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Introduction

Earth can be damaged or destroyed by external forces — meteors, asteroids, solar flare-ups and the storms that follow them. Preventing that takes more than warnings. It takes very large protection mechanisms, and those mechanisms take tools, and those tools take energy that can be stored and spent as work.

The hard problem is transfer: tap kinetic energy where motion already exists; absorb sunlight into systems that convert light into electrical and thermal power; then store that power as kinetic energy in flywheels, rotating plant, accelerated mass, and the moving parts of machines. From that stored work, build the next tool. With those tools, mine, process, and manufacture the shields, interceptors, and hardened infrastructure that stand between Earth and the sky.

Forging Ahead is not a catalog of futuristic gadgets. It is a stacked industrial argument. Every machine rests on proven physics and on mechanical, chemical, and electrical systems already demonstrated in labs or industry. Groundbreaking technology is produced on Earth and deployed to the Moon — beginning with an intelligent Recombinator designed to mimic a healthy human cell: selective intake, mitochondrial energy, controlled manufacture, recycling before waste, signaling with peers, and homeostasis. It travels, collects, assesses, recombines, and ejects with maximum efficiency, productivity, resourcefulness, and waste prevention. We build from the basic to the complex — economically, with maximum simplicity. The Sun powers the forge. Water, harvested or made, carries force because it is incompressible. Nitrogen and hydrogen make ammonia we can store and crack for energy when panels are dark. Sunlight, tapped motion, and ammonia stores feed tools; tools feed mines and foundries; foundries feed planetary protection.

Read it as an engineer would: each chapter hands mass, energy, force, or information to the next — until the output is not merely ore, but defense.

The book is segmented that way on purpose. Part I lays foundational systems. Part II builds process plant on top of them. Part III assembles the cell-like Recombinator industry. Part IV adds communication and the complex roles that only work when machines can report status, request replenishment, and act on urgency — because a silent forge cannot protect a planet.


How to use this book as a build manual

Each chapter is laid out the same way, so you can read it as an argument or work through it as a manual.


	What you’ll build and What you’ll need open every chapter. The first box lists the machines and capabilities the chapter adds. The second lists the materials, the tools, and the chapters that must be finished first.

	Build Sheets sit beside every machine plan and are numbered by chapter: Build Sheet 7.3 is the third machine of Chapter 7. Each sheet gives the parts with their materials, sizes, and masses; the tolerances; numbered build steps with temperatures and times; and the acceptance test the finished machine must pass. Every number on a sheet is taken from the chapter around it.

	Simulation spec (Unity build notes) follows each machine plan. It describes the machine for the Unity game engine, so its joints and motions can be tried on a screen before any metal is cut. The Appendix holds the full simulation spec.

	Checkpoints close every chapter. They are the tests that should pass before you build on that chapter’s work.

	The Appendix opens with a build index: every machine, its chapter, its build sheet, and the machines it depends on.



The numbers are first-order engineering targets: the right size, the right temperature, the right order of work. They show what a real design must meet, and a qualified engineer must check and refine them before anything is built or flown.





Part I — Foundational Systems


Basic physics, feedstock, sensing, transport, and contact. No complex fleet roles until these hold.





Chapter 1 — Why Leave Earth for Ore

Civilization’s survival problems are not solved by another app. They are solved by massive protection mechanisms — structures and fleets large enough to stand against meteors, asteroids, and solar flare-ups. Those mechanisms are built by tools. Those tools are driven by energy that must be captured, transferred, stored as kinetic work, and spent on mining, processing, and manufacturing. That is the issue at the center of this book.


What you’ll build


	The forge’s working doctrine: the stack that carries a joule from sunlight to a protection mechanism.

	Three ledgers you will keep for every later machine: energy, mass, and information.

	The Recombinator’s design brief, a healthy human cell, and its mandates.






What you’ll need


	Materials: none. This chapter builds the plan, not hardware.

	Tools: a notebook or spreadsheet for the ledgers; a calculator for kinetic energy (½Iω²), power, and momentum.

	Prerequisites: none. High-school physics (energy, power, momentum) is enough.






The forge: the Sun first — then motion and ammonia

Nature already concentrates energy in forms we can name with textbook physics. We will rely heavily on the Sun. It is the most useful and available power resource for the systems in this book. Highly available elemental routes — water for hydrogen, nitrogen for ammonia fuel — time-shift that solar work into tanks and crackers when the panel is in shadow or the load is far from the array.

Sunlight (primary). Photons hit a surface. Photovoltaics turn part of that flux into voltage and current. Materials also absorb sunlight as heat; a cold face — radiator to the sky, a shadowed gore of the rolling ball, the lunar night — creates a heat/cold differential. That ΔT drives thermoelectric (Seebeck) power and/or solar-thermal engines: proven physics, no new laws. For high heat, highly polished lenses do the first heating, mirrors collect, and a lens sets the final focus; a lens focused on one face of a Peltier tile turns the same ΔT into DC (Chapters 7 and 8). Aluminum soma spreads heat so the hot side and cold side can be managed; selective coatings drink sun, emissive skins reject it. The control nucleus watches the gradient and harvests when it pays. Every later store — kinetic or chemical — should be accountable to photons that were captured, not to a vague promise of “power.”

Tapped kinetic energy (secondary). Motion in a working plant and in the solar system: rotating shafts, flowing process fluids, reaction wheels, docking relative velocity, drill-string rebound. Couple a generator or linkage and send 12mv2\frac{1}{2}mv^2 or 12Iω2\frac{1}{2}I\omega^2 onto the bus or the shaft — still ultimately paid for by the Sun or by earlier stored work.

Storage as kinetic energy — from pulse to Kinetic Mass Engine/Battery. A flywheel stores work as spin. On a Recombinator, a small kinetic store dumps torque for drive and press pulses. At plant and depot scale the same physics becomes a Kinetic Mass Engine/Battery (KMEB): vacuum-housed rotors on magnetic bearings, modular farms sized toward 100 MWh and 50–100 MW, response under 10 ms. Energy is 12Iω2\frac{1}{2}I\omega^2; for a solid cylinder, 14mr2ω2\frac{1}{4}mr^2\omega^2.

Flexible operation across speeds and loads wants two functional paths around that mass:

Solar→Input transmission→Kinetic mass (+ fluid buffer)→Output transmission→Load\begin{gathered}\text{Solar}\\
\rightarrow\text{Input transmission}\\
\rightarrow\text{Kinetic mass (+ fluid buffer)}\\
\rightarrow\text{Output transmission}\\
\rightarrow\text{Load}\end{gathered}

Input transmission (essential for solar bootstrap): high-ratio gearing plus hydraulics onto the flywheel — torque multiplication, buffering of intermittent sun, and start-from-zero without stalling a small motor. Canonical stack: BLDC/PMSM (~0.96) → 2-stage planetary (~0.98×0.98) → cycloidal (~0.91) → variable axial-piston pump (~0.92) → lines/valves (~0.98) → variable hydraulic motor (~0.92) → coupling (~0.99) → flywheel, with ratios and losses co-optimized (LTCA + MOPSO). Prefer water hydraulics when the environment allows. Charge-path efficiency ≈ 68.9% of DC-bus electrical into kinetic energy.

Output transmission: full hydraulic path through pump → motor → planetary → generator ≈ 76.5% discharge (~52.7% round-trip — longevity over Li-ion peak η); or preferred electrical path — shaft M/G + inverter (~91% discharge, ~63% round-trip) when loads are mostly bus. Mechanical forge tools keep a dedicated hydraulic/gear match. Example: 5 kWh solar electrical → ~3.45 kWh kinetic → ~2.64 kWh out (~2.4 kWh after 20 W × 12 h standby). Keep the rotor in its efficient high-speed band; allow regen when the load can motor.

Steel modular rotors scale industrial MWh; composites chase Wh/kg. Charge from the Sun (and later nuclear foundry buses); discharge into electrolyzers, induction, presses, and docked Recombinators. Pair with ammonia for longer hold: KMEB owns fast cycles and inertia; chemistry owns duration.

Ammonia: manufacture, store, crack. Nitrogen is highly available in Earth’s atmosphere; hydrogen follows from solar-powered electrolysis of water. Industrial Haber–Bosch chemistry combines them into ammonia (NH3\mathrm{NH_3}) — a proven fuel and hydrogen carrier that liquifies under moderate pressure without cryogenic hydrogen’s handling burden. Store it in tanks. Crack it catalytically when systems need hydrogen, heat, or electrical generation away from direct sun. Ammonia does not replace the Sun; it relocates solar joules in chemical form. On the Moon, nitrogen is not free air — early ops budget N2\mathrm{N_2} or NH3\mathrm{NH_3} as essential exogenous input while local water supplies the hydrogen side. Honesty about that dependency is part of healthy metabolism.

The transfer problem is the book’s spine in energy language:


	Absorb sunlight → PV electrical and heat; reject to cold sink → ΔT power (thermoelectric / solar-thermal) (always first).

	Tap kinetic energy from other systems → add to the bus or the shaft.

	Store as kinetic energy — unit flywheels and plant-scale Kinetic Mass Engine/Battery farms (12Iω2\frac{1}{2}I\omega^2) — and as ammonia (manufacture → store → crack) where chemistry wins for duration and mobility.

	Spend stored work to build tools.

	Use tools to mine, process, and manufacture.

	Manufacture very large protection mechanisms for Earth.



Miss a link and you have a science demo. Keep the links and you have an industry that can grow its own defenses.

Consequence: “Power” is whether a photon that left the Sun becomes a joule in a flywheel, a kilogram of ammonia in a tank, a newton-meter at a cutter face, and finally tonnes of shield and interceptor.



Water: the simple working medium

Liquid water is effectively incompressible. Under Pascal’s principle, pressure applied to a confined fluid appears throughout the fluid; a small piston can drive a large ram. That single fact justifies hydraulic presses, anchors, crushers, and forming tools without inventing a boutique working fluid — if you can harvest or manufacture the water.

Water is also feedstock. Electrolysis splits it into hydrogen and oxygen for propellant, metal reduction, and breathing mixes. As bulk mass it shields against radiation and stores heat. Polar lunar ice, hydrated minerals, and carbonaceous asteroids are therefore not “nice to have.” They are the simplest path to force transmission, chemistry, and protection mass in one molecule.

Where hydrogen and oxygen can be liberated from rock and recombined, you can make water when you cannot dig it. That is still simpler than shipping specialty oils across cis-lunar space. Designs in later chapters prefer water hydraulics and water-derived propellant unless vacuum, freezing, or purity forces a narrower exception — and even then the exception must earn its complexity.



Elements first, then compounds — then machines

Earth and Moon are inventories of elements, not catalogs of finished parts. Oxygen, silicon, iron, magnesium, aluminum, calcium, titanium, hydrogen, carbon, nickel, sulfur, nitrogen — these are the letters. Chemistry and metallurgy are the grammar: separate what is mixed, then recombine into oxides, metals, alloys, ceramics, acids, propellants (including ammonia), and binders the workflow actually consumes. Nitrogen’s availability differs sharply by location: abundant as Earth air; scarce as lunar free resource — the playbook must say which.

We do not pretend a refinery mints new elements. Chemical recombination rearranges bonds; it upgrades usefulness. The economic order is strict and simple:


	Harvest the easiest local elements and water.

	Make the fewest compounds that unlock force, heat, and cutting (water, oxygen, a structural metal or ceramic, a fuel pair).

	Only then spend energy on finer alloys, electronics-grade materials, and complex assemblies.

	Each step must pay rent by enabling the next tonne of tool or shield.



Maximum simplicity means one hydraulic medium (water); one primary power source (the Sun); one preferred chemical energy carrier (ammonia — make, store, crack); one materials ladder from regolith and ice up to protection hardware — not a different exotic for every subsystem.



The Recombinator: built on Earth, awakened on the Moon

It is undeniable: the first groundbreaking plant must be produced on Earth and deployed to the Moon. Vacuum, dust, thermal shock, and launch loads are qualification problems you solve in terrestrial labs and test ranges before you trust a machine with the civilizational mission. The seed of the forge is the Recombinator.


Designed like a healthy human cell

The Recombinator is not a living cell. It is built to mimic one — because a healthy cell is already a proven architecture for selective intake, energy conversion, controlled manufacture, recycling, signaling, and staying within safe limits. We copy the organization; we implement it with steel, seals, water hydraulics, semiconductors, and chemistry.


	Membrane. A sealed hull with guarded ports. Dust and vacuum stay out; feedstock and samples enter only through decided gates; products and waste leave only through decided gates.

	Endocytosis / exocytosis. Collect substances and samples into internal bins; eject manufactured items, staged byproducts, and — last — true waste. Ejection is exocytosis: purposeful, labeled, never a leak.

	Mitochondria. The Sun is first: PV and solar-thermal become electrical power and heat; tapped kinetic energy and ammonia (stored solar chemistry, cracked on demand) extend that ATP through shadow and distance. No ambitious recombination without a joule budget.

	Ribosomes. Recombination lines read a constrained playbook and assemble compounds, alloys, and parts from elemental letters — manufacture as translation, not improvisation.

	Lysosomes. Damaged parts and “waste” are broken down into simpler useful mass (brick, ballast, shield) before anything is excreted as true waste. Autophagy before trash.

	Nucleus (control computer). A control computer sits at the heart of the Recombinator. It has access to sensors on every device, measuring continuously, deducing problems, weighing options, and planning outcomes before it commands action — always under the genome of allowed workflows and hard safety interlocks.

	Cytoskeleton. Chassis and internal structure keep modules aligned while the unit travels — a mobile cell, not a rooted barnacle.

	Signaling. Peer Recombinators and devices it creates exchange tasks, samples, and docked transfers the way cells in a tissue coordinate — cooperation without chaos.

	Cytoplasm. Where liquid systems are viable, water is the preferred medium: incompressible hydraulics, coolant, solvent, and feedstock in one, as simple as the cell’s own aqueous interior.

	Metabolism. A real cell runs on bioavailable resources it can take from its surroundings — and on essentials that must come from outside the cell itself. The Recombinator is designed and operated the same way.



Bioavailable on site: sunlight first; reachable regolith and metals; polar ice and the water you can melt or make (hydrogen for ammonia); tapped kinetic energy from motion and process flows; recycled internal mass; transfers from peer machines. On Earth-built and Earth-side plant: atmospheric nitrogen as a highly available feedstock for ammonia synthesis.

Essential from outside the local lunar system: the Earth-built seed itself; precision electronics and sensors not yet formable on the Moon; catalysts (including synthesis and cracking catalysts), seals, and specialty reagents; nitrogen or ammonia until a real N account exists; replacement organs beyond local spec; depot or Earth resupply; updated playbooks and safety constraints from human ops.

Prefer the local meal. Budget the vitamins. Widen what counts as bioavailable as the fleet grows — structural metal and water before chips. Early lunar industry is honestly heterotrophic on Earth technology; faking total self-sufficiency is not health, it is failure.

A healthy cell does not hoard toxins, does not burn energy it does not have, does not dump waste on its neighbors, and does not pretend it can synthesize every essential nutrient. Neither may the Recombinator.



Mandates

The Recombinator is intelligent by mandate — and mobile. A fixed box that waits for ore to arrive is not enough. It must travel, collect, process, and eject on purpose.


	Travel across the work site under lunar gravity and dust, reaching ice, highlands, maria, and peer machines without assuming roads that do not yet exist.

	Collect substances and samples — regolith scoops, ice blocks, concentrates, sealed assay vials — into hoppers and tanks it can account for (endocytosis with a ledger).

	Assess every useful resource in its surroundings and in its bins — grades, accessibility, sunlight hours, thermal sinks, joules per kilogram — and label each stock bioavailable local or essential exogenous.

	Decide what to do with each assessment — harvest, stockpile, recombine, haul to a partner, hold until power or reagents exist, or request resupply for essentials (nuclear playbook, not impulse).

	Act through proven hardware: separators, electrolyzers, furnaces, hydraulic rams, forming tools — mitochondrial energy at the cutter and the wheel.

	Eject in three disciplined streams: (a) manufactured items and substances delivered to caches or construction sites; (b) staged byproducts parked as future feedstock; (c) true waste only after lysosomal reuse is exhausted, and never onto ice fields or future pads.

	Prevent waste as cellular homeostasis. Tailings become shield mass, sintered brick, ballast, or thermal storage before they earn the name waste. Efficiency is useful kilograms per joule and closed loops.

	Work with others — peer Recombinators and devices it creates (haulers, drills, sinter stations, tanks). Dock, transfer samples, hand off intermediates, specialize roles under a shared ledger — a tissue, not a mob. The seed becomes a fleet; the fleet becomes the forge.



Intelligence means a control nucleus orchestrating mobility, assay, chemistry, electromechanics, and cooperation — measuring everything it can reach, deducing problems, weighing all relevant factors, planning outcomes — cell logic in engineered matter. It does not replace physics with a wish, invent sensor readings, or skip interlocks. Every wasted tonne on the Moon is a tonne that never became a tool or a shield for Earth.

Bootstrap sequence: design and qualify the cell-organized Recombinator on Earth → launch and land it → travel and collect → assess and recombine → eject products and create devices → communicate status and replenishment needs → cooperate with peers under urgency rules → grow toward the large protection mechanisms Parts I and IV demand. No lunar industry appears from nowhere. It unfolds from mobile, communicating, cooperating intelligent seeds.




External forces: why the product is protection

Earth’s surface systems were built for a quiet sky. The sky is not quiet.


Meteors and asteroids — hostile kinetic energy

An impact is kinetic energy aimed at the biosphere: roughly 12mv2\frac{1}{2}mv^2, at speeds often tens of kilometers per second. City-killers and civilization-killers differ only in mass and aimpoint. Chicxulub is a calibration point, not a myth.

Defense is momentum management early enough that a small Δv\Delta v becomes a large miss at Earth. Kinetic impactors transfer momentum by collision. Gravity tractors tug with mutual mass. Other standoff methods appear in the engineering literature when you must avoid uncontrolled fragmentation. All of them require standing hardware: sensors, vehicles, propellant, guidance — and the factories that replace what was spent.

Here the forge and the threat rhyme. The asteroid threatens with kinetic energy. We answer by choosing kinetic energy — stored, aimed, and transferred on our schedule — while sunlight-fed plants build the next round of tools and interceptors from mined mass.



Solar flare-ups — energy that breaks systems

The Sun sustains life and can fail a technological civilization in hours. Flares and coronal mass ejections drive space weather: geomagnetically induced currents in long conductors, damaged transformers, blinded satellites, radiation dose to crews and electronics. Carrington’s telegraph sparks were a nineteenth-century preview of a twenty-first-century grid.

Protection at this scale is construction: hardened and segmented grids on Earth; radiation shields, storm shelters, and redundant power in space; eventually orbital and cis-lunar plant massive enough to host sensing, power beaming, and industrial surge capacity. Shielding is mass — regolith, water, metal, slag. Mass is a mining and manufacturing problem. Manufacturing is a stored-energy and tooling problem. The chain does not start at “buy more satellites.” It starts at sunlight into spin into tools into tonnes.

Consequence: meteors, asteroids, and solar storms are different headlines. They are one industrial requirement — capture energy, store it as work, build tools, build protection — before the sky sets the schedule.




Why ore beyond Earth

Terrestrial mining still hits grade, energy, water, and waste walls. Those walls matter for transformers, rail, and coastal armor. They are not enough for megatonne-class protection built above the atmosphere or onto threatening rocks. Rockets remain essential; they are not a substitute for a quarry and a forge near the work site. Every tonne of propellant, flywheel rim, shield brick, and interceptor frame refined off Earth is a tonne you did not lift through Earth’s atmosphere.



The stack from energy to shield









	Stage
	What transfers
	What it enables





	Sense
	photons, radio, particles → data
	find threats and ore



	Power
	Sun (PV/thermal) + tapped motion → bus / shafts
	charge stores



	Store
	kinetic (12Iω2\frac{1}{2}I\omega^2) unit + KMEB farm + ammonia (make/store/crack)
	pulse tools / shadow ops / grid-forge



	Tools
	torque, heat, current
	drill, crush, refine, print



	Recombinator
	travel → collect/sample → recombine → eject → cooperate
	Earth-built mobile seed on the Moon



	Mine & make
	feedstock → parts
	grow the plant



	Protect
	mass + aimed momentum + hard power
	defeat rocks and solar storms





Chapters that follow detail each interface with proven mechanics, chemistry, and electrics — always asking: does this joule become a tool, does the Recombinator prevent waste, and does this tool become protection for Earth?



Checkpoints

Do not move on until each test passes.









	No.
	Test
	Pass when





	CP 1.1
	Trace one joule from sunlight to a protection mechanism through every row of The stack from energy to shield.
	Each row names what transfers and what it enables, with no row skipped.



	CP 1.2
	Compute the stored energy ½Iω² of a solid steel disk 1.0 m across and 0.10 m thick (7,850 kg/m³) spinning at 3,000 rpm.
	You get about 3.8 MJ (about 1.06 kWh), within 5 percent.



	CP 1.3
	Pick any machine in this book and answer the three questions the chapter ends on: does this joule become a tool, does the Recombinator prevent waste, and does this tool become protection for Earth?
	Each answer is written down and traceable to a ledger entry.









Chapter 2 — Targets Among the Rocks

Not every rock in the sky is equal. Some hold water. Some hold metal. Some sit close enough that a robot can reach them in months instead of decades. The Moon is the nearest large target — a differentiated rocky body with a distinct crust, mantle, and core, formed roughly 4.5 billion years ago, likely from debris after a giant impact with early Earth. Before any drill turns, you need to know what you are standing on.


What you’ll build


	A target list: which body, which terrain (highland, mare, polar cold trap), and why.

	The forge’s elemental inventory, sorted into separable stocks: O and H; Fe, Ti, and Ni; Al, Ca, and Si; Mg, Si, and O.






What you’ll need


	Materials: none.

	Tools: public lunar maps of composition, illumination, and terrain from orbital missions; the ledgers from Chapter 1.

	Prerequisites: Chapter 1.






The Moon’s Internal Structure

The Moon has a layered structure often compared to a chocolate-dipped cherry: a solid, iron-rich inner core; a mostly molten outer core; a thick, semi-solid mantle; and a thin outer crust. The core is relatively small compared with Earth’s, extending less than one-quarter of the Moon’s radius and containing iron along with some nickel and sulfur.

The mantle is the thickest layer. It is composed mainly of basalt rich in olivine and pyroxene. The zone nearest the core may be partially molten — a condition that may help explain some moonquakes. Above that, the crust averages about forty kilometers thick, though thickness varies sharply between the near and far sides. That asymmetry matters for mining strategy: lava once reached the near side more easily; the far side stayed harder to flood.



Surface Composition

The lunar surface is dominated by oxygen, silicon, iron, and magnesium, with oxygen making up roughly forty-five percent of surface material by weight. A fine, powdery layer of regolith — created by constant micrometeorite bombardment — covers the surface, yet it is compact enough to support the weight of astronauts and equipment. That dust is both resource and hazard: feedstock for oxygen extraction and sintered brick, and an abrasive that will wear every seal and bearing you send.

Two primary rock terrains define what you see through a telescope, distinguished by color and composition.

Highlands. Light-colored and elevated, covering about eighty-three percent of the surface. The dominant rock is anorthosite — rich in calcium and aluminum. Ages run roughly 4.1 to 4.4 billion years. Crater density is extreme: these are the most heavily scarred regions on the Moon.

Maria. Dark, flat plains covering about seventeen percent of the surface. The dominant rock is basalt — rich in iron and titanium. Ages run roughly 3.3 to 3.8 billion years. Crater density is light; the plains look smooth because they flooded later and have had less time to accumulate impacts.



Highlands Versus Maria

The highlands formed first. When a global magma ocean cooled, lighter minerals such as calcium-rich plagioclase feldspar floated toward the surface and locked into anorthosite crust. Because they solidified so early, the highlands have accumulated billions of years of impact scarring.

The maria formed later. Basaltic lava welled up from hundreds of kilometers below the surface and flooded low-lying impact basins, cooling into the smooth, dark plains visible from Earth. For a miner, that history is a map of feedstock: highland anorthosite for aluminum- and calcium-rich chemistry; mare basalt for iron and titanium; polar cold traps for volatiles.



Notable Surface Features

Beyond the highland–mare divide, the Moon displays rilles — long, channel-like depressions likely carved by ancient lava flows, such as the well-documented Rima Ariadaeus. These channels are geologic memory of molten rock in motion, and in places they offer natural corridors across otherwise broken terrain.

Lunar Prospector data also revealed hydrogen concentrations near the poles, hinting at water ice trapped in permanently shadowed polar craters. That ice is the first lunar commodity worth chasing for this book’s designs: hydraulic medium, propellant feedstock after electrolysis, radiation shield, coolant, and solvent — one harvest feeding many machines.

The far side lacks the large dark maria seen on the near side, likely because a thicker far-side crust made it harder for lava to reach the surface there. Any industrial map of the Moon has to treat the two hemispheres as different provinces — not mirror images of the same quarry.



Elemental inventory for recombination

For the forge, the Moon is a short list of harvestable letters. Surface material is dominated by oxygen (about forty-five percent by weight), then silicon, iron, and magnesium, with aluminum, calcium, and titanium concentrated differently in highlands versus maria. Hydrogen at the poles (as ice or implanted atoms) completes the water story when paired with oxygen liberated from oxides or ice.

A simple workflow treats these as separable stocks:


	O, H → water (assemble or melt), then H2/O2\mathrm{H_2}/\mathrm{O_2} by electrolysis when shafts need chemical energy.

	Fe, Ti, Ni (where present) → magnetic and thermal paths toward structural metal.

	Al, Ca, Si (highlands) → ceramics, sintered structural media, and aluminous chemistry.

	Mg, Si, O → slag, glass, and binder precursors once heat is available.



Each recombination is a chemical or metallurgical step already known on Earth — reduction, melting, sintering, electrolysis — sequenced so the next tool needs only what the last step made. Complexity waits its turn. The Recombinator’s first job after landing is to turn this inventory into a live ledger: what is nearby, what it costs in joules, what to make first so nothing useful is wasted.



Checkpoints









	No.
	Test
	Pass when





	CP 2.1
	Write the oxygen stock for 1,000 kg of typical lunar surface material.
	About 450 kg, from the forty-five percent by weight given above.



	CP 2.2
	Map each of the four separable stocks (O and H; Fe, Ti, and Ni; Al, Ca, and Si; Mg, Si, and O) to its first product.
	Each stock has a product and a known Earth process: reduction, melting, sintering, or electrolysis.



	CP 2.3
	Choose a first site and classify it as highland, mare, or polar cold trap.
	The choice names the stocks the terrain favours and the first product it feeds.









Chapter 3 — Sensing the Ore (Assay from First Principles)

Optics, spectrometry, electromagnetics, seismics, and wet chemistry — eyes and hands for turning rock into a resource map before a cutter turns. Foundational data every later status packet will quote.


What you’ll build


	The four-layer assay stack: orbit, standoff, contact, vial.

	Prospector-A, a 95 kg ore-assay rover with a LIBS mast, a five-axis arm with XRF, and a 24-vial sample carousel (Build Sheet 3.1).

	The first layer of the resource map, with an uncertainty on every number.






What you’ll need


	Materials: 6061-T6 aluminum tube and plate; a 1064 nm pulsed laser, spectrometer, XRF head, and cameras; 24 sealable sample vials; a 1.6 m² solar array; a 1.5 kWh battery; calibration targets of mare basalt, highland anorthosite, and ice-regolith simulant.

	Tools: a machine shop; a thermal-vacuum chamber; a dust tank with lunar simulant; a clean bench for the optics.

	Prerequisites: the target list of Chapter 2; the ledgers of Chapter 1.





A miner on Earth can walk the outcrop, crack a hand sample, smell the sulfur, and send a bag to a lab across town. The Recombinator has none of that. It arrives alone on a surface where every sample must be won by a joint that might jam, every measurement made by an instrument that rode a rocket, and every wrong guess paid for in joules it cannot spare. Assay is how the machine stops guessing. It turns rock into numbers that the control nucleus can weigh, the ledger can record, and the playbook can act on.

This chapter builds that sense organ from first principles. It starts with the physics of how matter announces itself, which is light, X-rays, gamma rays, neutrons, sound, and heat. It moves from orbit to arm’s length, and from arm’s length into the sealed vial. It ends with a real machine you could build and animate: an ore-assay rover carrying a laser on an arm.


Why assay is the first industrial act

Every later chapter spends energy on a bet. Melting regolith for oxygen bets that the oxide is there in the grade you expect. Heating an ice-bearing scoop bets that the hydrogen signal was water, not implanted solar-wind hydrogen spread thin through grains. Rolling three kilometers to a crater rim bets that the sunlight, the slope, and the feedstock justify the trip. Assay converts those bets into measured odds.

For the forge, an assay answers five questions, always in this order:


	What elements are here, and how much? Oxygen, silicon, iron, magnesium, aluminum, calcium, titanium, hydrogen. These are the letters from Chapter 2.

	In what minerals and phases? Iron locked in ilmenite (FeTiO3\mathrm{FeTiO_3}) behaves differently from iron in olivine or as native metal grains. The mineral decides the chemistry route.

	In what physical form? Grain size, cohesion, glass content, ice texture, rock fragments. Form decides how the machine collects and beneficiates.

	Over what volume? A rich grain is a curiosity. A rich deposit is a resource. Volume needs depth and lateral extent.

	At what energy cost to win? Grade times accessibility times sunlight hours, divided by joules per kilogram. This is the number the control nucleus actually weighs.



The first three questions are physics and chemistry. The fourth is geology and statistics. The fifth is the forge’s own accounting, and it is why assay belongs to industry and not only to science. A scientist can publish an interesting rock. A Recombinator has to decide whether to spend its last 2 kWh of the lunar afternoon digging it.

Consequence: assay is the interface that converts photons and particles into decisions. If it lies, every downstream joule is wasted. If it is honest about uncertainty, the control nucleus can hedge.



How matter announces itself

There are only a handful of ways a remote instrument can learn what a rock is made of. Each one depends on a physical interaction with a known, measurable energy signature. None needs new physics. All have flown.


Reflected light: the color of minerals

Sunlight hitting regolith is partly reflected. The reflected spectrum carries absorption features where electrons and molecular bonds in specific minerals soak up specific wavelengths. Ferrous iron in pyroxene and olivine absorbs near 1 micrometer, and pyroxene adds a second band near 2 micrometers. Hydroxyl and water absorb near 2.8 to 3 micrometers. This is visible and near-infrared (VNIR) reflectance spectroscopy, and it is how orbiters map mineralogy across whole hemispheres.

India’s Chandrayaan-1 carried NASA’s Moon Mineralogy Mapper, which detected the hydroxyl and water absorption across the lunar surface in 2009. Later analysis of the same instrument’s data reported direct spectral evidence of exposed water ice in permanently shadowed regions near the poles. Reflectance is cheap, fast, and wide-area. Its weakness is depth: it sees the top few micrometers of grains, and lunar space weathering coats those grains with nanophase iron that darkens and mutes the bands. Reflectance tells you where to go, not exactly what you will dig.



X-ray fluorescence: knocking out inner electrons

Hit an atom with an X-ray or a charged particle energetic enough to eject an inner-shell electron, and an outer electron drops into the hole. The energy it releases leaves as a fluorescent X-ray at a wavelength unique to that element. Iron’s K-alpha line sits near 6.4 keV. Calcium’s is near 3.7 keV. Silicon’s is near 1.74 keV. Measure the energy spectrum of returned X-rays and you read the elemental composition directly. That is X-ray fluorescence (XRF).

XRF is the workhorse of terrestrial mining. Handheld units give a reading in seconds. Space variants flew on Mars rovers as the alpha-particle X-ray spectrometer, which combined particle-induced and X-ray-induced emission, and on lunar missions including China’s Chang’e rovers and India’s Chandrayaan orbiters, which used the Sun’s own X-rays as the excitation source. Flares make the Moon fluoresce. The remote instrument just listens.

XRF has two honest limits. It struggles with the lightest elements. Below sodium the fluorescent X-rays are too soft to escape the sample or cross the detector window, so hydrogen, carbon, nitrogen, and even oxygen are poorly measured or inferred by difference. And it only reads the surface layer, from micrometers to around a millimeter depending on energy and matrix. A dusty coating can fool it. Both limits shape the machine design later in this chapter: XRF is paired with an instrument that sees light elements, and the sample is prepared before it is read.



Laser-induced breakdown spectroscopy: make a tiny star

Focus a short, intense laser pulse onto a rock and you vaporize a few nanograms into a plasma hot enough to glow. As the plasma cools over microseconds, excited atoms and ions emit sharp spectral lines. Read the lines with a spectrometer and you have the elemental composition. That is laser-induced breakdown spectroscopy (LIBS).

LIBS is the reason the assay rover in this chapter carries a laser. NASA’s Curiosity rover carries ChemCam, a LIBS instrument developed with the French space agency, which has fired hundreds of thousands of laser shots at Martian rocks from distances up to roughly seven meters. Perseverance carries the successor, SuperCam. LIBS has three properties the forge loves:


	It sees light elements. Hydrogen, lithium, carbon, nitrogen, and oxygen all produce measurable lines. Hydrogen is the one the forge wants most.

	It cleans its own target. The first shots blast away dust and weathered rind. Later shots read fresh rock. Depth profiling comes free with repeated pulses.

	It works at standoff. The arm does not need to touch the rock, which saves contact cycles, dust intrusion, and joint wear.



The cost is that LIBS is harder to make quantitative than XRF. Line intensities depend on plasma temperature, matrix, and ambient pressure, and vacuum changes plasma behavior compared with Martian air. In vacuum the plasma expands quickly and emission is weaker and shorter. The cure is calibration: carry reference targets of known composition, shoot them on the same schedule as the rocks, and let the analysis software, a chemometric model trained on Earth, correct for the matrix. ChemCam carries calibration targets for exactly this



Gamma rays and neutrons: reading below the surface







Sound, radar, and fields: structure without sampling



	Ground-penetrating radar (GPR) sends radio pulses into the ground and listens for reflections from layer boundaries, buried boulders, and changes in permittivity. Chang’e-3’s Yutu rover and Chang’e-4’s Yutu-2 carried lunar penetrating radar that imaged layered regolith and buried basalt flows. Ice changes permittivity, so radar helps bound ice-bearing layers when paired with neutron data.

	Active seismics use a thumper or small charge and a line of geophones. Apollo crews ran active seismic experiments to measure regolith thickness and the depth to bedrock. Sound speed in loose regolith is low, on the order of 100 meters per second, and rises sharply where the rock becomes coherent.

	Magnetometry and electromagnetic induction detect conductive or magnetic bodies. On the Moon, native iron is common as fine grains and nanophase coatings but rarely as large bodies. On metal-rich asteroids, induction methods become far more useful.

	Thermal sensing reveals grain size and rock abundance. Rocks hold heat into the night while fine dust cools quickly. LRO’s Diviner radiometer used this to map rock abundance and to measure temperatures in polar shadowed craters cold enough, around 25 to 40 kelvin in the coldest places, to trap water and other volatiles for billions of years.





Mössbauer, Raman, and wet chemistry: the mineral question



	Raman spectroscopy reads molecular bond vibrations from scattered laser light. It distinguishes polymorphs, identifies minerals grain by grain, and detects water and hydroxyl. Perseverance carries Raman as part of SuperCam and another Raman instrument on its arm.

	Mössbauer spectroscopy uses gamma rays from a cobalt-57 source to probe iron nuclei and report iron’s oxidation state and mineral host. The Mars Exploration Rovers Spirit and Opportunity carried Mössbauer spectrometers. For a forge that wants iron, knowing whether it is metallic, ferrous, or ferric is worth a lot.

	Evolved gas analysis and thermogravimetry heat a sealed sample in steps and watch what comes off with a mass spectrometer: water at one temperature, carbon dioxide at another, implanted hydrogen and helium at others. This is the most direct measure of volatile content. Apollo samples were analyzed this way on Earth; small versions fly on landers and rovers.








The assay stack: orbit, standoff, contact, vial













	Layer
	Instruments
	Footprint
	Depth
	Answers
	Cost per reading





	Orbit
	VNIR reflectance, gamma, neutron, thermal, radar
	kilometers
	micrometers to ~1 m
	where to go
	almost free once flown



	Standoff (rover)
	LIBS, cameras, passive neutron, thermal
	centimeters at meters
	micrometers to millimeters, profiled by repeat shots
	which rock, which patch
	seconds, a few joules



	Contact
	XRF, Raman, microscopic imager, active neutron, GPR
	millimeters to meters
	millimeters to meters
	grade and mineral at the spot
	minutes



	Vial
	evolved gas, Mössbauer, sieving, density, magnetic fraction
	grams
	whole sample
	volatiles, phases, processability
	tens of minutes, heat budget









From counts to grade: calibration and honesty




	Carry standards. Every instrument carries reference targets of known composition, ideally lunar simulants and pieces of the same matrix families the mission expects (mare basalt, highland anorthosite, ice-regolith mixtures). The instrument reads them on a schedule. Drift is measured, not assumed.

	Report uncertainty, always. A grade without an error bar is not data. The control nucleus weighs a ten percent ilmenite reading with plus or minus two percent very differently from one with plus or minus eight.

	Cross-check across methods. If LIBS says iron is high and XRF says it is low, something is wrong: dust coating, a grain-scale anomaly, or a failing detector. The disagreement itself is information. The control nucleus flags it rather than averaging it away.





A worked example: mare basalt versus highland soil





Hydrogen is the hard case







Sampling: getting a true piece of the ground




	Profile with depth. Scrape or drill a short profile and read it at intervals, rather than reading only the surface. LIBS depth profiling and a small trenching scoop do this cheaply.

	Split and archive. Every sealed sample is split: one portion goes to immediate assay, one is archived in a sealed, labeled vial. The archive lets a later, better instrument recheck the result. This is chain-of-custody, the endocytosis-with-a-ledger mandate from Chapter 1.

	Keep it cold if it is icy. An ice-bearing sample warmed in sunlight loses volatiles before it reaches the analyzer. The vial seals in shadow and stays cold until it enters the heated stage on purpose.

	Know your contamination. The machine itself sheds aluminum, lubricant, seal material, and exhaust if anything thrusted nearby. The ledger records what the machine is made of so that its own fingerprints can be subtracted.





The resource map: from points to a deposit











	Field
	Meaning





	Cell ID and location
	grid cell on the site map



	Composition estimate
	oxide or element percentages with uncertainties



	Mineral host
	ilmenite, plagioclase, glass, ice, metal, unknown



	Physical form
	grain size, cohesion class, rock fraction, ice texture



	Depth confidence
	surface only, profiled to N cm, radar-bounded



	Energy to win
	estimated joules per kilogram of target product



	Sunlight and thermal access
	illumination hours, nearby radiator sinks



	Status
	prospect, measured, reserved, mining, exhausted, forbidden








Sensing asteroids: the same physics at a different scale



	Reflectance classes sort asteroids into broad families. C-types are dark and carbonaceous, often bearing hydrated minerals. S-types are stony with silicates and some metal. M-types appear metal-rich. These classes are a starting guess, not an assay.

	Radar from Earth, using large radio dishes, measures shape, spin, and surface roughness, and radar albedo hints at metal content.

	Sample return gives ground truth. Japan’s Hayabusa2 returned material from the C-type asteroid Ryugu in 2020, and NASA’s OSIRIS-REx returned material from Bennu in 2023. Both samples carry water-bearing clay minerals and carbon compounds. Those results mean water-bearing asteroids are not speculation; they are measured.

	Close-up instruments on visiting craft use the same XRF, gamma, neutron, and thermal methods described above. OSIRIS-REx carried an X-ray spectrometer and thermal and visible-infrared spectrometers for exactly this purpose.







Machine plan: Ore-Assay Rover with LIBS Arm (“Prospector-A”)




Purpose


	Survey a site at 1 to 2 kilometers per lunar day of science traverse.

	Fire LIBS at up to 5 meters standoff to read elements including hydrogen, with depth profiling by repeated shots.

	Place an XRF head and microscopic imager in contact with selected targets.

	Scoop and seal 10-gram samples into numbered vials, keep icy vials cold, and transfer them to a Recombinator.

	Publish every reading to the shared resource map with uncertainty.





Main parts










	Part
	Dimensions
	Mass
	Notes





	Chassis (body box)
	1.0 × 0.7 × 0.35 m
	38 kg
	6061-T6 frame, insulated electronics vault



	Rocker-bogie suspension, 6 wheels
	wheel Ø 0.30 m, width 0.12 m; track 0.9 m; wheelbase 1.1 m
	14 kg total
	differential bar across rockers



	Mast with pan-tilt head
	1.2 m above ground
	6 kg
	stereo cameras, LIBS telescope, laser rangefinder



	LIBS laser and spectrometer
	in mast head and body
	5 kg
	pulsed 1064 nm, ~10–15 mJ, 3–10 Hz



	Robotic arm, 5 DOF
	reach 0.9 m
	11 kg
	turret carries XRF, imager, scoop



	Sample vial carousel
	Ø 0.25 m, 24 vials
	4 kg
	shadowed bay, radiator-cooled



	Solar array
	1.6 m², deck-mounted, one-axis tilt
	5 kg
	~350–400 W peak at normal incidence



	Battery
	~1.5 kWh
	9 kg
	survives short shadow; lunar night requires parking



	Radio
	UHF/S-band to Recombinator or relay
	2 kg
	



	Total
	
	~95 kg
	







Degrees of freedom and joints












	Joint
	Type
	Axis
	Range
	Max speed
	Drive





	Wheel drive ×6
	revolute (continuous)
	wheel axle
	unlimited
	2.0 rad/s (0.30 m/s ground speed with Ø 0.30 m wheel)
	25 W BLDC + harmonic gear each



	Wheel steer ×4 (corners)
	revolute
	vertical
	±90°
	30°/s
	10 W each



	Rocker pivot ×2
	revolute, passive
	lateral
	±25°
	passive
	differential bar couples left and right



	Bogie pivot ×2
	revolute, passive
	lateral
	±30°
	passive
	



	Mast deploy
	revolute
	lateral at base
	0° stowed to 90° up
	5°/s
	15 W



	Mast pan
	revolute
	vertical
	±175°
	20°/s
	8 W



	Mast tilt
	revolute
	lateral
	−60° to +60°
	15°/s
	8 W



	Arm shoulder yaw (J1)
	revolute
	vertical
	±160°
	15°/s
	30 W



	Arm shoulder pitch (J2)
	revolute
	lateral
	−10° to +190°
	10°/s
	40 W



	Arm elbow (J3)
	revolute
	lateral
	−150° to +150°
	15°/s
	30 W



	Arm wrist pitch (J4)
	revolute
	lateral
	±120°
	25°/s
	12 W



	Turret roll (J5)
	revolute
	tool axis
	±180°
	30°/s
	10 W



	Contact preload
	prismatic (compliant)
	tool axis
	0–30 mm
	5 mm/s
	spring + 5 W screw; 10–20 N contact force



	Scoop jaw
	revolute
	lateral
	0–110°
	40°/s
	6 W



	Vial carousel
	revolute (indexed)
	vertical
	24 positions, 15° each
	30°/s
	5 W



	Vial capper
	prismatic
	vertical
	0–40 mm
	10 mm/s
	5 W








Power budget




	Mode
	Load





	Driving on flat ground
	80–120 W



	Standing, mast imaging
	30 W



	LIBS burst (laser + spectrometer + cooling)
	60–80 W for 30–60 s



	XRF contact reading
	25 W for 2–5 min



	Arm motion
	40–90 W peak



	Vial heating (evolved gas, low stage)
	40 W for 10 min



	Survival heaters (shadow)
	20–40 W








Motion script: “Standoff-to-vial” assay cycle











	Phase
	Time (s)
	Action
	Exit check





	P0 Approach
	0–60
	Drive at 0.10 m/s toward target, stop 3.0 m away. Steer to put target 20° off the bow on the arm side.
	Odometry and stereo range agree within 5 cm; wheel slip under 20%



	P1 Settle
	60–70
	Wheels braked. IMU logs tilt. Rocker angles logged.
	Tilt under 15°; no creep for 5 s



	P2 Mast aim
	70–85
	Mast pan to target bearing; tilt to depression angle; rangefinder locks.
	Range 2.5–5.0 m; image focus metric above threshold



	P3 LIBS clean
	85–95
	10 shots at 5 Hz to clear dust and rind. Spectra logged but flagged “cleaning”.
	Plasma flash detected on every shot



	P4 LIBS read
	95–125
	5 raster points × 30 shots, mast nudges 0.2° between points.
	Hydrogen line and major-element lines above noise; calibration target read within the last hour



	P5 Decide
	125–130
	Planner compares spectra with matrix library; computes value-of-information for contact assay.
	Proceed if expected value exceeds energy cost; else go to P11



	P6 Close in
	130–190
	Drive to 0.7 m from target. Re-settle as in P1.
	As P1



	P7 Arm unstow
	190–215
	J1 → bearing, J2 → 60°, J3 → −90°, J4 → 30°, J5 → XRF face down
	No collision flags; joint currents normal



	P8 Contact XRF
	215–455
	Prismatic preload extends until contact switch, then +8 mm compliance (≈15 N). XRF integrates 180 s. Microscopic imager takes a 5-frame focus stack.
	Spectrum counts above minimum; preload stable



	P9 Scoop
	455–500
	J5 rotates scoop down. J2/J3 sweep a 10 cm trench to 3 cm depth. Jaw closes.
	Scoop load cell shows 8–15 g



	P10 Vial and seal
	500–560
	Arm moves to carousel port. Jaw tips sample into vial under funnel. Carousel indexes. Capper presses lid with metal C-seal. Vial ID written to ledger.
	Lid force over 200 N reached; seal confirmed by small pressure-decay test



	P11 Stow and publish
	560–600
	Arm and mast to stow poses. Publish reading packet: location, spectra, composition estimate, uncertainty, vial ID.
	Packet acknowledged by Recombinator or relay







Sensors and control loop


	Joint encoders on every actuated joint and angle sensors on the passive rocker and bogie pivots.

	IMU for tilt and vibration; wheel motor current for slip estimation; stereo cameras and laser rangefinder for terrain and target range.

	Instrument health: laser energy monitor, spectrometer temperature, XRF tube current, detector temperature.

	Thermal: vault, battery, vial bay.






Failure modes









	Failure
	Detection
	Response





	Wheel bogged in soft regolith
	slip over 40%, current spike
	stop, reverse at low torque, request a Recombinator tow with anchored winch (Chapter 5)



	Dust on LIBS optics
	falling plasma signal on calibration target
	run dust shutter cycle; if no recovery, flag LIBS degraded



	XRF detector over-temperature
	detector temp sensor
	pause, park in shadow, resume



	Arm collision with ground
	joint torque over limit
	freeze, back off along last path, replan



	Vial seal fails
	pressure-decay test
	mark vial “unsealed”, keep for element assay only, not volatile assay



	Tip on slope
	IMU tilt over 20°
	stop, lower arm to lower CM, back down slope



	Lost link
	no acknowledgment for 10 minutes
	store packets, drive back toward last good relay position







Build Sheet 3.1: Prospector-A ore-assay rover












	Part
	Material
	Size
	Qty / mass





	Chassis frame
	6061-T6 aluminum, 25 × 25 × 2 mm square tube, 3 mm plate panels
	1.0 × 0.7 × 0.35 m box
	38 kg with vault



	Electronics vault
	6061-T6, 3 mm plate, wrapped in a 20-layer insulation blanket
	0.5 × 0.4 × 0.2 m, inside the chassis
	in chassis mass



	Wheels
	6061-T6 spun rim, 1.5 mm wall, 16 grousers 10 mm tall
	Ø 0.30 m × 0.12 m
	6



	Rockers, bogies, differential bar
	6061-T6 tube, Ø 40 × 2 mm; titanium pivot pins
	track 0.9 m, wheelbase 1.1 m
	14 kg with wheels



	Wheel drives
	25 W brushless motor with harmonic gear
	
	6



	Steering drives
	10 W gearmotor
	
	4 (corners)



	Mast
	carbon-fiber tube Ø 60 mm, hinged at the base, pan-tilt head
	1.2 m above ground
	6 kg with head



	LIBS
	1064 nm pulsed laser, 10–15 mJ, 3–10 Hz; telescope; spectrometer
	head and body
	5 kg



	Arm
	five joints, 6061-T6 links
	0.9 m reach
	11 kg



	Turret
	XRF head, microscopic imager, scoop jaw, 0–30 mm compliant preload
	
	in arm mass



	Vial carousel and capper
	24 vials, 15° index
	Ø 0.25 m
	4 kg



	Solar array
	one-axis tilt deck
	1.6 m²
	5 kg



	Battery
	
	1.5 kWh
	9 kg



	Radio
	UHF/S-band
	
	2 kg



	Calibration targets
	mare basalt, highland anorthosite, ice-regolith simulant
	30 × 30 mm each
	3



	Total
	
	
	~95 kg







	Wheel diameter 300 ± 1 mm, all six matched within 0.5 mm, so odometry and stereo range agree within 5 cm at the end of an approach (phase P0).

	LIBS boresight co-aligned with the camera crosshair within 0.5 mrad: 2.5 mm at 5 m.

	Arm tool-tip repeatability ±2 mm anywhere in the 0.9 m reach.

	Contact preload spring 1.9 N/mm, so the +8 mm compliance of phase P8 gives 15 N, inside the 10–20 N window.

	Vial carousel index accuracy ±0.2°; every capped vial holds vacuum with a helium leak rate below 1 × 10⁻⁶ mbar·L/s.





	Frame. Cut the square tube to length and bolt the frame with riveted 3 mm plate panels. Bolt rather than weld: welding softens 6061-T6 beside the joint. If a weld cannot be avoided, solution-treat the welded part at 530 °C for 1 hour, quench in water, and age at 160 °C for 18 hours.

	Vault. Build the vault box, fit 20–40 W of survival heaters on thermostats, and wrap it in the 20-layer blanket. Mount the avionics on the vault floor so their heat stays inside it.

	Suspension. Pin the rockers and bogies to the chassis and join the rockers through the differential bar. Check the passive ranges by hand: rocker ±25°, bogie ±30°, with no binding.

	Wheels. Spin the rims, rivet on 16 grousers per wheel, and fit the drives. Fit steering to the four corner wheels and set the steering stops at ±90°.

	Mast. Fit the base hinge (0° stowed to 90° up), the pan joint (±175°), and the tilt joint (−60° to +60°). Mount the stereo cameras, LIBS telescope, and laser rangefinder on the head.

	Align the laser. Fire the LIBS at a target 3.0 m away, then at 5.0 m. Shim the telescope until the plasma spark sits within 0.5 mrad of the camera crosshair at both ranges.

	Arm. Assemble joints J1 to J5 and set the soft limits from the joint table. Calibrate the tool tip against a fixture at 20 poses, and record the residual error.

	Turret. Fit the XRF head, microscopic imager, and scoop. Set the preload spring to give 15 N at 8 mm of compliance.

	Carousel. Fit 24 numbered vials and the capper. Cap and leak-test every vial.

	Power. Mount the array on its tilt deck, then the battery and power unit. Under a solar simulator at normal incidence, the array must give 350 W or more.

	Standards. Mount the three calibration targets where both the mast and the arm can reach them.

	Environment. Cycle the whole rover in thermal vacuum, eight cycles from −40 °C to +70 °C at the chassis while the vault holds 0 to 40 °C. Then drive 1 km in the dust tank on simulant and inspect every seal and bearing.

	First cycle. Run the full Standoff-to-vial script, phases P0 to P11, on a simulant bed with a known rock.






Simulation spec (Unity build notes): Prospector-A














Assay as the first status packet






Checkpoints









	No.
	Test
	Pass when





	CP 3.1
	Prospector-A reads its three calibration targets.
	Every major oxide reads inside the target’s certified value and error bar, and the drift since the last reading is logged.



	CP 3.2
	LIBS and XRF read iron on the same spot.
	The two agree within their combined error bars, or the disagreement is flagged in the ledger rather than averaged away.



	CP 3.3
	Seal a 10 g ice-bearing simulant sample in shadow and heat it in the vial station.
	Ice, adsorbed water, and implanted hydrogen leave in three distinct stages; no ice campaign is planned on neutron data alone.



	CP 3.4
	Add a site cell to the resource map.
	All eight ledger fields are filled with uncertainties, and the next measurement is the one that cuts uncertainty most per joule.



	CP 3.5
	Build Sheet 3.1 acceptance.
	The Standoff-to-vial cycle completes with every exit check passed.







Bridge to Chapter 4
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