After a break of half a century, humans are returning to land on the Moon within three
years, and space tourism to the threshold of space and into Earth orbit has already begun.
SpaceX rockets are becoming reusable, returning intact to their launch pads to participate

in further missions.  What comes next ? Humans on MARS ? Within 15 years ?

Read on for more information from NASA, SpaceX, Virgin Galactic, Blue Origin and
many other companies now working in the space industry. This report was compiled at
Starfield Observatory in Queensland, Australia and uploaded on 4 January 2025.
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After a hiatus of 50 years, NASA plans a return to the Moon

N A S A 0 s-awaited rgturn to the Moon came closer with the launch on 16 November 2022 of the
most powerful rocket ever built to carry humans into space. The rocket blasted off from the Kennedy
Space Center at 4.47 pm (AEST) from the same pad used by the last Apollo mission half a century
ago. Perched on top of the 32-storey-high rocket was a new space
capsule set to fly beyond the Moon and back again.

Piloted by a mannikin called Commander Moonikin Campos, the
uncrewed flight was the inaugural test run for the Artemis program
(pronountenids NOAB,A6s project t o [
the Moonand eventuall y tr aAreeris ltlaonchy 4
NASA is poised to begin the most significant series of
exploratonmi ssi ons in over a gener at
associate administrator for technology, policy, and strategy.

[ The manni ki nds nraunm€ampos, who died imn
2004 aged 66. He was the electrical power subsystem manager for
the Apollo 13 lunar module in 1970. He wrote the procedures to
transfer electrical power from the lunar module batteries to the
command module, after an oxygen tank exploded halfway to the
Moon, switching the mission from a lunar landing attempt to one of
desperate survival, enabling Apollo 13 astronauts Jim Lovell, Fred
Hai se and Jack Swigert to retur

me up, I rewrote the emergenc
quot ed Campos as saying, il h
eventuality a year before. o Ca

Mission Evaluation Room and Mission Operations Control Room at
the Manned Spacecraft Center (today, Johnson Space Center) in
Houston were awarded the Presidential Medal of Freedom for their ==
efforts. | Artemis | on launch pad 39B

The six week mission not only pushed the new SLS Block 1 rocket and Orion capsule to the limit 1
it tested a new orbit and went further than a craft capable of taking a crew to the Moon had ever
been before. It also released ten small shoebox-sized satellites to scout the Moon and explore
conditions for future deep-space missions. Even though the rocket and the capsule might look dated
when compared with the futuristic vehicles being developed by commercial spaceflight companies
such as Blue Origin, SpaceX and Virgin Galactic (see page 37), their missions are very different to
the Saturn V - Apollos that ran on less computer power than does the smart phone of today.

I n retrospect: NASA®/2 Project Apoll o, 1961

The Saturn V rocket was split into three stages, each having fuel and oxidiser tanks with the engine(s)
mounted underneath. The first (bottom) stage, S-IC  ( pr o n o-Omee€Céd d , 6 BRocketdyne ¥-&
engines (burning RP-1 highly refined kerosene plus liquid oxygen oxidizer or LOX) which were open
to view underneath the rocket. The supercold LOX was necessary for the fuel to burn in an airless
environment. The first stage developed 7.6 million pounds or 34.5 Meganewtons of thrust at launch.
The task of the first stage was to lift the massive 2965 tonne vehicle up to an altitude of 67 kilometres
and a speed of 8280 kilometres per hour. Three minutes after lift-off the engines had expended their
fuel and the first stage was jettisoned. It fell into the Atlantic Ocean about 560 kilometres downrange.
The cylindrical interstage that had covered the engines of the second stage was then also jettisoned.

The second stage, S-ll ( 626 ) , hRadketdfne -2 engines (using liquid hydrogen fuel and LOX)
and was designed to place the Saturn V - Apollo (minus the first stage and interstage) at an altitude of
172 kilometres (close to low Earth orbit), after which it separated and fell into the Atlantic about 4200
kilometres downrange. The exhaust nozzles on each of the four outer engines on the S-IC and S-II
stages could be hydraulically pivoted using gimbals to balance and control the direction of thrust, thus
enabling the rocket to manoeuvre in flight to stay on course. The centre engine on each stage was fixed.
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The third stage, S-IVB (4éB® ) , h a dRocketdgne &2dngne using the same fuel as the S-I
stage. It was fired twice, the first time to place itself + the Lunar Module garage + Service Module +
Command Module into an orbit around the Earth for one-and-a-half orbits (Earth Orbit Insertion, EOI),
and the second time to provide thrust for Trans-Lunar Injection (TLI), which came 2 hours 44 minutes
after launch. The TLI burn lasted six minutes. The astronauts were now heading towards the Moon.
(The 6+6 sign indicates that the stages and modul e

Forty minutes after TLI, the Command + Service Modules separated from the third stage, and turned

through 180 degrees to face the Lunar Module (LM) in its garage atop the third stage. Using the

Service Module thrusters, the Command Module approached the top of the LM, docked with it and then

extracted it from the garage. The LM + Command Module + Service Module then made a second 180
degrees turn to bring the Moon back into the astro
somewhat), and Lunar Orbit Insertion (LOI) occurred three days later. Two weightless astronauts glided

into the LM and undocked from the Command Module which continued to orbit the Moon, controlled by

the third astronaut. After landing on the Moon and completing their duties, the two astronauts returned

to the LMés top half whi ch -docked with thé GosmmmaadiModufe.fThet he M
Service Modul eds engine then fired, sending both
Module with its human cargo was the only part of the 2965 tonne Saturn V - Apollo to return home.

The Saturn V was used for nine crewed flights to the Moon and to launch the Skylab space station.

SLS rocket

August 2022? - FIRST LAUNCH —— November 1967
C
Artemis —— PROGRAM —— Apolio

S
(€]
|

322ft (98m) —— HEIGHT 363ft (110m)
5.5 million lbs WEIGHT 6.2 million lbs
(2.5 million kg) (2.8 million kg)
8.8 million THRUST 7.6 million
pounds (39.1 pounds (34.5
Meganewtons) Meganewtons)
24,500mph I—— TOP SPEED ——l 17,400mph
(39,500km/h) (28,000km/h)
el * Orion CREW MODULE ‘1 Command module
Solid-fuel [l Sl Solid-fuel (Columbia) .

Rocket Booster Rocket Booster

(SRB) SLAR $23billion — COST TO BUILD «l$6-417 billion =

3

in 1969 ($51.8
billion in
2022)
4.1 billion — PRICE PER LAUNCH —{ $185 million
hao o in 1969 ($1.49
billion in
2022)

SLS-Orion: O = Orion Crew Module, S = Service Module, ICPS = Interim Cryogenic Propulsion Stage or
Upper Stage, LVSA = Launch Vehicle Stage Adapter (protects RL10 upper stage engine).

Apollo spacecraft: C = Command Module, S = Service Module, G = Lunar Module Garage, | = Interstage.
Saturn V: 3 =Third Stage, | =Interstage, 2= Second Stage, | = Interstage, 1 = First Stage.
The next step: NASAd6s proposed Artemis Pro

NASAOGs four key o RAjteanistmissioa and thase followimgaref: i r s t

AFirst, t he space age@cy oheat shidld wilt be capable df withstandingdy -
atmosphericre-ent r y . As NASA says, 6 n o testdacildydcgnnrecmmdtecthe ¢
conditions the heat shield wild.l experience wh
ofreentry might be as high as 3000 Cel sius, ha
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ASecond, N A S A Amemisll to ddmenstrata seperations and facilities throughout the

entire mission, such as 6 NA-®asdsnfrastaictunec LS dperations, i t i e s
including separation events during ascent, Orionoper ati ons in space, and

r

AA third and obvious o ©Ofion aftei splashdenin.| NASAbweéll retum the et r i e

spacecraft to Kennedy Space Center upon the conclusion of the mission, where it will be subject to

a detailed i nspection. Teams will 6gat her dat a

understand the 6éengineering uncertaintiesdé involyv

data that will have been gathered during the flight, including the data gathered by the three

manni kins. Orionbdbs parachute system wil/l al so be
to succeed with its side plans, such as certifyin
the ten CubeSats into |unar orbit, and gathering |
The SLS-Orion space vehicle, first flight 16 November to 11 December 2022 :

Standing 98.1 metres high and SpamiLgundhrSgsterd SLS) t onn

rocket develops 8.8 million pounds or 39.1 Meganewtons of thrust at launch (16% more than the
Saturn V can manage). This, combined with a reduction in weight of 11%, enables a velocity 41%
higher to be reached. The payload that the SLS can carry to the Moon is 5.7% heavier than Saturn
V & Whereas the Saturn V first stage had five F1 engines, the SLS Core Stage has four RS-25D
engines which have previously been flown into space on successful Space Shuttle missions.
Sixteen of these ex-Shuttle engines are available, and are being used on the first four Artemis
missions, after which an improved version, the RS-25E, will be used as the engines are lost into the
ocean after the Core Stage separates from the Upper Stage.

These engines burn liquid hydrogen (LH2) plus liquid oxygen (LOX). The gases must be supercold

in order to liquefy. The LOX (-1 4 7 C) alJuel 853 heCLHt o burn without

fuel and oxidizer are carried in tanks above the engines, which are mounted on gimbals as they had
been on the Space Shuttle, to provide thrust control for manoeuvrability. The four engines under the

Core Stage provide only 25 %off.oThe remaieing V58ohof thruse 8 s

provided by two 54 metre high five-segment Solid-fuel Rocket Boosters (SRBs) mounted on each
side of the Core Stage. Each SRB has a fixed engine burning 500 tonnes of solid polybutadiene
acrylonitrile propellant, with very limited control once ignited. Six tonnes of this fuel are burned every
second. These are stretched versions of the boosters that were used 135 times from 1981 to 2011,
launching Space Shuttles to Earth orbit. Attached to the top of the Core Stage is the smaller-
diameter Upper Stage, which has a single RL10 engine mounted below tanks for LH, and LOX. At
lift-off the engine is covered by a protective interstage called the Launch Vehicle Stage Adapter
or LVSA of partial conical section. The Core Stage and the LVSA are sprayed with durable orange

t

foam insulation to keep the LH, and LOX supercold, and resemblethe Sp a c e S lexiernal kaekd s

in colour, shape and function. The solid-fuel rocket boosters, the Upper Stage and the Orion modules
including the Launch Abort System or LAS are white, but the Crew Module may be chromed.

2 minutes 11 seconds after lift-off, the SRBs have expended their solid fuel and separate from the
Core Stage, falling into the Atlantic 225 kilometres off Florida. NASA has decided to forego recovery
schemes for all SLS components, allowing them to sink to the bottom of the ocean. This will reduce
operational costs, allow heavier payloads, and permit maximum performance. At 4 minutes 10
seconds after lift-off, the Launch Abort System (LAS) at the top of the rocket is jettisoned as it is
no longer needed. 8 minutes 20 seconds after lift-off when the rocket is 160 kilometres above the

hr

Earth, the tanks inside the Core St ageoffaTheCoeempt vy,

Stage disengages from the Upper Stage, falling with its four engines into the sea where it is lost.
Theorange LVSAi nt er st age covering the Upper Stageods

The RL10 engine in the Upper Stage, properly termed the Interim Cryogenic Propulsion Stage or
ICPS, then ignites and puts the spacecraft into one Earth orbit. The solar panels are deployed, after
which the RL10 fires again for 20 minutes. This gives Orion almost enough speed for Trans-Lunar

Injection (TL)T nearly fast enough to be captured by t

ICPS and Orion then separate i the ICPS releases ten small satellites (CubeSats) into lunar orbit,
then goes into orbit around the Sun. The CubeSats are small, shoebox-sized satellites carrying
experiments from international space agencies and NASA partners, including Australian universities.
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The Orion Multi-Purpose Crew Vehicle (MPCV) is made up of three main parts as seen in the
image at below right:

1. The Launch Abort System will lift the Crew Module with its four astronauts to safety if a life-
threatening situation occurs during launch. If there is no emergency, the Launch Abort System
is jettisoned minutes after a successful lift-off. On the launch-pad, it completely covers the Crew
Module, which is accessible by the crew via a hatch.

2. The Crew Module is a space capsule which can accommodate the crew in special seats.
Built by Lockheed Matrtin, it is designed to keep four or six astronauts safe and healthy for long-
duration missions of up to 21 days without docking. On the underside (back) of this module is

the all-important heat shield that is vital for safere-ent ry i nto the Earthos at

3. The Service Module is built in Germany by Airbus Defence & Space for the European Space
Agency. It contains solar panels and power supplies, as wellasthe Cr e w Mo lfeuslppait s
systems. Its main engine, the Orbital Manoeuvring System Engine (OMS-E), has 6000 Ibs of
thrust. It can fire in bursts from less than a minute to 16 minutes. It gives Orion the impetus to
achieve Trans-Lunar Injection, and is the only engine powerful enough to manage other orbital
changes to keep the MPCV on course. There are also eight R-4D-11 auxiliary engines in four
sets of two on the back and 24 Reaction Control System thrusters in six sets of four on the side.

LAUNCH ABORT
SYSTEM

Above: From left, Upper Stage (ICPS) with RL10 engine, Service
Module with solar panels beginning to unfurl, Crew Module at right.

SERVICE

l MODULE

Left: The configuration with solar panels deployed, before Trans-Lunar Injection (TLI), after which the left-
hand half of the vehicle (the ICPS) separates and is lost. The right-hand half (the Orion) heads to the Moon.
Right: The three sections of the Orion spacecraft, showing two ICPS/Orion interstage panels detached.

Orion, now continuing on alone, receives its 120 volt electrical power from the Service Module. The
journey to the Moon takes five days, during which time teams of technicians on Earth carefully track
the capsuleds performance. As the spacecraft
kilometres per hour,ast h e E ar t hsthalding it baock.iOh Pay 5, at about 85% of the distance

tran

to the Moon (326 000 kil ometres), l unar gravity ¢

accelerate once again to about 5000 kilometres per hour. At this point, Lunar Orbit Insertion (LOI)
will be the normal procedure for manned missions, in preparation for docking with the Gateway
lunar space station when it is built. Once Gateway comes on-line, astronauts will be able to access
a lunar lander and go down to the surface, returning after their work is complete. Then they will
transfer to Orion, undock, and as their orbit carries them behind the Moon in another close flyby,

they wil!/| fire the Service Moduleds engine again

t he Moond&s g r-Baxth Injegtionf (DEI), toTslingshos back towards Earth on a trajectory to
6



reeent er t he Ear tAhistakeadr faiture @mthtidsr peint could mean that Orion might
overshoot and head out into deep space. The journey home will also take five days. Once near
Earth and just before re-entry, the Service Module is jettisoned and burns up during its own re-entry,
falling as dust into the Pacific. The Crew Module is turned through 180 degrees so that its heat
shield is facing the direction of travel, the crew facing backwards. The 4.8-metre-diameter shield
is critical for the survival of the spacecraft and its passengers during re-entry. Moving at a speed of
Mach 32 (32 times the speed of sound, or 11 kilometres per second, or 40 000 kilometres per hour,
much faster than previous crewed space vehicles),thec apsul e encounters owur pl
The heat shield is designed to protect the crew from the colossal furnace of re-entry, as Orion
becomes surrounded by a bubble of hot plasma reachingt e mper at ures of up to 27

Instead of plunging through the atmosphere as A p o | Command Module did, Or i oQned $1odule
breaks re-entry into two phases. First, it dips into the atmosphere and out again (as a flat stone

skips across water, called a 6ski @80klametes pevhoe.6) , w
Second, a series of parachutes deploys, slowing the craft to allow a gentle splashdown in the Pacific
Ocean off California. The US Navy, along with te.

will then recover the vehicle using helicopters, small boats and an amphibious transport dock ship.

The first three Artemis missions were planned to use the above procedures with these differences:

1. Artemis | had no astronauts on board, so entered a distant retrograde orbit around the Moon and
stayed there for six days (half an orbit). Duration = 25% days (Nov. 16 - Dec. 11, 2022).

2. Artemis Il will have four astronauts in Orion and will orbit the Moon once without landing, as done
by Apollo 8. The mission will last 10 to 21 days. To be launched by a SLS-Block 1 in late 2025.

3. Artemis Il will be launched by a SLS Block 1 rocket in mid-2027 and enter a lunar NRHO (Near-
Rectilinear Halo Orbit) where two crew were originally planned to descend to the lunar surface in
a NASA lander. They will instead transfer to a Starship HLS, which will descend to the Moon for
several days. The crew will then transfer back to Orion and return to Earth (see page 20).

A base on the Moon: NASADs: Artemis Program, 202

The Orion space vehicle was developed between 2005 and 2010 as part of the Constellation
program organised under President George W. Bush, but the next administration, Barack Obama /
Joe Biden, stopped all funding to Constellation in the 2011 federal budget. NASA was forced to
cancel all Constellation missions, including development of the Altair, Ares | and Ares V launch
vehicles which were being designed to service the International Space Station. Yet NASA continued
to advance work on the SLS rocket (using existing Space Shuttle technology) and Orion spacecraft.

On 11 December 2017, the next President, Donald J. Trump, signed Space Policy Directive 1, a

change in national space policy that provided for a U.S.-led, integrated program with private sector

partners for a human return to the Moon, followed by missions to Mars and beyond. The policy
called for NASA to Al ead an innovati veomaancdl asdust ai
international partners, to enable human expansion across the Solar System and to bring back to
Earth new knowledge and oppor t wordindatei gevernnient, ptivater e q u i
industry, and international efforts toward returning humans to the Moon, and laying the foundation of
eventual human exploration of Mars. Space Policy Directive 1 authorised a lunar-focused program

to draw upon already-proposed US spacecraft programs including the Orion space capsule, the

Lunar Gateway space station and Commercial Lunar Payload Services, and also created

entirely new programs such as the Human Landing System.

To replace the cancelled Aries I, the Space Launch System (SLS) would serve as the primary

launch vehicle for Orion, while commercial vehicles such as SpaceXé s Dr a gFaloon Pelavy

and Super Heavy / Starship would launch various other elements of the program. Starship is by far

the most powerful of all these rockets, its thrust of ~17 million pounds being twice that of Saturn V

and nearly twice that of the SLS. On 26 Mar c h 20109, Presi dent Tr u
return-to-the-Moon landing goal would be accelerated by four years with a landing in 2025. NASA

said on 14 May 2019 that the new program would be named Artemis. (In Greek mythology, Artemis

was the daughter of Zeus and twin sister of Apollo. She was a goddess of nature, and was strongly

identified with Selene, goddess of the Moon.) What follows after Artemis 1ll is still being planned.
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Kennedy Space Center, Florida, USA

European Service Module deploys solar arrays

Second stage fires to propel Orion to the Moon

Four-day trip to lunar orbit with European
Service Module correcting as necessary

Main engine fires 100 km above lunar surface

i 0 : ® Inbound powered lunar flyby @ Service Module separation
Main engine fires for orbit insertion Main engine fires to return to Earth European Service Module and Crew Module Adapter

separate from Crew Module
Return to Earth

Farthest point from Earth Four-day trip with Return Trajectory Corrections @ Reentry
supplied by Orion's European Service Module European Service Module and Crew Module Adapter burn up
tant t a iepar { auxiliary engines
Main engine fires @ Splashdown
Pacific Ocean

The first attempts to launch Artemis | on 2 and 5 September 2022 were abandoned after the
countdown was halted at T minus 2.7 hours due to liquid hydrogen leaking from valves in the Core
Stage. The next attempt on 27 September was postponed after Category 4 Hurricane lan passed
directly over launch pad 39B at Kennedy Space Center at Cape Canaveral in Florida. Luckily, the
rocket had been rolled back to the Vehicle Assembly Building on its mobile launcher prior to the
storm. Another attempt on 14 November was postponed due to Category 1 Hurricane Nicole. The
successful fifth attempt on 16 November was the first integrated trial of Orion and SLS. (The former
had been sent into space on a trial mission in 2014, but this was the first launch for the SLS.) The
aim was to send the US $ 20.4 billion (AU $ 30 billion) Orion on a 25% day journey to the Moon and
back. Its journey took place according to the procedures described on pages 4 to 6 and below.



https://www.nasa.gov/exploration/systems/orion/about/index.html
https://www.planetary.org/space-policy/cost-of-sls-and-orion

Artemis 1di dnot have abuhtunmatn warsdmbhree seaip
installed were occupied by three mannikins: a pilot named Commander
Moonikin Campos wearing a standard Orion spacesuit (see images above and
at right, and page 2), and two female crew mannikins called Helga and Zohar.
Together, such replica crew members can tell us what real human astronauts
will have to endure during similar missions. Campos 6 spacesui
sensors that measured vibrations, g-forces, and radiation throughout the 25% -
day journey. On the topic of radiation, and unlike the International Space
Station, Orion travelled beyond the boundary of the Van Allen Belts
(accumulations of high-energy particles positioned between the Earth and
Moon) that protect life on Earth. Moonikin was also strapped to a new energy
dampening system known as the Crew Impact Attenuation System.

Helga and Zohar (models of female torsos each fitted with 5600 sensors) took part in the Matroshka
AstroRad Radiation Experiment (MARE) designed by the German Aerospace Centre. Zohar (lower
left-hand seat) wore an AstroRad radiation vest designed by Lockheed Martin and StemRad, while
Helga wore no vest and served as a control. Women are more vulnerable to the risks posed by space
radiation, making necessary the mannikin experiments. In deep space, humans will be exposed to

more energetic particles, including those <co
galaxy. This radiation is a serious concern for humans beyond low Earth orbit, so the mannikins are
vital. Charlie Brownbdbs dog Snoopy and Shaun

demonstrate zero-G by floating around. An iPad was used to test A ma z oAle@asvoice assistant.

On Day 6 of the Artemis | mission, Orion CM-002 approached to 81 miles (130 kilometres) of the
Moon. It took some monochrome images of the far side, but did not enter a low lunar orbit. Instead,
the Service Module performed a critical manoeuvre called an outbound powered flyby burn for 2
mi nut es 40 s econd gravitwteslinggpot it dutdnto M deepispace orbit. It entered a
distant retrograde orbit (DRO) on Day 10. Each DRO takes 12 days, but Orion only stayed for half
an orbit. This tested Or i omawgation, propulsion and communications systems in deep space,
because whenever a spacecraft cruises behind the Moon, communication with ground controllers is
temporarily lost. Parked in this elongated retrograde orbit on mid-mission-Day 13, the capsule was

mi ng

t he

69 623 kilometres beyond the MoonT A55 453 kil ometres farther than
Apollo 13 and the farthest out in space any spacecraf

according to NASA. At this time Orion reached 432 386 kilometres from Earth. Although the DRO is

very stabl e, itds beyond the reach -to-Earthcoperatiomsni c at

such as the International Space Station. NASA has to communicate with the capsule using its Deep
Space Network dish antennas at Goldstone (California), Tidbinbilla (Canberra) and Madrid (Spain).

Main E‘Hgine OMS-E

(Orbital Manoeuvring
System Engine) R-4D-11 Auxiliary
Engines (8)

Reaction
control

Service
Module



https://www.gizmodo.com.au/2021/06/nasas-moonikin-will-boldly-go-where-no-test-dummy-has-gone-before/
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https://www.esa.int/Science_Exploration/Human_and_Robotic_Exploration/Orion/Radiation_for_dummies
https://9to5mac.com/2022/08/10/nasa-ipad-moon/
https://www.nasa.gov/specials/artemis-i-press-kit/

The two pictures above were taken from Artemis | when near the Moon in early December 2022. The
numbers identify lunar features visible from Earth, most of which also appear as images in Starfield Observa-
t or kudar Archive: 17 Mare Imbrium; 27 Plato; 37 Archimedes; 417 Aristarchus; 57 Kepler;

61 Encke; 71 Marius; 87 Marius Hills; 91 Oceanus Procellarum; 107 Reiner; 117 Flamsteed,

127 Billy; 137 Hansteen; 147 Gassendi; 15171 Letronne; 167 Herigonius; 171 Mons Riphaeus.

After six days spent completing half a DRO, on Day 16 Orion performed a trajectory burn which took

it out of the DRO and put it on course for another close approach to the Moon. For its return trip to

Earth, Orion did a second lunar flyby on Day 20, firing its engine at the exact moment (inbound

powered flyby burn)touset h e Mo o n 6 sincrgasaite speey bytl@b4 km/hour and put it on

course for home. From Day 21, Orionbegan accel erating due to the pl
speed was 39400 km/hour when it entered our atmosphere wit
protecting it from temperatures reaching 2760 Celsius in a 20-minute descent. It survived re-entry

intact (although the heat shield was badly cracked), and splashdown by parachute occurred in the

Pacific Ocean, 550 kilometres south of Los Angeles, near Guadal upe |l sl and of f
California peninsula on 11 December (Day 26). The capsule was recovered by the USS Portland

which was stationed nearby for the purpose. Orion had travelled a distance of 2% million kilometres.

This uncrewed test mission was a precursor to Artemis Il, which will have one Canadian and three
NASA astronauts on board in a similar mission in late 2025. Artemis Il will also be a precursor
mission, but this time for the ultimate goal, Artemis Ill, in which a man and woman will land on the
Moon near the 21 kilometre crater Shackleton at its South Pole, which will probably occur in mid-
2027 (see pages 28-30). The Artemispr ogr a m i curreht AffBrAto return humans to the lunar
environment, but unlike Apollo, the missions are intended to support a sustainable and permanent
presence on the Moon. To that end, NASA and its international partners are planning to build a
small space station called Lunar Gateway, and place it permanently in a lunar orbit called a Near-
Rectilinear Halo Orbit (NRHO), period = 7 days, to support activities on and around the Moon. This
orbit would bring the Gateway within 1500 kilometres of the lunar north pole at closest approach,
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and as far away as 70 000 kilometres over the lunar south pole. Eventually a lunar Base Camp will
be built for stays of up to two months, initial concepts including a cabin, a lunar rover and mobile
living quarters. But the real purpose of the Artemis Program is far more astonishing and awe-

inspiring.

nour
sights are clearly s e t

sights

ar e not

spakésmanm said torh e Audvst 2042, fdur a
o n It ¥ hopesl that technology and experience gained during the Artemis

missions will prepare NASA and its partners for crewed voyages to the Red Planet in the late 2030s.

ARTEMIS I

First Crewed Test Flight to the Moon Since Apollo
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ATEMIS

Artemis Il may be the first Orion space capsule to carry a human crew of four, although future
versions may carry six. It is planned to be launched by an SLS Block 1 rocket in November 2025.
The duration of Artemis Il will be 10+ days. These astronauts will orbit the Moon once only, and will
be the first people to do so in the 21st century. Artemis Il is expected to land the first Americans on
the Moon since the Apollo 17 astronauts landed there in the Lunar Module Challenger on 11
December 1972 (exactly 50 years to the day before the successful splashdown of Artemis I).

ARTEMI

S i

Landing on the Moon
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NASAOGs pArtams lIf was
for an SLS-Orion launch and
then Orion would head for the
Moon and enter the lunar
NRHO. A NASA lander (see
page 28) would undock and
descend to the Moon, and,
when activities were completed,
it would ascend from the surface
and dock with Orion again. The
crew would transfer to Orion
and then return to Earth. Details
are shown in the diagram at left.

That plan has now been super-
seded, as NASA has recently
contracted the private company
SpaceX to develop the Starship
HLS to be the lunar lander for
Artemis lll and Artemis IV (see
page 20).



The revised scenario for Artemis Il using SpaceX equipment for the actual lunar landing (Starship
Human Landing System or Starship HLS) is seen in the diagram below and a description follows.

Artemis lll Concept of Operations

Moon ( using SpaceX equipment for lunar landing )

HLS lands at Moon's

Orion docks with HLS in Sonth Pole

Near-Rectilinear Halo Orbit
around Moon (NRHO

Loiter

)
> N P
Fuel replenishment Fast TLI \ Two crew transfer
to Depot by Tankers / (Trans-Lunar Injection) o Two crew transfer from HLS to Orion
to Moon from Orion to HLS

Orion Crew
Module
HLS re-entry
{Human |
Landing Orion
System) Y spacecraft

Super SLS

A

Heavy “Y (Space
l Bsoster l ' Launch
System)

‘a

=

Propellant Starship  Starship Extended loiter SLS-Orion Variable stay Crew returns
Aggregation Tankers HLS if needed launch on the Moon to Earth

The SpaceX Alternative

Starship is a fully reusable transportation system designed to carry both crew and cargo to Earth
orbit, help humans to return to the Moon, and travel to Mars and beyond. Starship HLS, or
Starship Human Landing System, is a variant of the Starship spacecraft that is being modified so
that it can transfer astronauts from a lunar orbit to the surface of the Moon and back. It is being
designed and buitby EIl on Musko6s $¢padeX undee contracinip MASA as a critical
element of the Artemis Program to land people on the Moon in the second half of the 2020s.

The mission plan calls for a Super Heavy Booster to launch a Starship HLS into
Low Earth Orbit (LEO), where it will be refuelled prior to boosting itself into a lunar
Near-Rectilinear Halo Orbit (NRHO) where Gateway will be located in the future.
This refuelling requires a pre-positioned propellant depot in LEO that is kept filled
with methane fuel and liquid oxygen (LOX) by multiple Starship tanker flights. Once
in lunar NRHO, the HLS will rendezvous with a crewed Orion spacecraft launched
from Earth by a NASA SLS Block 1 rocket as used in the Artemis | and Il precursor
missions. After the spacecraft dock, two crew will transfer from Orion to the HLS
and descend to the lunar surface for a stay of several days, which will include five
or more EVAs (extra-vehicular activities or 6 mo o n w.arhekciew will then fire the
HLS engines and return to the lunar NRHO where they will dock with Orion and
rejoin the other crew member(s). The HLS will remain in lunar NRHO, awaiting the
next visit by Orion. The following are details of the SpaceX spacecraft illustrated at
right that NASA hopes to employ in this scenario.

Super Heavy Booster

This is a first stage or booster stage, and forms the lower part of the rocket. It is made of polished
stainless steel, which lessens the heat generated during landing. 70 metres tall and 9 metres wide,
its base houses 33 engines in three concentric rings. The outer ring has 20 R2B2 (Raptor Boost)
engines, optimised for use in launches from sea-level. These are fixed in position, the gimbal
actuators having been deleted to save mass. The middle ring has 10 R2B2 engines and there is a
central group of three R2B2 engines, all 13 of these having electric gimbal actuators for thrust

vectoring (guidance control). Hydraulic controllers having failed in service in Starshipd s f i r st

attempt, they were replaced by electric actuators for the second attempt and proved more reliable.
Raptor2 is the latest in a family of rocket engines developed by SpaceX exclusively for use in Super
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Heavy and Starship. These engines burn liquid oxygen and methane in a highly efficient staged
combustion power cycle. The liquid oxygen must be kept just below its boiling point (-1 8 3 C) an
the liquid methane likewise, at -1 6 1 C. Met hane is the rocket prope
be directly synthesised from carbon dioxide and water. Engines are mostly built of aluminium, steel

and copper; oxidiser-side turbopumps and manifolds subject to corrosive oxygen-rich flames are

made of SX500 superalloy. Rapt or 6s mai n combusti on barl4dd0dpsg of c an
pressure, the highest of all rocket engines. T h e R a pimballing ar rotation range is 15°, higher

thanthe RS-256s 12. 5A. I n mass production, SpaceOR. ai ms

The Raptor engines operate with an oxygen-to-methane mixture ratio of about 3.6:1. The propellants
leave the pre-burners and are injected into the main combustion chambers as hot gases instead of
liquid droplets. The methane and oxygen are at such high temperatures and pressures that they
ignite on contact, eliminating the need for igniters in the combustion chambers. At sea level, each
standard Raptor engine produces 2.3 Meganewtons (520 000 pounds) of thrust, and about 7% more
when above the atmosphere. The R2V (Raptor2 Vacuum) engine, used exclusively on the Starship
upper stage, is modified with a cooled nozzle extension which increases the thrust by another 8%. A
third engine variant, the Raptor Boost, is exclusive to the Super Heavy Booster: this engine variant
lacks gimbal actuators and has limited throttle capability, but delivers increased thrust.

According to SpaceX, the engines collectively produce 75.9 Meganewtons (17 million pounds) of
thrust at full power. This is 2.2 times greater than Saturn V, and 1.9 times greater than the Space
Launch System (SLS Block 1 with two solid fuel boosters) that NASA developed for the Artemis
program. The boost er torsesbfprodelant, cansisting of R8I0 tdiGed df liquid
oxygen and 800 tonnes of liquid methane. It lasts for two minutes of flight and Super Heavy will
reach an altitude of 65 kilometres. Then its engines are shut off, the three interstage latches are
released and the rocket separates from the Starship, which uses its own engines to climb up to
Earth orbit. The booster then uses its thrusters to turn back to Earth and ignites its engines briefly to
begin its descent, during which it reaches a very high speed.

The Super Heavy Boosteri s no | onger O&6super heavyd when it is
3600 tonnes of propellant has been used up, and the tanks which occupy almost the full length of

the rocket are nearly empty (the engines are mounted
underneath the tanks). At launch it weighs upward of
3800 tonnes, but when it is landing its weight is between
160 and 200 tonnes. The booster is equipped with four
massive, electrically actuated grid fins mounted on its
top (or front when in flight or returning to land). A grid fin - ‘

is a lattice of small aerodynamic surfaces within a frame - G 11. } ,merstagr :

of unique design, and is a flight control device used on ||
bombs and military rockets. The four on Super Heavy
Boosters are spaced in opposing pairs for better control.

These grid fins (seen at right) provide sufficient drag to
help the Super Heavy to orient itself after the Starship . ‘
separates and heads up towards orbit. They enable it to adjust its trajectory as it heads back to
Earth and prepares to land. They are fixed in position but can make slight adjustments about the
yaw and roll axes. They do not fold in as was done with the much smaller grid fins used on the
Falconr oc ket s. They aaauynamilpitch ancredace the speédsduring the descent.

Each fin is 4.9 metres x 2.45 metres in size, is made of welded steel and weighs 3tonnes. Space X0 s
goal of building a Starship that is fully reusable made the addition of grid fins on Super Heavy
necessary. Without them, safely landing the booster would be much more difficult. Between each

pair of finsisoneoftvo6 har dpoi nt sdé, used for |ifting and st a
launch, and for being caught by the T o we r éckanical arms when landing. T h e booster
orientation can also be adjusted by cold gas thrusters using evaporated propellant in the tanks.

When the booster is over the | anding site it of I
retropropulsion landing burn, and it descends tail-first. If the Super Heavy is landing at its launch

site, it will be captured by the mechanical arms or 6 ¢ h o p son the lktegéation Tower before it

reaches the ground. The time taken between lift-off and return to touchdown is about six minutes.

13


https://en.wikipedia.org/wiki/Sabatier_reaction
https://en.wikipedia.org/wiki/SX500_(superalloy)
https://en.wikipedia.org/wiki/Gimbal
https://en.wikipedia.org/wiki/Rocket_propellant#Mixture_ratio

Starship

Starship is a second stage or long-duration spacecraft, and forms the upper part of the rocket. Also
made of polished stainless steel, it is 50 metres tall and 9 metres in diameter; it has a dry mass of
less than 100 tonnes. St a r s paylgad wlume is about 1000 cubic metres (35 000 cubic feet),
slightly larger than the International Space Stationd pressurised volume. It can be lengthened with a
22 metre extension. By refuelling the Starship in orbit using tanker spacecraft, Starship may be able
to transport larger payloads and more astronauts to other Earth orbits, the Moon, and Mars.

Starship has a propellant capacity of 1200 tonnes in its main tanks and header tanks. The header
tanks are better insulated due to their forward position and are reserved for use when the Starship
flips and lands following re-entry. At the aft end of the Starship spacecraft are six Raptor2 engines:
three R2A (Sea-level) engines which are designed to operate in air after separation, and three R2V
(Vacuum) engines designed for operation in space. All have gimbal mountings to control the
direction of thrust. There are also 24 methane-LOX reaction thrusters mounted on the exterior for

precision control,e g.when control |l ing t he candwhéndasdingdrdockingt d e wh

As the Starshipi s bui lt to | eave andreturrkiamedddhdThermmal Pnateciion e r e

System to be able to survive the considerable heat of re-entry. It is therefore designed with one side
(called the o6windward si by@%000 hbxagonaldlack tdesmddedf Rlitay
These are glued on as was done with the Space Shuttles, but those in areas subject to vibration are
held on with pins. Small gaps are left between the tiles to counteract heat expansion. Re-entry is
performed with the Starship at a slight nose-down angle with the black side facing down as a heat
shield, for the tiles can withstand temperatures up to 1400 C. They are designed to be used many

COV

times without needing maintenance between flights. The other side of the Starship, (the 61 eewar d

s i dhagnp tiles and is bare stainless steel. Windows, hatches and ports are on this side. Starships

asohave two forward fins called o6flapsé and two aft
on a planet with an atmosphere. Also covered on t
to dissipate energy during atmospheric re-entry. Under the forward flaps are the hardpoints which

are used for lifting and catching the spacecraft via mechanical arms on the Integration Towers. The
flaps®éd hinges are seal ed wi t-éntrymd analtitude af abaw I0ikrd, d a ma
the St ar s $peed bas fallen below 1000 km per hour (subsonic). It descends in a horizontal

attitude and then slightlynose-up i n preparation for aseepagelp). manoeu
Starship Variants

Three variants of the Starships econd st age are the 6éddepotd, the Ot

interior of the cargo carrier version can be configured according to the load, e.g. general supplies,
scientific equipment and / or machinery. All variants are lifted towards Earth orbit for the first two
minutes of flight atop a Super Heavy Booster first stage. For launching satellites, Starship will have
a large cargo door which will open to release payloads and close prior to re-entry. Instead of a
cleanroom, satellites will be integrated directly into St a r s paylgad bay, which necessitates
purging the payload bay with temperature-controlled, ISO class 8 clean air. To deploy many Starlink
satellites, a slot and dispenser rack will replace the cargo door. Crewed Starship vehicles will
replace the cargo bay with a pressurised crew section and will have a life support system. For long-
duration missions, such as crewed flights to Mars, SpaceX describes the interior as possibly

i nc | upghivate gabifis, large communal areas, centralised storage, and solar st or m s hel t e

Star s h ilife shigport system will recycle resources such as air and water from waste.

The most important variant is the Starship HLS or Human Landing System. This is a crewed lunar
lander variant of the Starship vehicle that is extensively modified for landing, operation, and takeoff
from the lunar surface. It features modified landing legs, a body-mounted solar array, a set of
thrusters mounted high up to assist with soft landing and takeoff, two airlocks, and an elevator to
lower crew and cargo onto the lunar surface. Starship HLS will be able to land at least 100 tonnes of
cargo on the Moon per flight. As it will remain in lunar orbit and never return to Earth, it is painted
white and has no need of heat shield tiles nor flight control flaps. To reach high-energy targets such
as geosynchronous orbit, the Moon, and Mars, Starship will be refuelled by docking with separately
launched Starship propellant tankers. A Starship @ropellant depotéwill maintain a supply of methane
and oxygen in Earth orbit, and will be used by Starship HLS (see diagram on page 11).
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The sizes compared i at top left, a SpaceX Starship stacked on top
of a Super Heavy Booster. Standing 120 metres tall and with more
than twice the thrust of a Saturn V, it is the tallest and most powerful
launch vehicle ever built (so far), and the first to be capable of total
reusability. Next to it is the diminutive Blue Origin launch vehicle
(criticised for | ooki nlgacan@mBictkl5j
then the Apollo-Saturn V. The four rockets in this composite image
are all reproduced to the same scale.

At top right, the ill-fated SpaceX Starship 24 is attached to Super
Heavy Booster 7 and is being prepared for launch whilst being held
on its Orbital Launch Mount alongside the Integration Tower.

Left: At 70 metres high, this SpaceX Falcon Heavy (FH) rocket is
the same height as the Falcon 9 Block 5 seen above. These
rockets have a core stage flanked by two Boosters, all three being
almost identical and using the same engines and RP-1 liquid fuel (a
highly refined form of kerosene like jet fuel, that also powered the
Saturn V) and LOX. This one, launched from Complex 39A at the
Kennedy Space Center in Florida on 15 January 2023, carried the
classified USSF-67 satellite into orbit. (USSF = United States Space
Force 1 part of the US Air Force.) Watch the video here .

Both Boosters returned and landed simultaneously at the launch site
safely after a flight of eight minutes. The core stage and second
stage were not designed to fly back to base as the extra fuel needed
would make this impractical, but landing them on drone ships at sea
has been successful in the past and is feasible for future FH
missions. Abandoned oil rigs in the Gulf of Mexico may also be used.

On 5 March 2024, a Falcon 9+ Dr agon 6 E n spacacvafi {fop picture) made Space X6s €d
the International Space Station with four astronauts for a six-month stay. The Falcon 9 first stage shut down
after 2% minutes, released the Dragon module and returned to Earth, landing on a droneship in the Atlantic.

Falcon Heavy was t he wor |l dds mos tNASJAG Smacef LaunchrSpstekn SLS Block i)l

overtook it on 16 November 2022, but both were surpassed on 20 April 2023 by the Starship 24 + Super
Heavy Booster 7 seen at above right which lifted off and reached a height of 39 kilometres before exploding.
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https://www.youtube.com/watch?v=BfERkhu4CU4

Coming in for a Landing

When preparing to land, the Starship descends through the atmosphere, black side
down and nose tilted up slightly from the horizontal. The flaps are used to slow the
descent until 99% of the kinetic energy has been dissipated aerodynamically. At an
altitude of about 550 metres all Starshipsf ol d i n t he i flipbifitmauverticdl |
attitude over the landing site. When they have virtually stopped in mid-air, the three

Raptor6at mosphgieés ignite for a O&ésuper s o NNl

folded in

They descend tail first (backwards) as seen at right, shutting down one engine and then
a second, landing gently on one engine, and are prepared for their next mission. If landing on the
launch pad from which they took off, they are captured by the robotic arms on the Integration Tower
and then lowered carefully down onto the Orbital Launch Mount to be prepared for the next flight.

Landing legs

Current Falcon 9 boosters return to Earth and land vertically tail first on their own built-in legs, but
the goal with the Super Heavy Boosters is for the larger rocket not to have legs at all. The Super
Heavy landing process will use the four grid fins that are fixed at the top of its body to help control its

tropr

orientation during flight. Af t er it per f or mengines will contrdl thepvelonity ofitse u v r e

final descents 0 t hat it i s bydghe arind on thé lotegpation Towvetr defore it actually
touches the ground. Then it is lowered to the circular raised Orbital Launch Mount (see page 14).

The main benefit of this method, which obviously involves precision manoeuvring, is that it means
SpaceX can save both cost and weight by omitting landing legs from the Super Heavy design.
Another potential benefit is that it could allow SpaceX to ready the Super Heavy Booster for another
mission immediately on the launch mount to which it has returned. According to Elon Musk, it could
be given a new payload, refuelled, and stacked with another Starship upper stage in funderanh o u

The first Starships had six landing legs located on the inside of the skirt. For transport, launch, and
flight, they were folded up 180° inwards. The legs were designed to crumple to absorb the
deceleration on landing, which meant that they were not reusable. During landing, they were
designed to deploy using a simple gravity system (in other words, they just fell into place using their
own weight) and were locked in place, but when SN10 came in to land, at least two legs failed to
lock and swung freely back and forth during the descent. (The vehicle exploded eight minutes after
touchdown.) A more robust and reliable landing system is being designed for future Starships.

The final leg design has not been approved at the time of writing, which is possibly one reason that
the first flights were designed to end with both the booster and spacecraft performing controlled
touchdowns on the surface of the sea, but neither being recovered. Future tests will include landing
the booster on the launch pad and the Starship on a drone ship at sea, and then landing both on the
launch pad, being caught by the robotic arms and then lowered into place. The number of legs (3, 4,
5, or 6) and location (outside or inside the skirt or on the body) have varied greatly between different
designs (at one point, the aft body flaps also did duty as legs). It is known that the legs need to be
self-levelling, which is a requirement in order to land on uneven surfaces as on the Moon and Mars.

CTRL+Click on these video links that show the SpaceX rockets to date:

Falcon 9 launches Starlink 53 and first stage landing on drone ship Falcon Heavy lands all three Boosters
for the first time Starship SN10 takes off, climbs to 10 km altitude, then lands (explosion not shown)

The Starbase Facility

Starbase is a spaceport, production, manufacturing and development facility for Starship rockets,
located at Boca Chica Beach, Texas. It is owned by SpaceX, an American aerospace manufacturer.
It is 200 kilometres south of Corpus Christi and 4.5 kilometres north of the Mexican border, close to
where the Rio Grande flows into a delta and then into the Gulf of Mexico. It is the most southerly
point in the continental United States. The nearest city is Matamoros/ Brownsville, a conurbation of
520000 people which straddles the border river and is 35 kilometres from Starbase. The surrounding
area is a wildlife refuge. The rockets are manufactured and assembled at Starbase by over 1800

empl oyees, and then stored Alevel toadcapable pf handlingdheadyRo ¢ k e

loads heads 2.5 kilometres east-north-east from Starbase to the launch site, which is less than 500
metres from the undeveloped beach, and is 280 kilometres closer to the Equator than the Kennedy
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Space Center in Florida. When needed, the rockets are transported vertically to the launch site
which is where the propellants are stored in huge tanks. Five Starships will be produced in 2023.

Test flights from Starbase:

Prior to the first launch of the Starship + Super Heavy Booster on 20 April 2023, the SpaceX team
completed multiple sub-orbital test flights from Starbase (to an altitude of only 10 kilometres and
return) of the St a r s uppepsbage flying by itself, successfully demonstrating an unprecedented
approach to controlled flight. These test flightsh el ped vali date the vehi
Starship can fly through the subsonic phase of re-entry before re-lighting its engines and flipping
itself to a vertical configuration for landing safely. None of these test flights had any crew on board.

The first Starships to attempt safe landings after a suborbital flight suffered a high attrition rate due
to various malfunctions, often resulting in total loss of the vehicle. The SpaceX technicians were
able to learn from each of seven extremely violent explosions (as with SN10), and proceeded to
improve the vehicle at each iteration, until the Starship SN15 was able to fly to an altitude of 10
kilometres and then return safely to its launch site on 5 May 2021. As the first Starship to fly, land
and be recovered intact, it now has an honoured place in the dRocket Gardenbat Starbase.

In addition to the testing of St a r s Uppep fiage, numerous tests have been conducted of the
Super Heavy Booster, which included increasingly complex clamped-down launch mount ignitions
that culminated in a full-duration 31 Raptor engine testi the largest number of simultaneous rocket
engine ignitions up to thattime. The team has al so const rdauach and
catchotower. At 146 metres tall, the Integration Tower is the highest of its kind in the world. It is
designed to support vehicle integration (dull stackingbof the first stage Super Heavy Booster with the
Starship), the launch, and then the capture of the Super Heavy Booster and/or Starship.

The first test flight of Super Heavy Booster + Starship, togetherk nown as &6 St ar

The SpaceX Starship orbital test flight (officially the Starship Flight Test) was the first flight of the
Starship launch vehicle from Starbase. The main aim of the test was to see how well the two stages
operated together. With a test such as this, success is measured by how much can be learnt to
inform and improve the probability of success in the future as SpaceX rapidly advances the
development of Starship. This two-stage rocket configuration is known by SpaceX as dhe Full Stackd
or &tarship6for short. It can lift a payload of 150 tonnes if the Super Heavy Booster is to be reused,
possibly up to 250 tonnes if the booster is to be expendable. Like all previous Starship launches,
there were no crew members on board, and of course the boosters cannot carry crew.

The flight vehicles i Super Heavy Booster 7 and Starship 24 i were stacked on the Orbital Launch
Mount on 6 April 2023, and on 15 April the Federal Aviation Administration (FAA) gave flight
approval, whichensuredt hat t he r oc kas tlgarsof othér trajfin. For thedfitstiflighivof the
combined Starship + Super Heavy Booster on 20 April 2023, no vertical landing of either stage was

(@)

cl e

t he

ship

planned. Just prior to lift-off, three of the 33 Raptor engines in the boosteri ndi ¢ a t-reominali n o n

f u n c tandwers shut down. At T+85 seconds the hydraulic power units providing thrust-vectoring
control failed, possibly due to damage by chunks of concrete as big as cannon balls blasted up from

the Orbital Launch Mo u-resistast cohceete eallefl andhg), whith hddeaa t

huge hole blown in it by the force of the engines. Unfortunately, a massive water-cooled steel base
had not been installed in time for this launch. Much damage was caused to infrastructure, with sheds
and fuel tanks dented, and rubble scattered over 385 acres. Large pieces of concrete splashed into
the ocean half a kilometre away, and fragments fell on the town of Port Isabel 6.5 km to the north,
where windows were smashed, possibly by the arrival of shock and pressure waves. As the rocket
gained speed (reaching 2150 km per hour) and altitude (39 km), five more engines died. It became
unstable, turning, tumbling and falling. Four minutes into the flight, the FTS (Flight Termination
System) failed, preventing a safe separation of the stages. Technicians aborted the mission in what
theycalledafir api d wed disassendlydlRYD, tech-s p e a k catastraphiciiexplosiond. The
debris fell 29 km into the sea. Video of Starship 2406s fd

Details of the second flight, also unsuccessful :

The SpaceX team learned a lot from the failure described above. The Orbital Launch Mount (OLM)
and associated structures were rebuilt and strengthened to include the water-cooled steel base and
a water deluge system. 57 FAA safety concerns were complied with, and the next test flight of an
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https://youtube.com/playlist?list=PLBQ5P5txVQr9_jeZLGa0n5EIYvsOJFAnY
https://www.youtube.com/watch?v=Fgxd4phK8eY
https://www.youtube.com/watch?v=Fgxd4phK8eY
https://www.youtube.com/watch?v=Fgxd4phK8eY

integrated Super Heavy 9 + Starship 25 rocket took place on 18 November 2023. This was what
was planned (red text) and what actually happened (black text):

T - 1 hour 39 minutes: Booster propellant loading (LOX and Liquid Methane) begins;

T - 1 hour 22 minutes: Starship fuel loading (Liquid Methane) begins;

T - 1 hour 17 minutes: Starship LOX loading begins;

T - 16 minutes 40 seconds: Booster engine chill begins;

T - 40 seconds: Fluid interfaces with engines begin their ventdown sequence;

T - 10 seconds: Water deluge starts;

T - 08 seconds: Booster ignition sequence starts, all 33 Raptor engines nominal;
T + 4 seconds: Clamps release, actual lift-off, booster engines at full power;

T + 10 seconds: Rocket clears the Orbital Launch Integration Tower (OLIT);

T + 68 seconds: MaxQ (Maximum aerodynamic pressure and stress on rocket,

speed of sound surpassed);
T + 2 minutes 39 seconds: MECO (Main Engine Cut-off) at an altitude of 65 km ' 30 booster

Raptors shut down, 3 central Raptor
T + 2 minutes 44 seconds: Six Starship engines begin ignition, go to full power,;
T + 2 minutes 49 seconds: Super Heavy booster latches release, complete Starship separation;

T + 2 minutes 50 seconds:  Starship pulls ahead of booster, climbs at full power towards orbit,
Booster begins flip manoeuvre using two centre engines (one fails)
and re-ignites its other engines for a boostback burn to descend
nose-first to the waters of the Gulf of Mexico 32 km off-shore;

T + 2 minutes 57 seconds: Four booster engines fail, gimbal control fails and direction of thrust
becomes very erratic; the booster begins to gyrate and is unstable;
T + 3 minutes 21 seconds: The booster rocket violently explodes and debris falls into the ocean.
T + 4 minutes 06 seconds: Booster boostback burn shutdown;
T + 7 minutes 32 seconds: Booster becomes transonic (decelerates below speed of sound
I 1062 km per hour at 11 km altitude);
T + 7 minutes 40 seconds: Booster landing burn startup:
T + 8 minutes 03 seconds: Booster water impact in Gulf of Mexico.
T + 7 minutes 02 seconds: Starship continues to climb towards orbit as photographed by Earth-

based cameras but communication with the spacecraft suddenly and inexplicably ceases. At T + 8
minutes 5 seconds, fluctuations in the flame plume behind the Starship indicate that explosions are
occurring around the engines due to fuel leaks and at T + 8 minutes 15 seconds it begins to tumble.
As there was no possibility of it completing its mission, either SpaceX decided to abort, or the
automated FTS (Flight Termination System) took matters into its own hands, for the Starship is
believed to suffered a Arapid unscheduled disasse
mark. The nose-cone appears to have broken off in one piece and burned up in the atmosphere.

T + 9 minutes 20 seconds: SECO (Starship Engine Cut-off) i spacecraft enters temporary
trans-atmospheric Earth orbit (250 km x 50 km);

T +1 hour 17 min. 21 secs:  Starship entry interface, decay from orbit begins, engines not used;

T + 1 hour 28 min. 43 secs:  Starship becomes transonic (slower than the speed of sound);

T + 1 hour 30 min. 00 secs:  Starship water impact in Pacific Ocean near Kauai, north of Hawaii.

After a successful lift-off with all 33 Raptor engines working, the booster and spacecraft separated
successfully 172 seconds into the flight. The booster flipped as required and began to descend, but
suddenly exploded (another RUD), possibly due to
of separation used by Russian Soyuz rockets that had been trialled. Meanwhile, the St ar sdixi p 6 s
engines had ignited and it continued to ascend towards orbit. It was expected to reach SECO
(Starship Engine Cut-off), at about 9.3 minutes into the flight, having attained a speed of 24 124
km/hour and an altitude of about 180 km. In order to reach the desired trans-atmospheric Earth

orbit, the spacecraft would need to reach an apogee (maximum height) of 250 km. At 8 minutes,

before the Starship could reach orbit, communication with it was lost and the flight was aborted.

This second flight was more successful than the first: the orbital launch mount and pad suffered little
damage, except that the Starship Quick Disconnect Arm needed some repairs. All Booster Raptor
engines worked perfectly until just after separation; second stage separation and ignition went as
planned, and the B 0 o s t fljpprmarseuvre was a success as far as it went. The third flight took
place on Thursday, 14 March 2024 using the Super Heavy Booster 10 + Starship 28, in which the
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trajectory was shortened so that the Starship 28 would land softly in the Indian Ocean, south of the
island of Timor, instead of near Hawaii. Neither the Booster nor Starship 28 would be recovered.

The launch was flawless with all 33 Raptor engines working as one, and the hot-stage separation of

the Booster from the Starship went according to plan as follows: at T + 2 minutes 44 seconds thirty

of the B 0 0 s t emginéssshut down, leaving only the central group of three providing thrust. The

altitude was 71 kilometres and the speed was 5670 kilometres per hour. The six Raptor engines on

the Starship (three R2As surrounding the central three R2Vs) then ignited. Two seconds later the

three latches released and separation occurred. The Booster ignited its middle ring of ten Raptors

which enabled it to perform its flip manoeuvre away from the Starship. Heading down tail first, it

performed a O6boost back bur né t Boosteelhd desendeg te and
altitude of 53 kilometres, and its speed had fallen to 3642 km per hour. Meanwhile, the Starship,

heading towards Earth orbit, had reached a speed of 12 650 km per hour.

By T + 6 minutes 40 seconds, the Booster was having trouble with its engines i only one was still
working. The Booster was now at an altitude of 7 kilometres, falling at 2524 kilometres per hour, and
needed to have 13 engines operational for the
sea. Vi deo feed f rboard caénferas showedktleet giid fins waving around
desperately, trying to stabilise the rocket, but without success. Something drastic had gone wrong
with the engines, the fuel supply or the control system. At T + 6 minutes 58 seconds, communication
and video from the Booster were suddenly lost at an altitude of O kilometres i presumably it crashed
into the Gulf of Mexico at 1114 km per hour. Meanwhile, Starship 28 continued to accelerate up
towards Earth orbit i it was now at an altitude of 144 kilometres and a speed of 17 538 km per hour.

At T + 8 minutes 20 seconds the three sea-level engines on Starship were closed down, but the
three Vacuum engines remained on full power. 15 seconds later, those engines were shut down too.
The spacecraft had now reached an altitude of 150 kilometres and a speed of 26 485 km per hour,
fast enough to enter Earth orbit if that had been one of the goals of the test flight. Starship, now
unpowered, continued to climb, but its speed slowly dropped. At T + 9 minutes 16 seconds, Starship
slowly swung around so that it was flying tail first. At T + 10 minutes, its altitude was 162 kilometres
and its speed was 26 434 km per hour. At T + 25 minutes, Starship reached its apogee (highest
point in its flight) of 234 kilometres, at a speed of 26 114 km per hour. From now on, the spacecraft
would descend, its altitude decreasing but its speed increasing. Two tests were conducted in which
the Starship successfully opened and closed its payload door. It also transferred fuel from one tank
to another as an experimental first step towards the eventual refuelling of one Starship by another,
which will be vital for long-range missions. An attempt to re-ignite the Raptor Vacuum engines in
space was deferred for a future flight.

At T + 44 minutes, at an altitude of 120 kilometres and a speed of 26 640 km per hour, the Starship
begantore-ent er t he Earthdés atmosphere, and faint
and fragments of tiles were seen flying off the spacecraft (as seen in video images transmitted to
Starbase via Starlink satellites) and an aft flap was seen to glow with plasma from friction with the
air. At T + 47 minutes flames became visible and the images received began to break up. At T + 48
minutes 44 seconds the video signal failed at an altitude of 75 kilometres and a speed of 26 628 km
per hour. The last data were received at T +49 minutes 31 seconds from an altitude of 67 kilometres
and a speed of 26 053 km per hour. It seems that the spacecraft did not survive the early stages of
re-entry, and suffered a RUD as did Starships 24 and 25. The boostback burn, the flipping into a
vertical attitude and the landing burn did not occur. By that time the Starship would have been over
the Indian Ocean, south of Timor, so no debris has been salvaged. This third flight was relatively
successful in that the Starship flew in space for 38 minutes i halfway around the Earth.

The launch of the fourth test flight held on Thursday, 6 June 2024 was normal as was the separation
of the two stages. The Super Heavy Booster 11 completed its flip manoeuvre and boostback burn
and returned to the splashdown zone where it performed a landing burn and soft splashdown in the
Gulf of Mexico after a flight of 7 minutes 24 seconds. Meanwhile, Starship 296 second stage Raptor
engines powered the vehicle to the edge of space and it coasted above the Atlantic and Indian
Oceans to re-entry, during which the flaps suffered some heat ablation and damage. It performed
the first flip manoeuvre and landing burn attempted from space, and had a soft splashdown in the
Indian Ocean 66 minutes after launch. The successful fifth flight (October 13, 2024) went further in
that the booster returned to Starbase and was flawlessly captured by Mechazillab &hopsticksé
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Left: Starship 24 atop Super Heavy Booster 7 alongside the
Integration Tower at the Boca Chica launch site. A spare booster is
alongside. The lights in the middle distance are the Starbase facility.
On the horizon are the distant lights of the US city of Brownsville.

A typical profile for a successful Super Heavy Booster +
Starship mission in the future:

The payload will be loaded into Starship at the Starbase
facility and then rolled out to the launch pad. After Super

Heavy and Starship are stacked and latched together on the
Orbital Launch Mount by I|lifting
Catching Arms on the adjacent Integration Tower, they will be

loaded with propellant via the Quick Disconnect Arms.
Roughly four hundred truck deliveries of fuel and LOX are
needed for one launch, although some commodities will be
provided on-site via an air separation unit.

Orbital /2 b A
Launc S
Moun; D7 4 s

the technicians as O6Chopsticksd) wi || di sewilhbage
detach, all 33 engines of Super Heavy will ignite, and the rocket will lift off. After 2 minutes 52
seconds, at an altitude of 65 kilometres, Super Heavy shuts off 30 engines and releases the
interstage latches. St a r sdnginedhmve already ignited moments before and the rocket stages

Then the pair of robotic mechanical Catching Arms (known by

separate. Using its three central engines at reduced power, the booster then turns around ( 6 f | i ps 6
and heads down, using its four grid fins to regulate its falling speed and attitude. As the booster
arrives at the launch site via a controlled descent and then another6f | i pé s Feml t afirst ©6st |

stage to bring it into a vertical attitude, t he o6 Catching Armsé open wide t
descending backwards. After six minutes of flight, only about 20 tonnes of propellant remain inside

the booster és f uel Starshiplcelerateleta orbitdi velodty. Oncehire orbit, the
spacecraft can be refuelled by one or more tanker Starships, so that it can continue its mission.

To land on bodies without an atmosphere such as the Moon, Starship will turn on its engines and
thrusters to slow down, manoeuvring into a vertical position before landing. To land on bodies with

an atmosphere such as Earth and Mars, Starship will slow down by entering the atmosphere nose

first, the side with the black silica heat-shield tiles leading. When the speed is sufficiently reduced,

the spacecraf t wi | | p &€rl fogr nmaan ohuerir leyd , by diving down t
first at a 60° angle to the ground. The half of its body that is protected by black tiles will face in the

direction of its descent, and the speed of its fall will be controlled by the four flaps.

As it reaches about 550 metres from the ground, the Raptor engines will fire, using propellant from
the header tanks located at the precise nose, causing the spacecraft to flip to a vertical orientation.

At this stage, the Raptor enginesd gimballing, th
precisely manoeuvre the Starship. A pseudo-spectral optimal control algorithm by the German Aero-
space Centre predicts that the | anding flip wildl

line, and the angle will decrease to zero on touchdown. On Earth, future Starships are envisioned to
land next to an Integration Tower on their launch pad, and be captured by the mechanical catching
arms, like the booster. If St a r srbckep siagies land on an ASDS (Autonomous Spaceport Drone
Ship), a hydraulic lift will then move them to a transporter barge. They will be taken to a port and
returned to their base by road. The recovered Super Heavy and Starship will either be positioned on
the launch mount for another launch, or refurbished at a SpaceX facility.

St ar srhusgbilitysis expected to reduce launch costs, expanding space access to more payloads

and entities. CEO Elon Musk has stated that a Starship orbital launch will eventually cost $1 million

(or $10 per kil ogram). Eurospaceds director of
Starshapdesh price wildl l'i kely be higher ABtarshpuse ¢
may be able to launch three times perdayand make obsol etFalcon dand Fkalocomp any 6
Heavy rockets. Such a launch program will be necessary for St a r s pradfitpbflity. One way for

Starshipt o meet demand woukstabebdbomgasi ®a@asdéthdeée carry
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Right: These are the two rob

6chopstickso6) that capture
Ohardpointsd6 as required. They
close to hold it rigidly. Below, above the Interstage, can be seen
the Quick Disconnect Arm attached to the rear end of the Starship,

and three of four grid fins attached to the top of the booster. The
coast of the Gulf of Mexico is at the upper left-hand corner.

SpaceX trialled a number of changes to the second Starship ey =
vehicle (Starship 25 + Booster 9). Perhaps the most prominent of =Ny ?Caghiﬂgér'“sf S
these changes was a switch to a Soyuz-typefi h ot s tj# ‘ 4 ’,v ,

strategy, in which the upper stage ignited its engines before it ‘ ‘

had fully separated from the first-stage booster. That switch

required modifications to the upper end of Booster 9, including the

installation of a domed heat shield and a vented fhot stage ringo to

protect it from the blastof St a r s h ergine? Whérsignited.

NASA purchases access to SpaceX6 s -usability

technology for future Moon landings o, S (Starship Quick
¥ | DiscOhnéct) "Arm

In 2022 SpaceX launched 61 orbital missions, nearly
doubling its previous single-year record of 31, which was set
in 2021. This was close to the Chinese total of 62, and three times as many as other US companies
combined (including NASA). 34 of these launches were primarily devoted to building the Starlink
mega-constellation of internet satellites, which by October 2024 had placed in orbit more than 6371
operational satellites serving 48 countries. The other 27 missions served a variety of customers,
including NASA. On average, SpaceX launched every six days from one of its three sites, with 92%
of missions completed with flight-proven first stage rocket boosters. In 2024 SpaceX took the world
record for the most launches of a single vehicle type in a single year, with a total of 106 successful
Falcon 9 carrier rocket launches.

SpaceX is now the leading global launch provider, with a net worth of US $ 150 billion. It has
achieved an enviable record of having its Falcon rockets safely return to their launch pads to be
used for future missions, something that NASA has not yet been able to accomplish. As there are
many innovative procedures involved in this, on 16 April 2021 NASA signed a sole-source
agreement with SpaceX to share this re-usable technology, which drew protests from competing
companies Blue Origin (with their ILV i Integrated Lander Vehicle) and Dynetics with their ALPACA
(Autonomous Logistics Platform for All-Moon Cargo Access). NASA requires SpaceX to develop,
produce, and demonstrate the capability and reliability of the Starship Human Landing System (HLS).

In this agreement, NASA decided to send the Artermis Ill astronauts to the Moon, not in its own
proposed lunar lander (shelved for the time being, at least until Artermis V) but in an improved
SpaceX Starship HLS. SpaceX can do the job for about one tenth the cost of using normal NASA
contractors. They have awarded SpaceX a US$ 2.89 billion contract to perform one demonstration
flight prior to the use of their system on the Artemis Il mission. The demonstration will involve
putting an uncrewed Starship HLS in a Near-Rectilinear Halo Orbit (NRHO) around the Moon,
sending it down to land on the lunar surface, and then returning to the lunar NRHO, all being
controlled robotically. If this demonstration is successful, SpaceX is to have the Starship HLS ready
to land on the Moon as Artemis Il in late 2027. To facilitate these missions, in late 2021 NASA and
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SpaceX announced their plans to jointly construct

Center. The following is the proposed mission profile for Artemis lll, which is now postponed to
early 2027, due to delays caused by problems with Starship control and the new type of spacesuits.

As with all Artemis missions, the Orion spacecraft with four NASA crew will be lifted into orbit by an
SLS rocket. (Artemis | to 11l will use the SLS Block 1; all following missions up to Artemis VIII will
use the SLS Block 1B, which has an expanded upper stage with a cargo hold. From Artemis IX on,
the SLS Block 2 rocket will be used.) Orion will transfer to the Moon and enter a Near-Rectilinear
Halo Orbit (NRHO), where later on the Lunar Gateway space station will be located. The Starship
HLS for Artemis Il will be launched into low Earth orbit (LEO) using a SpaceX Heavy Booster, with
a SpaceX crew. Starship tankers will refuel it before Trans-Lunar Injection. It will then head to the
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Moon where it will enter the same lunar NRHO as Orion. The aim is that the two spacecraft should
rendezvous and dock with each other. Two of Or i oNA®Ascrew will transfer to the HLS, which will

descend to the Moonbés Sout h P ddeediagrdameon gagetlh.ey wi |

In contrast to other proposed designs that use multiple stages, the entire HLS spacecraft will land
on the Moon and will then launch from the Moon as a single-stage-to-orbit (SSTO) vehicle. Like other
Starship variants, Starship HLS has three Raptor R2V (Vacuum) engines mounted in its tail as its
primary propulsion system. However, when it is within tens of metres from the lunar surface during
descent and ascent, it will use 24 high-power methane-LOX reaction-control thrusters located high
up instead of the Raptors, to avoid raising a plume of dust or blasting a hazardous crater under the
vehicle. A solar array located on the nose below the docking port will provide electrical power.

Some equipment (such as an unpressurised rover for use during excursions) will have been pre-
positioned at the | andi ng s Afteretheyhare @ompléted theirHuaar
activities (which will take about a week), Starship HLS will lift-off from the Moon and return to lunar
NRHO to rendezvous with Orion. The two NASA crew will then transfer back to Orion and depart for
Earth. The mission will take 30 days. Although not yet confirmed, the Starship HLS could be

astr

refuelled in orbit by a Starship tanker to ferry more crews and cargot o t he Moonds surf a
t h o

NASA and SpaceXt eams are working together to ensur
mission and safety requirements. Later, the Starship HLS will be required to demonstrate its ability
to dock with Gateway, a small space station that will orbit the Moon to support both lunar and deep-
space exploration. This is necessary so that Starship HLS can deliver the supplies, equipment and

e

science payloads that are needed for extensive

There are no details as yet as to how the SpaceX crew will get back to Earth, as the Starship HLS is
not designed forrecent ry i nto the Earthoés at mos pHL® may.be
provided on it sseedpage h3) with sirdilar silical ledt-registant black tiles to those
used on ordinary Starships, to enable it to return to Earth. It would also need four flaps to provide
aerodynamic control, but the current plan is for the HLS to be disposed of by sending it into an orbit
around the Sun. The SpaceX crew would therefore need to hitch a ride on Orion to get back home.
SpaceX h as s ai $tarshifi Spacecraft and Super Heavy rocket represent an integrated and
fully reusable launch, propellant delivery, rendezvous, and planetary lander system with robust
capabilities and safety features uniquely designed to deliver these essential building blocks. We are
honoured to be ArtenpisPragramfto hslgrStédrdsimanity to the Moon and usher
in a new era of human space exploration. o

NASA has since modified the contract, requiring SpaceX to further develop the Starship HLS,

paying SpaceX an extra US$1.35bilionto manageas econd | anding demonstrat.i

Artemis IV mission and then to provide a Starship HLS for that mission too. The contract with
SpaceX is only for the two demonstrations (trials), plus the Artemis lll and Artemis IV lunar landing
excursions from NRHO, after which it will expire. None of the missions described below is locked in.

NASA hoped the next Moon mission, Artemis IV, would occur in 2027, but as each SLS launch
costs $4.1 billion, it has now been deferred to September 2028. (A SpaceX launch with a reusable
Falcon Heavy rocket costs on average just $1 million.) For this mission, the first two modules of the
Lunar Gateway, the Power and Propulsion Element (PPE) and the Habitation and Logistics
Outpost (HALO), will be joined together on Earth and delivered to the lunar NRHO as a unit by a
Falcon Heavy rocket in 2026. It will take about a year for these modules to spiral out into a stable
NRHO orbit. When this orbit has been established, the NASA crew will board their SLR Block 1 +
Orion space vehicle and travel up to the NRHO. When they arrive, Orion will dock with a small
6docking noded and the two NASA crew membeOren
spacecraft into the part-built Gateway. Soon, a refuelled SpaceX Starship HLS will arrive and dock
with the Gateway modules. The two NASA crew will transfer into the Starship HLS and descend to
the MoondOs s out IShapkietbnacrateraThie will ba theasecond human landing in the
21st century. (Originally planned for Artemis V, it was brought forward a year.) After a week
conducting scientific activities on the Moon, they will re-enter the Starship HLS and ascend to the
NRHO. There they will dock with the Gateway, where the two NASA crew will transfer back to Orion.
Leaving Gateway and the Starship HLS docked, Orion will perform a close lunar flyby (60 nautical
miles or 110 kilometres above the surface) and return to Earth. This mission will also take 30 days.
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NASA is conducting competitive procurement processes for other Human Landing Systems for use
in Artemis missions to the Moon, and on 19 May 2023, they announced that Amazon founder Jeff
B e z dBsué Origin company had been awarded a $3.4 billion contract to build a spacecraft to fly
astronauts to and fr om tNboteurpNsmglyntbiscanseyustfa anonth toithe
day after the catastrophic loss of SpaceX6 $tarship 24 (see page 16). This is a breakthrough for
Blue Origin as two years earlier it lost to SpaceX in the first round of contracts (see page 20). Blue
Origin plans to build its 52-feet (16-metre) tall Blue Moon lander in partnership with Lockheed
Martin, Boeing, software firm Draper and robotics firm Astrobotic. NASA chose Blue Origin over a
rival bid led by the defence contractor Dynetics that also involved Northrop Grumman Corporation.

NASAOGs d e award BleerOrigin@ contract will give it a second option for sending astronauts
to the Moon under its Artemis program, the other option being the SpaceX Starship HLS described
above. NASA Administrator Bill Nelson said when announcing the contract, i We want
competition, we want t wolt nheans that yau havearalidbility, oa haves
backups.0 The contract complies with NASA& policy in recent years to help fund development of
spacecraft by private companies, then pay to use their craft in missions, rather than spending the
huge amounts required to develop their own fleet of space vehicles. Blue Origin, founded in 2000, is
investing substantially more than the $3.4 billion contract figure to develop their spacecraft, and the

2026

mo r
bet

company, not NASA, will pay for any costoverruns.J ef f Bezos sai d, tolfewethisar e h

journey with NASA to land astronauts on the Moon 1 this time to stay. 0

The four-legged Blue Moon lander can carry up to four crew and its upper deck is designed to carry
different types of cargo. According to Blue Origin, its liquid hydrogen-powered rocket engine
generates 10000 pounds of thrust. Fully loaded with fuel, the lander weighs about 33000 pounds
(16.5 tonnes) and has a payload capacity of up to 14000 pounds or 6.5 metric tonnes. The spidery-
looking spacecraft resembles a bigger version of the iconic Apollo lunar modules that landed twelve
NASA astronauts on the Moon in the late 1960s and early 1970s. Its four landing pads, though, are
noticeably smaller, as the lunar surface is firmer than was expected when the Apollo lunar modules
were designed. The Blue Moon lander will likely ride ontopof Bl u e O NewgGlenrd ®cket, a
313-feet-tall (95 metres) booster that is still in development. The first stage will have seven BE-4
engines which are larger and slightly more powerful than the Raptor 2s of SpaceX. The second stage
will have two smaller BE-3U engines. The rocket will be equipped with radio and laser-based
communications gear, as well as a LIDAR system that will use laser beams to scan the lunar
surface and guide the craft to its landing site. In addition to landing humans and cargo on the Moon,
the lander will be able to deploy small Moon-orbiting satellites during its descent to the lunar
surface. Blue Origin hasna revealed any specific launch dates for Blue Moon (a mock-up is shown
above), but its hydrogen-powered BE-7 rocket engine had a series of hot-firing tests in 2023. The
first New Glenn rocket, expected to be reusable like Starship, is due for launch in mid-2024.
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SpaceX and Blue Origin have at least six other competitors vying to win these contracts. Once initial
capabilities are tested and established i the Orion spacecraft, SLS Block 1B, Starship HLS, New
Glenn Blue Moon, and then Lunar Gateway i NASA will award more contracts and slowly build up
its lunar architecture. First, once Gateway is operational, it will be used as a rendezvous for which-
ever human landing system is chosen. Second, commercial cargo landers will begin delivering
heavier equipment to the Moonds So ultuhar RPandpatationBa s e ,
Vehicle. When these are in place and regular commercial landing services are established, the
Gateway will double as a refuelling point, for itself or for reusable human landers. During this phase,
the Gateway will continue to add more science, resource, communications and research capabilities.

Meanwhile, on the lunar surface, a pressurised rover will possibly be delivered to the south pole site
as well as the first permanent surface habitat. Both of these would allow for extended stays and the
extraction of resources. After everything is in place, NASA hopes to use Gateway and the Artemis
Base Camp for various simulations for missions to Mars. This could include a mock Mars mission,
travelling to the Gateway for a stay of about six months, then land on the lunar surface for a period
of time, then return to the Gateway for another six months, and then return to Earth. This would
simulate an expedition to Mars. During all of this time, communications would incorporate variable
time delays to replicate the delays experienced by a crew in a Mars mission.

NASA would prefer to continue with the procedures used for Artemis IV for later Artemis missions

(NASA SLS+Orion to Gateway, Starship HLS for the lunar excursion and return to Gateway, and

Orion to return to Earth), but there is a growing opinion that the non-reusable NASA SLS is old and

wasteful space shuttle technology of 45 years ago, and the reusable SpaceX rockets and Starship

HLS are the way of the future, especially when one considers their suitability for a mission to Mars.

NASA plans to use the SLS Block 1 rocket up to and including Artemis VIl in 2031, and then use

SLS Block 2 up to Artemis Xl in 2034, the missions being limited to once every two years, but the

rapid progress by SpaceX in rocket technology may convince NASA to put aside the SLS-Orion part

of the Artemis program either temporarily or permanently, and send its astronauts from the Earth to

the lunar NRHO aboard a standard SpaceX Starship. When Gateway is available, a Starship HLS

could be docked permanently there in lunar NRHO, until required for the next transfer of passengers

to the Moonds Sout h Pol passeyersreturnedvtb Edrtre viaithe sormalr e vi o
Starship which had brought them up to NRHO. If Gateway was not yet available, then a Starship

HLS would need to be modified to carry out a complete mission from the Earth to the Moon. To

return safely, it would need to be able to withstandre-ent ry into the Earthoés at
fitting of flaps and black silica tiles, something that SpaceX could easily do as the technology is

already present on standard Starships. Alternatively, Blue Moon could be viable. Such scenarios

may be found necessary by NASA through budgetary constraints applied by the US Government.

ARTEMIS IV _am-a & A

International Habitation Module @& ARTEMIS

delivery to Gateway followed by
Crewed Lunar Landing s

LAUNCH
SLS with I-HAB co-manifested payload
and Orion with 4 crew members lift-off
from Kennedy Space Center.

Orion performs burn to establish
rendezvous point and executes
rendezvous and docking

With separation.

ENTER EART I I-HAB docking with Orion to Power and
Exploration Upper Stage (EUS) Propulsion Element (PPE) and Habitation
performs circularization of Low and Logistic Outpost (HALO) module.
Earth Orbit. Systems check and
solar panel adjustments.
Astronauts ingress, activate and utilize Crew transfers science samples to
TRAN NAR INJECTION BURN I-HAB as part of larger Gateway complex Orion for return, undocks, performs
EUS commits astronauts in Orion departure burn
and I-HAB to lunar trajectory.
Crew activates Lander and prepares
RION T HAB TO MOON for departure
Orion separation from Universal Lunar gravity assist, fly 60 nmi
Stage Adapter (USA), ejection of ANDER UNDOCKING AND SEPARATION from the Moon.
USA, Orion docking with I-HAB for
extraction from EUS/ Payload @ LANDER ENTEF W LUNAR
Adapter Fitting (PAF) followed by Two astronauts descent to lunar
Orion tug of I-HAB to Gateway Orbit touchdown. Precision targeting for Earth entry.
and EUS disposal.

ASCEND

® Proposed Mission profile for

Gateway ; :

@ LUNAR SURFACE EXPLORATION Orbit Artemis IV in 2027, before
RION OUTBOUND TRAN: Astronauts conduct week long surface q ;

o TO MOON m-sslonumcluumg moon walks, n‘l:vev ops, NASA decided to use a Starshlp

Requires several outbound and surface science. HLSand not a NAS

trajectory burns. ° Enter Earth's atmosphere. 10 Artermis IV is now scheduled for

@ ORION OUTBOUN September 2028.

POWERED FLYBY Other two astronauts tend to Gateway Astronaut crew, science sample
60 nmi from the Moon. during lunar surface mission. and capsule recovery by ship.
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Small, pressurized crew cabin

3 3
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5 Human Landing/Sysmm : 'z, —_— Power and Propulsion Element

°

5 - The NASA Human Landing
System will be replaced by
Starship HLS in 2022 for Artemis
llland IV only. Landers for
subsequent NASA missions will
be open to tender by private
companies including SpaceX.
A Blue Origin proposal is
illustrated on page 1357.

Meanwhile, planning and development is on-going for construction of Gateway. This will be a mini-
space station in lunar orbit, that will serve as a solar-powered communication hub, science
laboratory, short-term habitation module, and holding area for rovers and other robots. Canada,
Europe and Japan will contribute some of the eight modules, and Gateway will be built up module
by module as the International Space Station was. Three proposals are on page 27, the final one
being the latest version. It is hoped that the first two modules will be assembled and joined prior to
the Artemis IV mission, and delivered to the lunar NRHO by 2027, and the I-HAB soon after.

At one end of Gateway will be a multi-purpose module where Orion, Starship HLS and other
spacecraft can dock to enable transfer of crew and supplies. It is hoped that most of the modules
will be in use by Artemis VI in 2029 (see below), and that the lunar base will be started by Artemis
VIl'in 2030, toservicemor e | andi ngs near tnhhe follloing deGagle. Sout h

Some planned modules for Gateway i Nos. 1 and 2 will be the first

1 The Power and Propulsion Element (PPE) was developed as a robotic, high performance
solar-electric spacecraft that would retrieve a multi-tonne boulder from an asteroid and bring it to
lunar orbit for study. When that experiment was cancelled, the solar-electric propulsion was re-
purposed for the Gateway. The PPE will allow access to the entire lunar surface and act as a Gpace
tugéfor visiting craft. It will also serve as the command and communications centre of the Gateway.
The PPE is intended to have a mass of 8 to 9 tonnes and the capability of generating 50 kilowatts
of solar-electric power for its ion thrusters, which can be supplemented by chemical propulsion.
Maxar was awarded a firm fixed-price contract of US$ 375 million to build the PPE.

2: The Habitation and Logistics Outpost (HALO), also called the Minimal Habitation Module
(MHM), will be built by Northrop Grumman Innovation Systems (NGIS). The HALO is based directly
on a Cygnus Cargo resupply module, to the outside of which radial docking ports, body mounted
radiators (BMRs), batteries and communications antennae will be added. The HALO will be a
scaled-down habitation module, yet it will feature a functional pressurised volume providing
sufficient command, control and data handling capabilities, energy storage and power distribution,
thermal control, communications and tracking capabilities, two axial and up to two radial docking
ports, stowage volume, environmental control and life support systems to augment the Orion
spacecraft and support a crew of four for at least 30 days. On 9 July 2021, Northrop Grumman
Innovation Systems was awarded a contract by NASA for US $ 935 million to design and build the
HALO, and to integrate it with the PPE being built by Maxar.
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3 The European System Providing Refueling, Infrastructure and Telecommunications
(ESPRIT) service module will provide additional xenon and hydrazine capacity, additional communi-
cations equipment, and an airlock for science packages. It will have a mass of approximately 4
tonnes, and a length of 3.91 metres. The European Space Agency (ESA) has awarded two parallel
design studies, one mostly led by Airbus and one led by Thales Alenia Space. The construction of
the module was approved in November 2019, and in October 2020 Thales Alenia Space announced
that they had been selected by ESA to build the ESPRIT module.

The ESPRIT module will consist of two parts. The first part, called the Halo Lunar Communication
System (HLCS) will provide the communications for the mini-station Gateway. It will launch pre-
attached to the HALO module, for which Thales has separately been awarded a contract by
NASA to construct its hull and micrometeoroid protection. The second part, called the ESPRIT
Refueling Module (ERM), will contain the pressurised fuel tanks, docking ports and a small
windowed habitation corridor, and will launch in 2027.

4. The International Habitation Module (I-HAB) will be an additional habitation module built by
ESA in collaboration with the Japan Aerospace Exploration Agency (JAXA). Together with the
HALO module, they will provide a combined 125 cubic metres of habitable volume to the station.
On 14 October 2020, Thales Alenia Space announced that they had been selected by ESA to build
the I-HAB module. The module will also feature contributions from the other station partners,
including a life support system from JAXA, avionics and software from NASA and robotics from
the Canadian Space Agency (CSA). The module is slated to launch in 2027-2028 on the Artemis IV
mission as a co-manifested payload on the SLS-Orion spacecraft.

The concept for the Gateway is still evolving, and the following modules will be included:

I The Gateway Logistics Modules will be used to refuel, resupply and provide logistics on board
the mini-space station. The first logistics module sent to the Gateway will also arrive with a
robotic arm (see below).

1 The Gateway Airlock Module will be used for performing extravehicular activities outside the
mini-space station and will have a docking port for the Orion crew module and other proposed
Deep Space Transport vehicles (see below).

1 The Canadarm3, a robotic 8.5 metre-long remote manipulator arm, is similar to the Space
Shuttled €anadarm and the International Space St a t iCanadarm2. The arm will be the contri-
bution of the Canadian Space Agency (CSA) to this international endeavour. CSA contracted
MDA (formerly MacDonald, Dettwiler and Associates) to build the arm. MDA previously built the
Canadarm?2, while its former subsidiary, Spar Aerospace, built the Canadarm.

Crewed flights to Gateway are expected to use the SLS-Orion, while other missions may be carried
out by commercial launch providers. NASA has announced that SpaceX with its future spacecraft
Dragon XL will be the first commercial partner to deliver supplies to the Gateway. The first two
modules (PPE and HALO +HLCS) will be launched on a Falcon Heavy rocket in November 2024.

In May 2020, NASA decided it was time to set some rules to govern activities on the Moon. They

call ed t he&remisAdcerdsot hand asked ot her nations and
on as partners. Eight countries agreed: Australia, Canada, Italy, Japan, Luxembourg, United Arab

Emirates, United Kingdom and the United States of America. China did not sign, as it aims to build a
permanent base near the lunar South Pole with Russia. Al t hough Russia is NASA®O
partner in space exploration (the two are largely responsible for the International Space Station and
American astronauts have been travelling to and from the ISS on Russian Soyuz spacecraft since

the Space Shuttle program ended in 2011), it also refused to sign and withdrew from the Artemis
Progpamal t oget her for political reasons, claiming th
that plans for Russia to build and supply the Gateway Airlock Module had to be scrapped. As the

airlock needs to be compatible with other modules being built by Thales Alenia Space for the Euro-

pean Space Agency (ESA), the ESA has selected Thales Alenia Space to build the airlock as well.

By November 2024, 47 countries have signed up to be partners of the Artemis Accords.
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The Human Landing System (HLS)i s a <criti cal ¢ AArtemiz mission, asoitfwill NA S A 6
transport crew from lunar orbit (the Gateway oran Orions pacecr aft) to the Mooné
lunar habitat, and then transport the crew back to lunar orbit. The SpaceX Starship HLS will be

used for Artemis Ill and IV. In the meantime various companies will compete for contracts to build
future | anders. Above is an artistodés idea of a po
Lander at left + Orion Crew and Service Modules at right (see pages 20-24).

Sustainable Lunar Architecture
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services; Gateway enhancements with greater exploration range on four crew on the surface for longer periods
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orbital and surface assets
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CAPABILITIES TO ENABLE SCIENCE-FOCUSED SURFACE EXPLORATION AND MAXIMIZE DEEP SPACE DISCOVERIES
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Above is a possible progression for the Artemis Project. It predates the decision to utilise the Starship
HLS instead of a NASA lunar lander for the first missions. Note numerous robots collecting samples,
a pressurised Roving Vehicle, and a Large-Scale Cargo Lander for supplying scientific equipment to
the manned Lunar Base. The site for the base will be near Shackleton Crater at the South Pole,
although the erroneous orientation of Earth in the background suggests a site at the North Pole.
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Faustini

The Moonds South Pol ar ar avastrimrofdha cratdy 8hackleton wmarking the pole.
Crater Shoemaker is nearby. The larger craters Amundsen and Scott are near the left margin. 1
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The view from Starfield Observatory at 10:25 pm on 4 May 2020. Three craters found in both images above and
on pages 31, 34-38 and 40 are indicated by colour-c o d e d

to locate the Mo o nSawgh Pole, they will need to choose a time when the libration and phase are favourable.
First locate the 12 km crater on the southern (far) rim of Newton A (green arrow). Follow the yellow arrows to
Malapert Massif, then head 75 km south across Haworth to 21 km Shackleton. A blue asterisk marks the pole

ar r oWy o if telessopic observers wish
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I Lunar Orbiter.
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As NASA prepares to send astronauts back to the Moon under Artemis, the agency has identified
thirteen candidate landing regions near the lunar South Pole. Each region contains multiple potential
landing sites for Artemis Ill, which will be the first of the Artemis missions to bring crew to the lunar
surface, including the first woman to set foot on the Moon.

ifSelecting these regions means we are one giant I

the first ti me since Apoll o, o sai d Mar k Kirasict
Campaign Devel opment Di vision at NASA Headquartert
unli ke any mission thatodés come before as astronau

by humans and lay the groundwork for futurelong-t er m st ays. 0

NASA identified the following candidate regions for an Artemis Il lunar landing:

Faustini Rim A Peak near Shackleton Connecting Ridge Connecting Ridge Extension
Amundsen Rim de Gerlache Rim 1 de Gerlache Rim 2 de Gerlache-Kocher Massif
Malapert Massif Nobile Rim 1 Nobile Rim 2 Haworth Leibnitz Beta Plateau

All of these regions are located within six degrees of latitude of the lunar South Pole and,
collectively, contain diverse geologic features. Together, the regions provide landing options for all
potential Artemis Il launch opportunities. Specific landing sites are tightly coupled to the timing of
the launch window, so multiple regions ensure flexibility to launch throughout the year.

To select the regions, an agency-wide team of scientists and engineers assessed the area near the
l unar Sout h Pol e us ilLongr Rdcannassafice Orbiter NnAdSdedades of lunar
science findings and publications. In addition to considering launch window availability, the team
evaluated regions based on their ability to accommodate a safe landing, using criteria including
terrain slope, ease of communications with Earth, and lighting conditions. The latter are very
important as many crater interiors and valleys near the lunar poles are in perpetual darkness. To
determine accessibility, the team also considered the combined capabilities of the Space Launch
System rocket, the Orion spacecraft, and the SpaceX-provided Starship Human Landing System.

‘_%eak Near de Gerlache-Kocher
o~ Shackleton : %

5 austini Rim A - | Connecting Ridge
3 = :___- S ackleton Connecting Ridge
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= Faustini Soum v e B
- < \/

‘Pole ~
Shoemaker )
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) ? e g
Nobile Nobile N g
Rim 1
= /Leibnitz Beta
—

Cabeus

These are the thirteen candidate landing regions for Artemis Ill. Each region averages approximately 20 x 20
kilometres. A landing site is a location within these regions with an approximate radius of 100 metres.
A small orange square marks an anonymous 23 km crater that appears in this image, two on the previous
page and some others following, to assist the reader in orientation. 1 Lunar Reconnaissance Orbiter.
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https://lunar.gsfc.nasa.gov/
https://www.nasa.gov/press-release/as-artemis-moves-forward-nasa-picks-spacex-to-land-next-americans-on-moon/

Observerb6s Guide to the Artemis |l anding sites

The first four images give a wide angle of view, and will allow observers to become familiar with the
areanear t he Mo on @s thiS paget the nfediumesized craters marked 1, 2 and 3 in
white are the same craters in both images. The images were taken at Starfield Observatory on the
evenings of May 4, 2020 and May 20, 2021.

This image shows the moonscape south of latitude -6 5 to the
and 8 (r

Pol e, bet ween
i ght)

This image adjoins the one above, and covers the region south of latitude -6 5 t o
l ongitude 43 East (left)
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The two images on this page are identical to the two on the previous page, except that large craters
are identified with their official names, many of which were selected by Giovanni Riccioli and
Francesco Grimaldi when they created their selenograph (or map of the Moon) in 1651. A number of
craters not charted at that time (as they were not noticed by astronomers using seventeenth century
telescopes) were detected as instrumentation improved in modern times, and therefore have been
given modern names such as Hale, Amundsen, Scott, Shackleton and Shoemaker.
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The above image was taken at Starfield Observatory on May 20, 2021.
The one below was taken on May 4, 2020.
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The nearest crater to the pole is 21-kilometre Shackleton. The actual South Poleisont h at cnorthiwest 6 s
rim, and is marked with a blue asterisk. MM@is the Malapert Massif, 6 LBP®& is the Leibnitz
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Faustini Rim A Peak near Connecting Connecting Ridge De Gerlache
Shackleton Ridge Extension Rims 1 and 2
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These are nine of the thirteen candidate landing regions near the lunar South Pole. The red ones in
the list below are off the image:

Faustini Rim A Peak near Shackleton Connecting Ridge Connecting Ridge Extension
Amundsen Rim de Gerlache Rim 1 de Gerlache Rim 2 de Gerlache-Kocher Massif
Malapert Massif Nobile Rim 1 Nobile Rim 2 Haworth Leibnitz Beta Plateau
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Lunar Reconnaissance Orbiter photograph of the south polar area, vertical view.
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http://www.starfieldobservatory.com/LFOTM.htm
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Lunar CRater Observation and Sensing Satellite (LCROSS) temperature image of the south polar area,
vertical view. Launched on June 18, 2009, it was to collect data from the impact and debris plume resulting
from the | aunc Rentawe hppec dtagedstiking fheecnater Cabeus on the Moon (180 kilometres
north-west of the South Pole)on Oct ober 9, 2009. The data was g-ather e
crafto whi c Eentaw dolvroandfldw thrdugh the debris plume.

The impact, which created a 27 metre crater and excavated more than 350 tonnes of lunar material, confirmed
that water was detected in the blast. This was anticipated, as research indicated that water molecules would
not be found elsewhere on the Moon, as the high temperatures on the surface during the lunar day would
cause any water molecules to evaporate and be lost into space. The only place where water might be found
would be in the floors of deep craters at the poles which would be frozen in perpetual darkness. This fact
convinced NASA to go ahead with establishing a lunar base in the nearby south polar area, for the presence
of water was a prerequisite for making hydrogen.
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