
Copyright 2025 Microcosm, Inc.              Reinventing Space: Low-Cost, Profit-Making Lunar Settlement

Dr. James R. Wertz
University of Southern California

Microcosm, Inc.

Scorpius Space Launch Company

USC ASTE 523, Spring 2025

Design of Low-Cost Space Missions

Selene:  A Near-Term, 

Income-Generating, 

Lunar Settlement

Living on the Moon 

in the next decade

Microcosm

3111 Lomita Blvd.

Torrance, CA 90505

(310) 539-2306

mobile  310-529-2780

jwertz@smad.com

Mic25-0108

0-1

Part 6

Risk Revisited 

and 

Interplanetary 

Round Trips



Copyright 2025 Microcosm, Inc.                                                           Reinventing Space: Low-Cost, Profit-Making Lunar Settlement

Topics

• Risk

• Technical Risk

• Financial Risk

• Human Risk (Personnel Safety)

• Synodic Period and Interplanetary Round 

Trip Travel

• Synodic Period 

• The Major Challenge of Travel Between 

Planets
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Low Technical Risk

• The lunar settlement will use primarily existing technology, most of it 
inside the settlement

• Allows us to use existing equipment and technology from Earth

• Computers, washing machines, and communications equipment

• Manuals and experience from around the world available on the web

• Space parts or new parts can be sent to the Moon as needed

• For automated machinery , inside or outside. human help can often fix 
things and fix them quickly

• Example: IM-2 fell over on its side and wasn’t usable

• If it were close to the settlement, someone comes out and stands 
it on end

• The spacecraft is then checked out by the ground operator while 
the person waits next to the equipment to see if they can help

• Example 2: the automated vacuum gets stuck under a chair and is 
pushed free by someone

Technical risk is reduced dramatically by having people available 

to help.  Graduate students make science experiments work better.
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Low to Moderate Financial Risk

• Primary risk element

• Most of the activity is new and it’s simply not known how it will be 
received or used by customers

• Lunar tourism, lunar burial, weddings and ceremonies, 
advertising, sports and entertainment 

• However, substantial advantages that reduce risk

• 20 or more business areas give lots of opportunities

• Truly unique products as listed above and elsewhere

• Very large margins on most products and services 

• Multiple participants reduce risk by bringing in multiple countries and 
companies

• Large number of different markets with different countries and 
cultures

• If Lunar tourism or Lunar burial doesn’t sell well in Africa, there’s 
always India, China, Europe, Brazil, or the US

There are more different ways to make large amounts of money on 

the Moon than in any city on Earth.
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Very Low Personnel Risk -- Safety is Critical

• Most of the major risk areas on Earth simply don’t exist in the Lunar 
settlement

• Weather related phenomena - hurricanes, forest fires, floods, storms, 
tornadoes, rising sea level

• Geological phenomena – earthquakes, landslides, and volcanos

• Nothing in the environment regards you as lunch or is poisonous – 
sharks, alligators, lions, snakes, or poisonous spiders/insects

• There aren’t indigenous people who would prefer that you not be there

• Accidents are both less likely and less deadly

• You weigh less and fall more slowly

• Anything that falls on you is less harmful

• Medical monitoring is essentially continuous

• There are people ready to help in essentially any circumstances

• Getting there is the riskiest part.  We’re currently working on responsive 
launch, a key technology for in-space rescue, as identified by Dr. Grant 
Cates of Aerospace Corp

I anticipate that living in a Lunar settlement will be safer for people 

than living on Earth, particularly for older people.
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The Bottom Line

• Low technical risk

• There are people (typically graduate students) available to both 
monitor the technical activity and fix things that go wrong

• Low to moderate financial risk

• People in Brazil, for example, may not like Lunar burial

• There are 200 other countries and cultures to sell it to

• There are 20 other lunar business to generate income

• Very low personnel risk

• Inside the Lunar settlement, there are no realistic natural phenomena 
that are a risk to people

• The only real risks are medical, mechanical failure, or human activity 
(intentional or unintentional)

• Medical problems are reduced by regular, thorough monitoring

• Mechanical failure is reduced by typically benign conditions

• The close-knit environment reduces, but certainly doesn’t 
eliminate, human issues

The Lunar settlement has no realistic natural risk for people.  The 

risk from other people will still occur. 
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• Planetary Aspects and the Synodic Period

• 1-Way Interplanetary Travel

• Departure and Arrival Times Relative to 

Opposition

• Direct vs. Indirect Transfers

• The Interplanetary Train Schedule

• Round Trip Travel

— The basic rules of round trip travel

— Fast round trips

• “Practical,” Rapid Round-Trips to Mars

• Conclusions

SYNODIC PERIOD AND 

INTERPLANETARY ROUND-TRIP TRAVEL
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• Interplanetary travel (getting from planet to planet) is well understood 

in astronautics

• Interplanetary round-trip travel (i.e., human missions where you 

would like to get back home) is much less well understood and 

essentially never taught

• Round trips take much longer than you would initially expect and 

longer than you would like

• What we’ll cover here is simply the logic and physics of round-trip 

travel and some of the arithmetic

• This set of charts is from my SMAD course and allows you to 

calculate round-trip travel times with a variety of options

– Not all of the charts will be discussed, but all of them are left in so 
that you can do the calculations if you choose

A NOTE ON

 INTERPLANETARY ROUND-TRIP TRAVEL
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PLANETARY CONFIGURATIONS

• Planetary configurations or Aspects refer to the orientation of the planets relative 

to the Earth and Sun

— A superior  planet is one further from the Sun

— An inferior  planet is closer to the Sun

• Opposition  occurs when the Sun and the planet are in opposite directions 

— Planet is closest to the Earth and is bright in the night sky

• Conjunction  occurs when the planet and the Sun are in the same direction

— Difficult to observe or communicate with the planet

— For an inferior planet,

 inferior conjunction  

occurs when the 

planet is between 

the Earth and the 

Sun and superior 

conjunction  

when the Sun is

between the Earth 

and the planet

• Syzygy  refers to 

either opposition 

or conjunction
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SYNODIC PERIOD

• The Synodic Period  is the  length of time 

it takes for the planets to return to the 

same relative orientation (i.e., the time 

between oppositions)

— This is important because it drives the 

opportunities for interplanetary travel

• If S is the synodic period and P is the 

sidereal period, then

  S–1 =  Pinner
–1 – Pouter

–1

• If S and P are both measured in years, 

then 

  Ssuperior
–1 =  1 – Pouter

–1

  Sinferior
–1  =  Pinner

–1 – 1

• In one synodic period, the inner planet 

goes around the Sun exactly once more 

than the outer planet
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DEFINITIONS

• Home = the planet, satellite, or orbital location where we start (typically the Earth) 

— We are concerned primarily with interplanetary travel, so will use the termi-

nology “home planet”; however, the fundamental rules also apply to Earth

— Target = the planet, satellite, or orbital location that we wish to visit  

• Traveler = the spacecraft which makes the Round Trip

• Mission Anomaly = the angular position of any of the orbiting objects with respect to 

some reference that can be regarded as fixed in inertial space

— The key point is that we wish to talk about differences in angular position 

between various objects and the changes in these angular positions over 

time. Therefore, we want to measure this angular position with respect to 

some common reference. This is somewhat different than the usual definition 

of true anomaly as measured with respect to a changing perigee location.

• Synodic Period = period of the target with respect to the home planet 

— The synodic period measures how long it takes for the target and the home 

planet to return to the same positions with respect to each other

— Assuming Earth is the home planet, the synodic period will be much longer 

than a year for planets or locations near the Earth and somewhat more than a 

year for more distant planets 
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THE TRANSFER PROFILE

• Transfer Profile = the length of time and change in mission anomaly 

that will be required to go from Home to the Target planet  

• Simplest trip is a Hohmann transfer 

— Change in mission anomaly = 180 deg

— Flight time is easily calculated and will be midway between half 

the period of the Home planet and half the period of the Target

• More complex profiles may include planetary fly-bys, multiple 

component missions, or trips that go beyond the orbits of the Home 

and Target

— Even for complex transfers there will be a total trip time and 

total change in mission anomaly 
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RELATIVE TO OPPOSTION

• For the outbound segment, the traveler must begin at the home planet and 
arrive at the target.  Therefore, the start time, Tstart, and mission anomaly, 
start, and the arrival time, Tarrive, and mission anomaly, arrive, relative to 
opposition, are related by

   start = Tstart H                        (1)

   arrive = Tarrive T                        (2)

• For the traveler to start at the home planet and arrive at the target, we have 

    = arrive –  start = transfer ttransfer                                     (3)

• The start and arrival times relative to opposition are:

   Tstart = ttransfer  (T –  transfer) / (H  –  T)                    (4)

   Tarrive = Tstart + ttransfer                                              (5)

The start and arrival mission anomalies are then given by Eqs (1) and (2)

• Given a transfer scenario, we use Equations (1) through (5) to determine the 
start and stop times of the various mission segments relative to opposition

— Small corrections will be needed to account for the non-zero 
eccentricity of real orbits

• Relative to a perfectly circular orbit, the Earth can be as much as 2 days 
ahead or behind and Mars can be as much as 20 days ahead or behind
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SYNODIC PERIOD FOR THE PLANETS

Target Semi-major 
Axis 

Sidereal 
Period 

Synodic Period 

 (AU) (years) (years) (Target orbits) 

Mercury 0.387 0.241 0.317 1.317 

 0.550 0.408 0.689 1.689 

Venus 0.723 0.615 1.596 2.596 

 0.900 0.854 5.841 6.841 

Earth 1.000 1.000 — — 

 1.100 1.154 7.507 6.507 

 1.300 1.482 3.074 2.074 

Mars 1.524 1.881 2.135 1.135 

Vesta 2.360 3.626 1.381 0.381 

Ceres 2.770 4.610 1.277 0.277 

Europa 3.100 5.458 1.224 0.224 

Jupiter 5.203 11.868 1.092 0.092 

Saturn 9.537 29.452 1.035 0.035 

Uranus 19.191 84.071 1.012 0.012 

Neptune 30.069 164.884 1.006 0.006 

Pluto* 39.482 248.084 1.004 0.004 

* Pluto is officially a dwarf planet. 
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EARTH-MARS OPPOSITIONS AND 

LAUNCH OPPORTUNITIES 1990–2050

Launch 
Opportunity 

Opposition Arrival Date  Launch 
Opportunity 

Opposition Arrival Date 

8/22/90 11/27/90 5/8/91  9/1/22 12/7/22 5/18/23 

10/2/92 1/7/93 6/18/93  10/10/24 1/15/25 6/26/25 

11/7/94 2/12/95 7/24/95  11/14/26 2/19/27 7/31/27 

12/9/96 3/16/97 8/25/97  12/18/28 3/25/29 9/3/29 

1/16/99 4/23/99 10/2/99  1/25/31 5/2/31 10/11/31 

3/8/01 6/13/01 11/22/01  3/22/33 6/27/33 12/6/33 

5/23/03 8/28/03 2/6/04  6/10/35 9/15/35 4/24/36 

8/2/05 11/7/05 4/18/06  8/14/37 11/19/37 4/30/38 

9/17/07 12/23/07 6/2/08  9/27/39 1/2/40 6/12/40 

10/24/09 1/29/10 7/10/10  11/1/41 2/6/42 7/18/42 

11/27/11 3/3/12 8/12/12  11/5/43 2/10/44 7/21/44 

12/31/13 4/7/14 9/16/14  1/10/46 4/17/46 9/26/46 

2/15/16 5/22/16 10/31/16  2/28/48 6/4/48 11/13/48 

4/20/18 7/26/18 1/4/19  5/8/50 8/13/50 1/22/51 

7/8/20 10/13/20 3/24/21     

 

Launch opportunities assume a Hohmann transfer
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ALTERNATIVE TRANSFER OPTIONS

• For a non-Hohmann trip to an outer planet, the transfer trajectory can go beyond the 

target orbit (T1 and T2) or inside the Earth’s orbit (T3 and T4)

— We could do both, but there doesn’t seem to be any advantage

— Appears best to leave a planet tangent to it’s orbit, but worth more exploration
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THE INTERPLANETARY TRAIN SCHEDULE

• Given any transfer path or option, we can define a time that the traveler 

must leave the Earth and another time that he will arrive at the Target 

planet

— We call this the Interplanetary Train Schedule

— Much like any schedule, except that the traveler must always be on 

time or miss his window of opportunity

• Here are some representative “train schedules” for the Mars opposition 

of Oct. 13, 2020:

Hohmann
Moderate 

Energy Direct
High Energy 

Direct
Indirect

Depart (Date) 7/8/2020 7/26/2020 7/28/2020 12/15/2019

Transfer (Days) 259 95 70 272

Arrive (Date) 3/24/2021 10/29/2020 10/6/2020 10/6/2020

Delta V1 (km/sec) 2.94 7.66 12.33 12.22

Delta V2 (km/sec) 2.65 13.73 20.30 5.43
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THE TRAIN SCHEDULE TO MARS

• Specific dates can fluctuate by up to 2 weeks because of the 

eccentricity of the orbits of the Earth and Mars 
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INTERPLANETARY ROUND TRIP TRAVEL

• Nearly all interplanetary round trip analysis to date has focused on minimum 
energy round trips or small deviations from minimum energy

— Certainly a practical approach given the high cost of rocket travel

— The result is round trips to Mars on the order of 970 days (2.7 yrs) or longer

— Increasing the energy does very little to change the round trip time

• An internally funded Microcosm study, begun in Sept. 2001, has focused on what 
drives the round trip time and what is required to dramatically reduce it 

— Increases delta V cost, but reduces “operations and maintenance” cost

— May be important for human missions

— Will be critical for extensive human travel

• Key results:

— The fundamental constraint of Interplanetary Round Trip Travel is that the 
difference in the change in mission anomaly between the traveler and the 
home planet must be an integral number of orbits, W

• By changing from W = 1 to W = 0, a round trip to Mars can drop from 2.7 
years to  5 months, but at total delta V cost of nearly 60 km/s, about 5 
times the delta V for  a W = 1 Hohmann transfer mission

• Some intermediate solutions also exist that are midway in terms of total 
trip time and required delta V
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JUPITER “REDUCED W” MISSIONS

• Note that the first step (W = 5 to W = 4) requires only a very small increase in delta V
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W = 1 AND W= 0

DIRECT TRANSFER MISSIONS TO MARS

• For a Mars round trip, going from W=1 to W=0 has a major impact on round trip time, but at a high cost in delta V
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What Determines 

Round Trip Travel Time?

• The Jogging Analogy

• The Fundamental Rules for Round Trip Travel

• Basic Equations for Round Trip Travel

• The Change in Mission Anomaly

• What Causes the Large Step Function in           

Round Trip Time
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ROUND TRIP INTERPLANETARY TRAVEL —

THE JOGGING ANALOGY

• My name is Marty. (It’s not really, but it makes the story easier)

• Being both old and portly, I jog like a lethargic snail with a bandage on one foot

— Let’s assume that I can jog (crawl) around the the track in 5.0 minutes

• My friend, Earthy, runs backward to keep from going too much faster than I, 
but still jogs around the inner edge of the track in 3.0 minutes

• Basic parameters:

— Marty’s speed = 5 min/lap = 72 deg/min

— Earthy’s speed = 3 min/lap = 120 deg/min

— Relative speed = 120 – 72 = 48 deg/min

• If they start together, they will next be together after 360/48 = 7.5 minutes, this 
is called the synodic period

— Marty will have gone 1.5 laps and Earthy will have gone 2.5 laps, i.e., 
exactly 1 lap more than Marty

• Suppose on a particular day, Marty has forgotten his water bottle and wishes to 
borrow Earthy’s

— Earthy hands the bottle to Marty at the first opportunity, 7.5 minutes in

— Marty hands it back at the next opportunity, 7.5 minutes later when they 
again return to being next to each other

— Earthy will have made 5 laps when he gets the water bottle back, but the 
bottle (which will become our spacecraft) has made 2.5 + 1.5 = 4 laps, 
exactly 1 lap less than its owner (i.e., W = 1, Round Trip time = 7.5 min)
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JOGGING II — FASTER TRANSFERS

• Earthy is happy to help, but is a bit annoyed at not having his water bottle for an 
extended period.  How can Marty return it more quickly?

• Solution 1 — Marty takes a drink and then sets the bottle on the ground and 
Earthy picks it up when he comes around next

— The transfer has been speeded up by slowing the bottle, which increases the 
relative speed between the bottle and Earthy to Earthy’s speed of 120 deg/min

— Earthy picks up the bottle 3 minutes after he gave it to Marty; Earthy has gone 
a total of 3.5 laps and the bottle 2.5 laps — again the magic difference of 1 lap

• W = 1, Round Trip time = 3 min

• Solution 2 — Just as Earthy is about to pass Marty, he tosses the bottle forward to 
Marty.  Marty takes a quick drink and hands it right back to Earthy.  Now the 
elapsed time is very short

— This is an example of an extremely short trip, with no difference in the number 
of laps for Earthy and the bottle

• W = 0, Round Trip time = almost 0

• Solution 3 — Marty takes a drink and then begins cutting across the infield such 
that he meets Earthy again exactly opposite of where Marty took the drink

— Earthy gets the bottle back in only 1.5 minutes from when he handed it off

— Again Earthy and the bottle have both completed 3.5 laps (or at least 3.5 trips 
around the center), the difference is now 0 laps and the transfer is quicker

• W = 0, Round Trip time = 1.5 min
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WHAT DOES THE ANALOGY SHOW?

• Our analogy to interplanetary round trips certainly isn’t perfect

— In interplanetary travel the trip itself (i.e., the handoff) takes quite a bit of time

— The outer planets both travel further and move slower than the inner ones

— It takes just as much energy to slow a spacecraft as to speed it up — i.e., I 

can’t “set down the spacecraft on the track” and wait for the Earth to swing 

by.  (I can, however, go above the orbit of my target planet and travel more 

slowly than the target.)

• Nonetheless, it does illustrate a few points:

— No matter what, the difference in the number of laps taken by the water bottle 

and by Earthy (the origin and final destination) must be an integer, W

— Slowing down the spacecraft angular velocity can speed up the transfer, but 

only by a limited amount

• The real change in round trip time comes when we reduce the number of added 

trips the bottle takes from 1 to 0

– This is what lets us do stuff quickly



Copyright 2025 Microcosm, Inc.                                                           Reinventing Space: Low-Cost, Profit-Making Lunar Settlement

SME-SMAD 

2-26
THE FUNDAMENTAL RULES

FOR ROUND TRIP TRAVEL

• The following conditions are necessary and sufficient for Round Trip travel:

       1. The difference in the change in mission anomaly between the traveler 
  and the home planet must be an integral number of orbits. 

       2. The change in radial position must be the same for both the traveler 
  and the home planet.

       3. The change in cross-track position must be the same for both the 
  traveler and the home planet.

• In addition, if a rendezvous or soft landing is planned, then the velocity of the 
traveler at the end of the mission must match the velocity of the home planet

• Condition 1 is the primary driver of Round Trip Mission Design

• Condition 2 is met as part of the Condition 1 orbit design process 

• Condition 3 may impact the delta V requirements, but is typically not a major 
design driver, unless the target and home planet inclinations are very different
(i.e., landing on a high inclination comet and returning to Earth)

— For planetary trips the cross-track position does not normally change for 
the Home planet
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MISSION TIMELINE

• For any mission

  T  =  ti  +  tS      (1)

• During each segment, the spacecraft goes through a mission anomaly arc

(i.e., angular position as measured from the Sun) of magnitude i with an 

average angular rate of

    i = i / ti      (2)

• The total mission time, T, can be broken down into a series of 

transportation segments of duration ti, and a stay on the target planet of 

duration ts

• For example, the following timeline might apply to an electric propulsion 

mission:
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FUNDAMENTAL CONSTRAINT EQUATION

• The fundamental constraint for round 
trip interplanetary travel is that we must 
return to the planet where we started, 
i.e.

    H  =  spc + 2W (3)

where

 H is the change in mission 
anomaly of the home planet

 spcis the change in mission 
 anomaly of the traveler’s 

spacecraft

 W is an integer (positive or 0 for 
outward trips, negative or 0 for 
inward trips)

• While some other equations are 
approximations, Eq. (3) must be 
satisfied exactly
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BASIC EQUATIONS

• For the Home Planet

  H ≈ H T      (4)

  Where H  is the orbital angular velocity of the Home Planet ~ 0.986 deg/day 

 for the Earth

  T is the total round trip travel time

• For the traveler’s spacecraft, we divide the trip into K segments, and 

  spc ≈ 1 t1 + 2 t2 + ... + K tK   =   i ti + Target tS (5)

  T  = t1 + t2 + ... + tK  =    ti + tS    (6)

 where 

  i and ti are the average angular rates and time of each travel segment

  Target is the average angular rates of the Target ~ 0.524 deg/day for Mars

  tS is the Stay Time at the Target

• Typically (though not necessarily)

  imax  =  H ≈ 0.986 deg/day for the Earth   (7a)

  imin  =  Target ≈ 0.524 deg/day for Mars   (7b)
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INTERPLANETARY ROUND TRIP

• For convenience, define the dimensionless variable ’i = i / H

• Then the fundamental constraint of Eq. (3) can be rewritten as

T  = H /H = spc /H   + 2 W /H =   i ti /H + Target tS /H + 2 W /H       (8a)

T  =   ’i ti  +  ’Target tS  +  W PH              (8b)

  where PH is the Home planet sidereal period ~ 365.24 days for Earth 

• For a typical outbound mission:

   ’imax = 1

   ’imin  =  ’Target  =  Target / H ≈ 0.531 for the Earth/Mars/Earth trip

• We can solve Eqs. (6) and (8b) for T and tS in terms of the travel times and average 

angular rates:

   T  =  ( ’i ti   –  ’Target  ti  +  W PH ) / ( 1 –  ’Target )  (9)

   tS  =  T  –   ti     (10)

 

 
Equations (9) and (10) must be satisfied in order to return Home at the end of the trip.  

The type of transfer doesn’t matter – impulsive or electric propulsion, chemical or 

Nuclear, direct or via planetary fly-bys.  To make a round trip, I have to return home. 
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ROUND TRIP TRAVEL

USING HOHMANN TRANSFER ORBITS

• Assume the mission consists of 2 Hohmann transfers + a stay of length tS. 
Then

T  =  2 ’transfer ttransfer  + ’Target tS  + W PH   (11)

    tS  =  T – 2 ttransfer       (12)

• Therefore, 

   T  =  (WPH  + 2 ttransfer (w’ transfer –  w’Target)) /(1 –  w’Target)  (13)

• For an Earth-Mars Hohmann transfer and W = 1, we have

    transfer  =  180 deg   (14a)

    ttransfer ~  259 days    (14b)

    transfer = 0.695 deg/day   (14c)

    ’ transfer = 0.705    (14d)

   Total Trip    T ≈  971 days  =  2.66 yrs   (14e)

 Stay at Mars:  tS ≈  453 days = 1.24 yrs   (14f)

• For Hohmann transfers to Mars and back with W = 0, the stay time = –326 
days (i.e., we need to leave about a year before we arrive), and for W = 2, the 
total trip is 1750 days (4.8 years) and the stay time is 1232 days (3.4 years)
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THE CHANGE IN MISSION ANOMALY

• In Round Trip Interplanetary Travel the traveler and the home planet begin and end 
together and, therefore, have the same mission anomaly before and after the trip  

• That they must start and end together implies that the difference in the change in 
mission anomaly between the traveler and the home planet must be an integral 
number of orbits, W

— W = 0 or a positive integer for trips outward from the Earth

— W = 0 or a negative integer for trips inward from the Earth

— Using Hohmann transfer minimum energy transfer orbits, W = 1 for round 
trips to Mars, 5 for round trips to Jupiter, and –1 for round trips to Venus

— The change in mission anomaly for the target doesn’t matter

• The round trip time is dominated by the value of W, with very little change caused 
by the applied delta V, until the value of W changes

— Implies a series of step changes as the applied delta V increases

— Steps will result in about a 1 year reduction in round trip time for distant trips 
and an even greater reduction for nearby trips

— We define a Rapid Round Trip (RRT) as one with W lower in absolute magnitude 
than for a minimum energy Hohmann round trip to the same destination

• The Quickest Round Trips (QRT) occur for W = 0

— For these trips, the average angular velocity about the Sun must be the same for 
the traveler and for the home planet over the full duration of the trip, including 
time spent at the target planet

— For W = 0, a round trip to Mars can drop from 2.7 years to 5 months, but at total 
delta V cost of nearly 60 km/s, about 5 times the delta V for a Hohmann transfer
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WHAT CAUSES THE LARGE STEP FUNCTION

IN ROUND TRIP TIME?

• To begin, assume symmetric trips out and back

• In a Hohmann transfer round trip to Mars, the traveler leaves before opposition 
and arrives at Mars quite a while after opposition

— The traveler must wait until before the next opposition to begin the return 
trip, arriving back at Earth somewhat after the second opposition

— In this trip, the Earth “laps” the spacecraft, making one more trip around 
the Sun than the traveler, i.e., W = 1 

• As we add energy, we get to Mars sooner, but still have to wait until the second 
opposition to return home

— We spend more time on Mars, but the total trip time changes very little

• If we put in enough delta V to arrive at Mars before opposition, then things 
change dramatically

— We can stay on Mars for a short time, leave just after the same opposition 
at which we arrived, and get back to Earth far sooner than before

— This is a W = 0 trip

• There are significant advantages to an asymmetric trip, but the basic idea 
remains the same

— Leaving the target in the general time as the same opposition at which you 
arrived is the only way to dramatically reduce the round trip time to Mars
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HOHMANN MISSION SIMULATION

• All simulations are available on the 
web at

 http://www.smad.com/
Interplanetary_Round_Trip

• Synodic period for Mars = time 
between successive oppositions = 
2.13 years

— Largely responsible for 

determining the round trip time

• In all of the simulations

— The first opposition occurs on 

the X-axis

— “Lap counter” in the lower right 

starts at the beginning of the 

simulation

• Blue =  Earth

• White =  Spacecraft

• Red =  Mars

• Illustration of traditional Hohmann transfer 

round trip

— Traveler leaves Earth before opposition 

and arrives at Mars after opposition

— Needs to wait for the next opposition 

for an opportunity to return
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HIGH ENERGY MISSION SIMULATIONS

• W = 1 high energy transfer

—Substantial increase in delta V

—Traveler arrives just after opposition

—Must wait for next opposition to return

—Spends more time on Mars, but total 
round trip time nearly the same as 
Hohmann trip

• W = 0 high energy transfer

—Slightly more V than case on the left

—Traveler arrives just before opposition

—Leaves right after opposition to return 
home

—Total trip time now reduced to about 
5 months with very short stay on Mars
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W = 1 AND W = 0 DIRECT TRANSFER MISSIONS

TO NEAR-EARTH ASTEROID (1.1 AU)

• In this case, going from W = 1 to W = 0 costs a moderate delta V, but is 

effectively required to complete the trip in a reasonable time
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DIRECT VS. INDIRECT TRANSFER MISSIONS

• Direct Transfer  occurs when the traveler doesn’t go inside the Earth’s orbit or 

outside the orbit of the target

— T1 or T4 outbound, T2 or T3 inbound

— Minimizes the transfer time for the expended delta V 

• Indirect Transfer  occurs when the traveler goes inside the Earth’s orbit or outside the 

orbit of the target (i.e., arrives at the target on the 2nd opportunity)

— T2 or T3 outbound, T1 or T4 inbound

— Going outside the orbit of the target

• Slows the traveler to allow the Earth to catch up quicker on W = 1 missions 

• Equivalent to “setting the water bottle on the ground” in the jogging 

analogy

— Unlike the analogy, the traveler can’t just “stop and sit on the side of 

the road”

— Going inside the orbit of the Earth

• The traveler goes faster to catch up with the Earth on W = 0 missions 

• Equivalent to ”cutting across the infield” in the jogging analogy



Copyright 2025 Microcosm, Inc.                                                           Reinventing Space: Low-Cost, Profit-Making Lunar Settlement

SME-SMAD 2-38

MISSION SIMULATION GOING OUTSIDE

THE ORBIT OF MARS ON BOTH LEGS

• This simulation uses an 

indirect outbound leg, and a 

symmetric indirect return

• W = 1

• Slows down the traveler to 

allow the Earth to catch up

• Reduces total travel time 

somewhat (but not greatly) at 

the expense of longer time in 

transit

— Substantially less time at 

the target

• Not helpful in most missions, 

but could be useful in some 

circumstances
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MISSION DURATION VS. ROUND TRIP DELTA V

FOR MARS ROUND TRIP MISSIONS WITH W = 1
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DIRECT OUTBOUND, INDIRECT RETURN

MISSION SIMULATION

• This simulation uses a 

direct outbound leg, and 

an indirect return

• Cuts inside the orbit of the 

Earth in order to “catch 

up” with the Earth on the 

way home

• W = 0

• Mission duration, delta V, 

and stay on Mars are all 

intermediate between W = 

1 missions and the high 

speed W = 0 mission 

 
This type of mission is a compromise in both performance 

(short overall trip time and moderate duration stay on Mars) and cost 

(moderate total round trip delta V). 
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W = 0 INDIRECT TRANSFER MISSION TO MARS

 
The direct outbound/indirect return approach provides a good compromise of 
moderate delta V, short round trip time, and reasonable stay time centered on 

opposition. The delta V is significantly reduced if direct entry can be used. 
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W = 0, THE ULTIMATE ROUND TRIP

— Any periods of slower angular speed of the traveler, including stay time at the 
Target, must be compensated by faster angular speed in order to get back Home

• Similarly, periods of higher angular speed on the part of the traveler must be 
compensated by lower angular speed to allow the Home planet to catch up

• This problem is workable, but requires a different regime (and more energy) than the 
usual Hohmann transfer process

• From the preceding results it is clear that

— Round trip times are driven almost entirely by the value of W

— Round trips to nearby orbits (e.g., 1.1 AU) are exceptionally difficult

• Example:  A Hohmann transfer round trip to a Near-Earth Asteroid 10 
million km (0.07 AU) beyond the Earth would require a total mission 
duration of 11.3 years and a stay time of 10.3 years

— Recall that the shortest possible Hohmann outbound round trip is 2 years 
and that adding energy does very little good at reducing that time 

• To solve this problem, we need W = 0 trips for which the following must be true:
— Over the mission duration, the 

average angular speed of the 
Home planet and the traveler 
must be the same

 
W = 0 transfers enable short, flexible round trip missions. Mission durations stay times will be 

limited primarily by the amount of delta V that we are willing to use. W = 0 missions are 

applicable in the approximate region from Venus on the inner edge to Mars on the outer edge. 
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ANGULAR RATES FOR A HOHMANN TRANSFER

FROM THE EARTH TO MARS

 
For W = 0 we have to work only in the left half of this plot where 

the average value of the Transfer Orbit rate = the Home Planet rate. 
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N = 0 DIRECT TRANSFER MISSIONS

• N = 0 Direct Transfer Missions are those that use only the early segment of 

a transfer trajectory, use a T1 or T4 transfer to the target orbit, remain there 

for some period, and then transfer back on a trajectory basically equivalent 

to the outbound leg

• Typical performance  (shown in the next charts)

— Requires total delta V of 5 to 10 times that of a Hohmann transfer 

round trip

— Can reduce the total round trip time from 2 or more years to less 

than 6 months

— Initially short stay times which increase with increased delta V

• Can be applied to distances out to Venus inbound or Mars outbound

• Must be used to achieve realistic mission timelines for “near-by” missions 

such as a round-trip to a Near-Earth Asteroid
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W = 0 DIRECT TRANSFER MISSIONS TO VENUS
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MARS ROUND TRIP TRAIN SCHEDULES

• Direct trips both inbound and outbound provide the shortest round trip time
(0.4 yrs = 5 months), but very short stays on Mars and a high delta V cost

• A moderate cost vs. performance alternative is a direct outbound mission 
with an “inward swing” on the return leg

— Round trip times of 1.2 to 1.4 years with stays on Mars of 3 to 7 months

Example A B C D E F G H

High High Outbound Direct Direct Direct

Hohmann High Energy, W=0 and Return Outbound/ Outbound/ Outbound/

(W=1) Energy, Direct with Longer both Indirect Indirect Indirect

W=1 W=0 Stay Indirect Return Return Return

Outbound

Depart (date) 8-Jul-20 28-Jul-20 28-Jul-20 28-Jul-20 15-Dec-19 26-Jul-20 26-Jul-20 28-Jul-20

Transfer (days) 259 78 75 70 272 95 87 76

Arrive (date) 4-Mar-21 14-Oct-20 11-Oct-20 6-Oct-20 12-Sep-20 29-Oct-20 21-Oct-20 12-Oct-20

Delta V1 (km/sec) 2.94 10.60 11.00 12.33 12.22 7.66 8.83 10.90

Delta V2 (km/sec) 2.65 18.01 18.55 20.30 5.43 13.73 15.51 18.41

Mars Stay

Duration (days) 454 778 2 13 62 90 144 221

Duration (months) 14.9 25.6 0.1 0.4 2.0 3.0 4.7 7.3

Return

Depart (date) 1-Jun-22 1-Dec-22 13-Oct-20 19-Oct-20 13-Nov-20 27-Jan-21 14-Mar-21 21-May-21

Tansfer (days) 259 78 75 70 272 251 238 217

Arrive (date) 15-Feb-23 15-Feb-23 27-Dec-20 28-Dec-20 12-Aug-21 5-Oct-21 7-Nov-21 24-Dec-20

Delta V3 (km/sec) 2.65 18.01 18.55 20.30 5.43 6.89 7.95 9.80

Delta V4 (km/sec) 2.94 10.60 11.00 12.33 12.22 15.14 17.03 20.04

Perhelion (AU) 1.00 1.00 1.00 1.00 0.65 0.52 0.44 0.33

Total Mission

Total Trip (days) 972 934 153 152 606 437 468 514

Total Trip (yrs) 2.66 2.56 0.42 0.42 1.66 1.20 1.28 1.41

Tot DV1-4 (km/sec) 11.19 57.21 59.10 65.24 35.30 43.41 49.32 59.15

Tot DV1/3 (km/sec) 5.59 28.61 29.55 32.62 17.65 14.54 16.78 20.70
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ROUND TRIP TRAIN SCHEDULE TO MARS

WITH TRANSITION FROM W = 1 TO W = 0

• To have a W = 0 mission, we must arrive on a red line before having to 
leave on a green line 

• Where the red line is to the right of the green line, we will need to wait for 
the next opposition to return 

— The mission will be much longer and will be centered on conjunction 
when communications is difficult

• Black lines show representative trip schedules and associated delta Vs
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W = 0 ROUND TRIP TRAIN SCHEDULES TO MARS

• For W = 0, we need to arrive on any red line and leave on a green line to the right

— The markers on the representative trip lines (in black) are at the V1 / V2 split 

and the V3 / V4 split
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COMPARISON WITH

NASA MARS REFERENCE MISSIONS

• NASA data from Hoffman and Kaplan, eds., “Human Exploration of Mars:

The Reference Mission of the NASA Mars Exploration Team,” 1997; available at 

http://www.nss.org/settlement/mars/1997-NASA 

HumanExplorationofMarsReferenceMission.pdf 

— Emphasis of NASA work is on the “first human missions to Mars”

— Emphasis of current work is on the general rules for human exploration

NASA Mars Reference Missions (Top 3)

vs. Current Results (Bottom 3)

0 100 200 300 400 500 600 700 800 900 1000

Direct/Indirect

High Energy W=0

High Energy W=1

Short Stay

Long Stay

Minimum Energy

Mission Duration (days)

Outbound Stay Return

http://www.nss.org/settlement/mars/1997-NASA
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EXAMPLE SCENARIO: LOW-COST

NEAR-TERM HUMAN MISSION TO MARS

• A key problem with human Mars missions is the need for life support for a
2.7 year (970 day) mission duration

— Reducing the mission to 5 months would take huge delta V’s

• Consider the alternative of possible “two-phase” human missions to Mars

— Send descent module, exploration equipment, extra life-support 
equipment and supplies, and return equipment to Mars on a 
Hohmann low-energy transfer

• Test all of the equipment after it’s arrival in Mars orbit

— For the astronauts, use one of two possible scenarios:

• A (150 days):  70 day transfer, 13 to 20 day stay on Mars, and 70 
day return

• B (435 to 515 days):  75 to 95 day direct transfer, 90 to 220 days 
stay on Mars, and 215 to 250 day indirect return 

— Most of the mass transferred at minimum energy, people transferred 
on a minimum time trajectory

— Total amount of human life support reduced from 970 days to range 
of 150 to 435 days (factor of 2 to 6 reduction)

• Suggests a new paradigm for future low-cost, rapid manned exploration of 
the Solar System that should be given sufficient consideration to 
understand the potential, the limitations, and the technology needs 
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INTERPLANETARY ROUND TRIP SUMMARY

• The design of interplanetary round trip missions is driven primarily by the 

fundamental constraint that the difference in the change in mission anomaly 

between the traveler and the home planet must be an integral number of orbits.

— This constraint holds irrespective of the transfer method — i.e., direct transfer, 

electric propulsion spiral, or multiple planetary fly-bys

• All minimum energy round trip missions are two years in duration or longer

— Realistic manned flight on a regular basis may require delta V’s that are 2 to 10 

times that of minimum energy (Hohmann transfer) missions

• For W = 0, there are much faster round trip missions with greater timeline flexibility 

at a cost of 2 to 10 times the delta V of minimum energy missions

— Can bring Mars round trip times down to 5 months or less, at a high delta V cost

— Intermediate round trips exist that provide 3 to 7 months on Mars with a total 

round trip time of 14 to 17 months

 
While the general rules of Interplanetary Mission Design are now known, 

many detailed design elements are yet to be discovered. 
For those who want to contribute to human exploration, 

a great deal of interesting work still needs to be done. 
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The Bottom Line for

Human Interplanetary Travel

• The Moon is a good place to vacation, live, and work

• Lots of ways to have fun and make money

• Multiple jobs will likely be available

• Safe living conditions

• Communications to Earth has a 1 sec one-way delay – noticeable, but 
not a major problem 

• Long-distance travel on the Moon is hard

• The one risk area is getting to the Moon and getting home

• Mars is dramatically harder and remarkably inconvenient

• With today’s technology, minimum round-trip time is 2.6 years with 1.4 
years in the rocket and 1.2 years on Mars

• Increasing the delta V by a factor of 5 increases the time on Mars to 
2.1 years, but has almost no impact on the round-trip time

• Increasing delta V by a factor of 6 reduces round trip to 0.4 years

• There are several possible, but unproven, ways to do that

• Use large amounts of Lunar fuels to make very large delta V

• Use electric propulsion

• Use nuclear propulsion

0-52
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The Bottom Line for

Human Interplanetary Travel - 2

• Whatever technology you use, don’t miss the return flight

• The next opportunity to go home will be 2.5 years later

• Communications to Earth has a 10 to 30 min one-way delay 

• Conversation doesn’t work very well

• Communications will be blocked when the Sun gets in the way

• The trip is both long and inherently dangerous

• There is no short-term resupply or medical help

• Trips to the outer planets are inherently harder

• Example:  baseline round-trip to Jupiter is 6 years for a delta V of 28 
km/sec

• Can reduce this to 5 years for a delta V of 30 km/sec

Living and working on the Moon is relatively easy (and fun).

Living and working on any of the other planets (and getting there), 

both is hard and has a very long round-trip time, largely because 

the planets have to be lined up for interplanetary travel.

0-53


	Slide 1
	Slide 2
	Slide 3: Low Technical Risk
	Slide 4: Low to Moderate Financial Risk
	Slide 5: Very Low Personnel Risk -- Safety is Critical
	Slide 6: The Bottom Line
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52: The Bottom Line for Human Interplanetary Travel
	Slide 53: The Bottom Line for Human Interplanetary Travel - 2

