HLS. At the time of 
writing this report, the HLS procurement path [NASA NextSTEP Appendix P, 2022] is 
transitioning from its “initial” phase (i.e., design studies, risk reduction activities, and initial 
development) to full development and demonstration. Future large-scale science investigations 
like the ones envisioned in this report will rely on the still to-be-defined recurring transportation 
services contract, transitioning from short-duration “sortie” missions to longer-duration 
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“excursion” missions and the establishment of the ABC. All of these “design reference missions” 
define utilization requirements and baseline ConOps, including crew staging vehicle, surface 
crew size, surface mission duration, landing location, amount of lunar nighttime operations 
allowed, surface habitation element, number and duration of EVAs, and payload mass to/from 
the surface.

Other considerations relevant to surface science investigations include operations, mobility, 
power, communications, and servicing. 

R-5. Beyond Artemis IV, the SMD and the ESDMD should continue to be empowered to
collaboratively define mission requirements to accomplish decadal-level science via 
human exploration missions.  

8.9.1 Operations

The primary function of surface science is the gathering of science data through a variety of 
types of instruments and sensors. The success of a lunar science mission depends on a properly 
designed and built space segment, a successful launch and lunar landing, the ground segment, 
and successful mission operations, carried out by a team of experts using the infrastructure and 
processes of the mission’s ground segment. The in-space operations for lunar science depends on 
two phases of equal importance: mission preparation and mission execution. The below sections 
describe considerations for the operations phase: mobility/transport, power, interfaces, 
communications/telemetry, and servicing/repair.  

8.9.2 Mobility/Transport

All lunar surface science will need to be brought to the lunar surface on different varieties of 
landers. Some landers may be specifically designed to transport only science (i.e., the CLPS 
landers). Some science packages or elements/sensors will need to be deployed to or along the 
lunar surface, requiring deployment mechanisms, cranes/ramps, and or mobility systems. 
Deployment and mobility systems should attempt to be autonomous unless they are brough to the 
surface with astronaut crew EVA in their primary plan (e.g., systems delivered with HLS lunar 
landers). 

8.9.3 Payload Power/Interfaces

Science experiments and sensor packages will require power to function. Longer-term power 
requirements for science may require solar power systems and batteries or radioisotope 
thermoelectric generators (RTGs). Science systems that are deployed near certain permanent 
lunar facilities could take advantage of distributed power systems, once available.

8.9.4 Communications Bandwidth and Noise Considerations 

Science data are converted to telemetry and sent back to Earth through a proposed lunar 
communications network and the DSN. Most science experiments will require a forward 
command path for instruments; however, bandwidth restrictions, satellite coverage, and radio 
quiet regions will limit continuous communications. Science data and telemetry is routed to 
appropriate Payload Investigators and science teams through appropriate distribution networks 
and control centers. 

F-11. With a short ~2-5 sec communication latency time, telerobotics operation from the Earth
maybe be acceptable compared with control conducted by astronauts in cislunar space. 
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There may be a time efficiency and potential for 24-hour operations to be gained by Earth 
telerobotic operation compared with using very limited cislunar crew time. Such 
operations can be the precursor to lunar surface human-robotic operations. 

8.9.5 Are Repeat Visits/Servicing Required?

If a science experiment or deployed payload requires astronaut EVA repair or servicing for 
upgrades, the appropriate EVA interfaces should be designed into the system for ease of access 
and replacement of components. Use of the appropriate NASA standards for handling, 
connectors, replaceable units, and sharp edges, as well as appropriate design reviews and 
consultations should be employed early in design. Science payloads should not require use of 
unique tools but should utilize the NASA standard for EVA tools and interfaces.

Another factor to consider is whether assets can be deployed (cargo delivery) or constructed 
robotically in advance of the human presence. Large-scale surface endeavors must consider the 
efficiency and interoperability of in-situ manufacturing versus robotic delivery versus human 
delivery. Science operations should be designed to be as autonomous as practical without EVA 
astronaut requirements for deployment. 

9.0 Findings, Observations, and Recommendations
9.1 Findings
F-1. Realizing use of the Moon as a platform for science will require high-priority science and

mission endorsements from future decadal surveys. 

F-2. While the lunar surface environment is challenging, with dust contamination and
maintaining a far-side radio quiet zone being the major concerns, no showstoppers to 
using the Moon as a platform for science observatories were identified. 

F-3. The frequencies being observed by proposed low-frequency radio telescopes are lower
than typically used for spacecraft communications, so the major concern with 
maintaining the SZM is with broadband radio emitters (i.e., high-power switching 
circuits, motors, and digital noise from computers).  

F-4. To avoid costly and potentially hazardous designs, systems engineering for both science
payloads and exploration capabilities must bridge the HQ mission directorate stovepipes.  

F-5. Currently, science requirements are being retrofitted to the Artemis capabilities, which is
limiting the possibilities and is unlikely to enable breakthrough decadal-level science.

F-6. There is interest in Europe toward building a low-frequency radio telescope array on the
lunar far side. Interagency partnering is to be encouraged. 

F-7. The 21-cm cosmology community needs to demonstrate to the DOE Office of HEP the
importance of Dark Ages investigations as a priority for future Snowmass/P5 
recommendations. 

F-8. NASA, ESA, and DOE have overlapping science interests in using the lunar surface as a
platform for radio astronomy and other science. 
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F-9. For Artemis IV and beyond, the science requirements need to be captured with an up-
front Science Definition Team (SDT) process for both large strategic observatories and 
more modest “Explorer class” competed opportunities. 

F-10. Delivery of scientific payloads to the lunar surface in the late 2020s and beyond may
require larger down-mass and volumes than the current CLPS capabilities. Planning 
future requirements for CLPS 2.0 based on possible scientific investigations should begin 
now to prepare for future decadal surveys (i.e., Astro2030 and Planetary 2032).

F-11. With a short ~2-5 sec communication latency time, telerobotics operation from the Earth
may be acceptable compared with control conducted by astronauts in cislunar space. 
There may be a time efficiency and potential for 24-hour operations to be gained by Earth 
telerobotic operation compared with using very limited cislunar crew time. Such 
operations can be the precursor to lunar surface human-robotic operations. 

9.2 Observations
O-1. Exploration that does not include science as one of the primary objectives is a lost

opportunity and likely to mean the exploration program is not sustainable.  

O-2. While there have been notable successes (e.g., HST, ISS), the scientific community is
wary of engaging human exploration capabilities because of past changes in destinations, 
shifting priorities, and delays.  

O-3. Science investigations of decadal-level quality must be a critical part of a sustained lunar
presence and preparation for future Mars missions.  

O-4. Fully robotic missions to deliver scientific payloads to the lunar surface have been
studied and are feasible.

O-5. In the near future, there will likely be increased cooperation between human and robotic
exploration. 

O-6. The workshop participants concurred with PDS2023 findings and recommendations
regarding NASA’s Organizational Structure for Incorporating Science into Human 
Exploration.

O-7. Any human assembly of scientific instruments or observatories on the lunar surface
should focus on items that cannot be affordably and technically implemented by robots.  

O-8. To avoid duplication of effort and maximize resources, joint NASA and DOE planning
on the requirements to deliver, deploy, and service scientific payloads on the lunar 
surface should be pursued. 

9.3 Workshop Recommendations
The following NESC recommendations are directed to SMD and ESDMD for consideration: 

R-1. All future decadal surveys should request briefings from NASA on the current status of
the Artemis architecture and the overall Moon to Mars strategy in a public forum so that 
viable mission concepts can be discussed and proposed. 

R-2. Adequate low-frequency RFI testing, screening, and shielding must be considered for all
spacecraft and payloads that will be visible from the lunar radio quiet zone. Spacecraft 
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equipment destined for the SZM must be designed to standards to minimize RFI and be 
subjected to radio noise validation tests. 

R-3. To enable servicing, design of future observatories or instruments deployed on the lunar
surface should follow the HST and ISS models, where standards are followed to make 
them astronaut friendly for servicing (e.g., standard bolt sizes, easily accessible 
electronics cards, avoidance of sharp edges). 

R-4. To ensure the safety of the crew on prolonged missions, early environmental testing
should be conducted for life support system tolerances and hardware exposure impacts 
during initial Artemis missions. 

R-5. Beyond Artemis IV, the SMD and the ESDMD should continue to be empowered to
collaboratively define mission requirements to accomplish decadal-level science via 
human exploration missions.  

10.0 Alternate Technical Opinion(s) 
No alternate technical opinions were identified during the course of this assessment by the NESC 
assessment team or the NESC Review Board (NRB).] 

11.0 Other Deliverables
No unique hardware, software, or data packages, other than those contained in this report, were 
disseminated to other parties outside this assessment.] 

12.0 Recommendations for the NASA Lessons Learned Database
No recommendations for NASA lessons learned were identified as a result of this assessment.

13.0 Recommendations for NASA Standards, Specifications, Handbooks,
and Procedures 

No recommendations for NASA standards, specifications, or procedures were identified as a 
result of this assessment.

14.0 Definition of Terms 
Finding A relevant factual conclusion and/or issue that is within the assessment 

scope and that the team has rigorously based on data from their 
independent analyses, tests, inspections, and/or reviews of technical 
documentation. 

Lesson Learned Knowledge, understanding, or conclusive insight gained by experience 
that may benefit other current or future NASA programs and projects. 
The experience may be positive, such as a successful test or mission, 
or negative, as in a mishap or failure. 

Observation A noteworthy fact, issue, and/or risk, which is not directly within the 
assessment scope, but could generate a separate issue or concern if not 
addressed. Alternatively, an observation can be a positive 



NESC Document #: NESC-RP-22-01729 Page #:  74 of 96

acknowledgement of a Center/Program/Project/Organization’s 
operational structure, tools, and/or support.

Recommendation A proposed measurable stakeholder action directly supported by 
specific Finding(s) and/or Observation(s) that will correct or mitigate 
an identified issue or risk. 

Supporting Narrative A paragraph, or section, in an NESC final report that provides a 
detailed explanation of a succinctly worded finding or observation. For 
example, the logical deduction that led to a finding or observation, 
descriptions of assumptions, exceptions, clarifications, and boundary 
conditions. 

15.0 Acronyms and Nomenclature List
μm micron (micrometer)
3GPP 3rd Generation Partnership Project 
°C degrees Celsius
ABC Artemis Base Camp
AKR Auroral Kilometric Radiation
ALMA Atacama Large Millimeter/submillimeter Array (telescope, Chile)
ALO Astronomical Lunar Observatory  
AMS Alpha Magnetic Spectrometer
APL Applied Physics Laboratory 
arcmin arcminute
Astro2020 Decadal Survey on Astronomy and Astrophysics 2020 
AU astronomical unit, roughly the distance from Earth to the Sun (equal to 

150 million kilometers or 93 million miles)
BPS Biological and Physical Sciences
CCD Charge-coupled Device 
CLPS Commercial Lunar Payload Services
CMB Cosmic Microwave Background 
CME Coronal Mass Ejection
CMI Cyclotron Maser Instability
ConOps Concept of Operations 
CPNT Communications, Pointing, Navigation, and Timing 
DAM Decametric Radio Emission
DIM Decimetric Radiation
DOE Department of Energy
DSN Deep Space Network
DSNE Design Specification for Natural Environments 
EESS Earth Exploration-satellite Service
ELF Elliptical Lunar Frozen [orbit] 
EM Electromagnetic
ENA Energetic Neutral Atom
EoR Epoch of Reionization 
ESA European Space Agency
ESD Electrostatic Discharge
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ESDMD Exploration Systems Development Mission Directorate 
EUV Extreme Ultraviolet 
EVA Extravehicular Activity
EVR Extravehicular Robotic 
FAST Five-hundred-meter Aperture Spherical Radio Telescope
FDTD Finite Difference Time Domain
FWHM Full Width at Half Maximum
Gbps gigabits per second 
GCR Galactic Cosmic Radiation
GHz gigahertz 
GNSS Global Navigation Satellite System
HEP Office of High Energy Physics, DOE
HEPA High Efficiency Particulate Air [filter]
HERA Hydrogen Epoch of Reionization Array
HI Neutral Hydrogen Line 
HLS Human Landing System 
HSO Heliophysics System Observatory 
HST Hubble Space Telescope
Hz hertz
IAU International Astronomical Union 
ICD Interface Control Document 
ILOA International Lunar Observatory Association 
ILO-X Up-looking camera sponsored by the ILOA and built by Canadensys 

Aerospace; Intuitive Machines CLPS mission 1 (IM-1) 
IM-1 Intuitive Machines 1 (CLPS mission) 
IR Infrared
ISRU In Situ Resource Utilization
ITU International Telecommunication Union 
ISS International Space Station
IVA Intravehicular Activity 
JAXA Japan Aerospace Exploration Agency 
JHU Johns Hopkins University 
JPL Jet Propulsion Laboratory 
kHz kilohertz 
km kilometer
kW kilowatt
LADEE Lunar Atmosphere and Dust Environment Explorer 
LCRT Lunar Crater Radio Telescope
LEAG Lunar Exploration Advisory Group 
LEU Low Enriched Uranium  
LOFAR Low-frequency Array 
LSSW Lunar Surface Science Workshop
LUT Lunar-based Ultraviolet Telescope
m meter
MAG Maximum Absorbency Garment 
MAXI Monitor of All-sky X-ray Image (JAXA)
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Mbps megabits per second
MHz megahertz
mm millimeter
MMOD Micrometeoroid and Orbital Debris
MO Missions of Opportunity 
MRE Molten Regolith Electrolysis
MWA Murchison Widefield Array
NAIC NASA Innovative Advanced Concepts 
NAS National Academy of Sciences
NICER Neutron Star Interior Composition ExploreR (X-ray telescope on the ISS)
NSF National Science Foundation 
NTC Non-thermal Continuum (radiation) 
OVRO-LWA Owens Valley Radio Observatory Long Wavelength Array 
pc parsec
PDS2023 2023-2032 National Academy of Sciences Planetary Decadal Survey
PEM Proton Exchange Membrane 
PI Principal Investigator
PSR Permanently Shadowed Regions 
RAS Radio Astronomy Service 
RDSS Radiodetermination Satellite Service
RF Radio Frequency
RFC Regenerative Fuel Cell
RFI Radio Frequency Interference 
RISE Revolutionize ISS for Science and Exploration 
RNSS Radionavigation Satellite Service
RPS Radioisotope Power System 
RTG Radioisotope Thermoelectric Generator
SCaN Space Communications and Navigation 
SCEM Scientific Context for Exploration
SDT Science Definition Team
sec second
SEE Single Event Effect
SEP Solar Energetic Particle
SFCG Space Frequency Coordination Group 
SLS Space Launch System
SKA Square Kilometre Array  
SMD Science Mission Directorate
SOFC Solid Oxide Fuel Cell 
SRS Space Research Service
STD Standard
STM Science Traceability Matrix
STMD Space Technology Mission Directorate 
SZM Shielded Zone of the Moon
TB terabyte
THz terahertz
TRL Technology Readiness Level 
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TT&C Telemetry, Tracking, and Control 
UV Ultraviolet
W/m2 watts per square meter, solar irradiance
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