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INTRODUCTION
The Vision for Space Exploration calls for a variety 

of objectives in support of the goal “to advance U.S. 
scientific, security, and economic interests through 
a robust space exploration program.”1 Although the 
current emphasis is on the time period leading up to 
the year 2020, fully carrying out all of the objectives 
in support of the goal actually will be a multi-decadal 
scientific and technical undertaking requiring the 
international participation that is part of the Vision for  
Space Exploration.

Scientific themes, questions, and priority science 
investigations for solar system science have recently 
been addressed in the report of the National Research 
Council known as the “Solar System Decadal Survey.”2 
Although this report maps out a strategy for the 2003–
2013 time frame, the process of obtaining final defini-
tive answers to many of the questions will again be 
decades long, employing and requiring more and more 
advanced approaches, techniques, and technologies. 
The ongoing robotic program continues its evolution 
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assists and long-term mission operations has made for a better cost-trade than tech-
nology development to decrease flight times. Similarly, crewed missions to date have 
not had mission time limits per se as drivers to implementation. However, uncon-
strained cruise times to the outer solar system are not acceptable for either robotic 
sample returns or human crews. Galactic cosmic ray fluxes likely provide a human limit 
for total mission times of ~5 years, and more restrictive limits may be driven by lack 
of gravity. We consider the implications for taking humans to the Neptune system and 
back, and, using this example, we deduce the minimum-cost path to realizing human 
exploration of the entire solar system by 2100.

D istance scales and mission times set the top-level 
engineering requirements for in situ space exploration. 

To date, the implementation of various planetary gravity 
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from reconnaissance (flyby missions), to exploration 
(orbiters, atmospheric probes, and landers), to intensive 
study (in situ laboratory/rover, sample return). Actu-
ally completing all of these modes of exploration for all 
solar system bodies remains challenging. The next step 
past intensive study involves human in situ exploration.

Fulfilling all of these stages of exploration and inten-
sive scientific study will require the remainder of the cur-
rent century.3, 4 From the point of view of both science 
and destinations, one can parse the solar system into five 
categories, namely (i) Primitive Bodies, (ii) Inner Solar 
System, (iii) Mars, (iv) Giant Planets, and (v) Large Satel-
lites.2 Primitive bodies (category i) occur throughout the 
solar system and are thousands in number. The inner 
solar system (category ii), namely the planets Venus and 
Mercury, provides significant thermal challenges, as well 
as other environmental challenges for Venus. Mars (cat-
egory iii) represents a special case in many respects. For 
categories ii and iii, flight times and travel times, even 
to Mercury for sufficiently capable propulsion, are not 
significant issues because the maximum distance from 
Earth is, at most, 2.7 AU, the sum of the aphelia of Mars 
and Earth. 

The final two categories of giant planets and their 
associated large satellites all span the distance from 
~5 AU (Jupiter) to ~30 AU (Neptune). Many of the 
primitive bodies, including both the trans-Neptunian 
objects and Kuiper-Belt objects, which are some of the 
most primitive, also are found at large distances. Com-
parable to the large satellites in terms of size (Fig. 1) but 
isolated from giant planet systems, only Pluto is cur-
rently targeted for in situ scientific study, a reconnais-
sance flyby by New Horizons.5, 6

We focus here on the intensive scientific study, and, in 
particular, human exploration of categories iv and v (i.e., 
the systems of the giant planets Jupiter and Saturn and 
of the ice giants Uranus and Neptune). In addition, we 
include the system of Pluto and its moons in this analy-
sis, but not the larger objects that are far more distant 
[e.g., Sedna or Quaoar (88.3 and 43.3 AU from the Sun 
on 30 August 2007, respectively; minimum heliocentric 
distances of 76.1 AU on 5 April 2076 and 42.0 AU on 
8 November 2068, respectively)].7

In what follows, we explicitly consider reaching the 
systems of the four large outer planets and of Pluto with 
2-year, one-way trip times.

TIMETABLE AND MISSION DESIGN
Timetable

Previously, we introduced the ARchitecture for 
Going to the Outer solar SYstem (ARGOSY) approach 
and explored some of the implications. Here, we con-
sider a more detailed treatment of the mission design for 
each of the planetary system targets. A rough timetable 

for human flights interspersed with sample-return mis-
sions was proposed in this initial treatment.8 Table 1 
shows these initial dates along with optimized launch 
dates for fast round-trip, crewed missions to each of the 
targets.

Mission Design
As a scoping exercise, we consider optimized trajecto-

ries to the five systems with nominal targets of Callisto 
(Jupiter system), Enceladus (Saturn system), Miranda 
(Uranus system), Triton (Neptune system), and Pluto, 
although an appropriate tour design for reaching these 
targets within each system (except that of Pluto) is not 
included (i.e., we focus on the outbound trip from Earth 
to each target system). We began with requirements of 
a flight time not to exceed 2 years and an overall power 
level of 100 MWe power for a nuclear electric propulsion 
system.9 (This is to be distinguished from megawatts of 
thermal power provided by the power source.)

In each case, the starting condition from Earth 
was escape speed (i.e., C3 = 0 km2·s−2),10 the initial 
mass ratio11 was taken as 4.9, the optimum for velocity 
changes in gravity-free space, and the trip time was set 
not to exceed 2 years. The general methodology was to 
minimize the trip time until it was <2 years (or close). 
This was done under the constraints of maximum power, 
initial mass, and final mass, as well as a “launch no ear-
lier than” constraint. All other parameters were allowed 
to vary freely.

The results of this analysis are shown in Fig. 2. Sev-
eral factors are worthy of note. Not surprisingly, the total 
V (the total change in speed) required is greater than 
the simple average based on a zero acceleration time. 
With the constraints given, the acceleration time varies 
from 1.0 to 1.3 years, and the optimized specific impulse 
increases by a factor of ~10. Farther targets require more 
energetic propulsion as well as lower specific masses for 
the propulsion system. In each case, the results can be 
scaled as long as the thrust-to-(initial)-weight ratio is 
kept the same.

In Fig. 3, we show the corresponding trajectories. 
These polar plots are all scaled appropriately for the target 

Table 1. Launch plan timetable.

Target system Plan launch year
Optimized  
launch date

Jupiter 2050 28 July 2050
Saturn 2075 11 Dec 2075
Uranus 2085 20 Mar 2086
Neptune 2090 26 Sept 2090
Pluto Arrival before 2110 13 June 2100
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Figure 1. Trans-Neptunian and Kuiper-Belt objects. The relative sizes, colors, and albedos79 (Top) as 
well as the locations and orbit parameters80 (Middle) of the large trans-Neptunian objects. (Bottom) 
Also shown is the typical orbit of Eris (blue) compared to those of Pluto and the three outermost plan-
ets (white/grey).81 Eris is now a “dwarf planet” along with Pluto and the closer Ceres.
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Jupiter Saturn Uranus Neptune Pluto

Launch Date 28 Jul 2050 11 Dec 2075 20 Mar 2086 26 Sep 2090 13 Jun 2100
Arrival Date 23 May 2052 1 Dec 2077 10 Jan 2088 29 Aug 2092 15 Jul 2102
Trip Time (yr) 1.8 2.0 1.8 1.9 2.1
Launch Mass (kg) 20,000,000 6,000,000 2,000,000 1,000,000 1,000,000
Propellant Mass (kg) 15,918,368 4,775,511 1,591,837 795,919 795,887
Final Mass (kg) 4,081,632 1,224,489 408,163 204,081 204,113
Power (MWe) 100 100 200 200 450
ISP (s) 1792 3567 8642 12,675 19,559
EP System Efficiency (%) 80 80 80 80 80
Thrust (N) 9105 4574 3776 2575 3754
Thrust/Weight0 4.64 × 10–5 7.77 × 10–5 1.93 × 10–4 2.63 × 10–4 3.83 × 10–4

C3 0.0 0.0 0.0 0.0 0.0
EP V  (km/s) 27.9 55.6 134.7 197.5 304.8
Thrust Time (yr) 1.0 1.2 1.1 1.2 1.3

Nominal Launch Year 2050 2075 2085 2090 2100

Nominal Target Callisto Enceladus Miranda Triton Pluto

Heliocentric Distance (AU) 5.20 9.50 19.20 30.10
Orbital Period (yr) 11.90 29.40 84.00 165.00
2 × Distance/2 yr = Total V  
  Estimate (km/s) 24.60 45.00 91.00 142.60

Error in Estimate (%) 11.92 19.05 32.43 27.81

Figures of Merit:
  [(gISP)2/Thrust Time]–1 (kg/kWe) 99.42 29.83 4.97 2.49 1.10
  Final Mass/Power (kg/kWe) 40.82 12.24 2.04 1.02 0.45

Figure 2. Trajectory details for optimized flyout trajectories to the planetary systems in the outer solar system. The scalings of the 
two “figures of merit” are as expected for optimized trajectories in gravity-free space.
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Figure 3. Outbound trajectories corresponding to the details of Fig. 2. Projections are into the plane of the ecliptic where 0° is the 
first point of Aries. Note the different radial scales and increasingly linear trajectories with larger heliocentric distance to the target.



HUMAN MISSIONS THROUGHOUT THE OUTER SOLAR SYSTEM

JOHNS HOPKINS APL TECHNICAL DIGEST,  VOLUME 28, NUMBER 4 (2010) 377

planet in order to show trajectory details. In each case, 
the solid green line shows the Earth’s orbit during the 
flyout (a solid line such as this takes more than 1 year), 
and the solid red line shows the motion of the target 
system during that time. The solid blue line shows the 
time during which the propulsion system is thrusting, 
first to accelerate and then to decelerate to the target. 
The dotted blue line shows coast periods. Figure 4 shows 
all of the trajectories to the same radial scale.

The striking point for all of these trajectories, and 
especially for the three outermost targets, is the lack of 
curvature. To date, planetary transfer trajectories make 
use of near-Hohmann-transfer orbits (minimum-energy 
solutions), albeit sometimes with intermediate planetary 
gravity assists. Propulsive maneuvers typically are used 
for gravitational capture at the target, rather than slow-
ing down from faster-than-required transfer orbits. The 
“straight” trajectories are driven by the requirement of a 
fixed transit time; without the interplanetary decelera-
tion period before reaching the target planet, the space-
craft in each case would escape from the solar system.

IN-SPACE PROPULSION
General

The key to distant targets in relatively short times is a 
low specific mass for the motive power of the transfer vehi-
cle. For an efficient vehicle, we require the following:  

 �� � gIsp � �
�

,  (1)

where t is the acceleration time to effect the speed 
change , Isp is the specific impulse (measured in sec-
onds), g = 9.81 m·s−2, and  is the specific mass of the 

propulsion system.12, 13 The large specific impulses mean 
that chemical rockets will not suffice. The low values of 
 mean that a nuclear system of some sort is required.

Available Technology
It has been recognized that some type of magneto-

plasma dynamic engine is required to operate at the 
tens to hundreds of MWe levels for crewed missions.14 
In the case of a crewed mission to the Neptune system, 
a round trip time of ~11 years was found for power levels 
of 10–100 MWe.

Typically, the systems studied with magnetoplasma 
dynamic thrusters have been in the 1–10 MWe range. 
For these, reliability and heat rejection have been the 
significant conceptual design issues (up to 10% of the 
input power can end up as heat that must be radiated 
away). Systems with up to 100 metric tons powered by 
nuclear electric propulsion systems of up to 200 MWe 
have been studied in a cursory fashion but have shown 
that at those levels, the required radiator mass begins 
to dominate, limiting further scaling of the designs 
and limiting roundtrip travel to Neptune and Pluto to 
7–8 years or more.15

Parametric Case Study: Neptune
We have conducted a more detailed set of parametric 

trades for the case of a fast transfer to Neptune. The 
launch year of 2075 is sufficiently close to the 2090 date 
used above that the two cases are comparable (with an 
orbital period of 165 years, 15 years amounts only to a 
change of ~30° in Neptune’s location in its orbit about 
the Sun).

The initial and final conditions are the same as before 
[i.e., at rest with respect to the locations of Earth at the 
beginning (C3 = 0) and Neptune at the end just at the 
boundary of their spheres of influence]. An optimized 
trajectory is determined (for a constant thrust and con-
stant mass flow rate) given a fixed mission duration of 
730.5 days (i.e., 2 years). For this exercise, the propul-
sion system efficiency is taken as 100%, and the elec-
tric power level and launch date are determined so as to 
minimize the required propellant.

The problem is scaled in a way that yields results for 
1 t of initial spacecraft mass. The power density is the 
optimum electric power needed per metric ton of ini-
tial mass. The optimum power density is evaluated as 
a function of jet exhaust speed over the range of 200–
400 km·s−1 (20,394–40,789 s Isp), which leads to a propel-
lant ratio as a function of the exhaust speed. One may 
then apply specific values of specific mass of the power 
and propulsion system to the results to obtain the masses 
of the power and propulsion system per metric ton of 
initial mass. Subtracting the propellant and the power/
propulsion system mass from the initial mass yields the 
net spacecraft mass per unit of initial mass.
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Figure 4. The various trajectories of Fig. 3 all given on the same 
radial scale.
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Five values of specific mass were used: 10 10 1 0 1, , , . , and 0.1 kg/kWe. 
The results show that the specific mass must be below ~1 kg/kWe in order 
to achieve a positive net mass. For a specific mass of 1 kg/kWe, the net mass 
passes through a maximum for a jet exhaust speed of ~220 km·s−1. As the 
specific mass is reduced below 1, the optimum jet exhaust speed quickly 
increases such that the largest values of net mass occur at the top of the 
range considered, which is 400 km/s.

The 2075 launch window was chosen arbitrarily for the study. The launch 
date was optimized for each case. The dates range from 28 August 2075 for 
the 400 km·s−1 exhaust speed case to 17 August 2075 for the 200 km·s−1 case. 
The travel angles range from ~140° to 151°. 

As a convenient example, we assume that the mass to be delivered is 
that of the completed International Space Station (ISS), namely 419.6 t.16 
Figure 5 shows the implied launch mass and propulsion system electric power 
for such a mission for the three lowest values of the assumed specific mass of 
the propulsion system, all as a function of the exhaust speed.

RADIATION EXPOSURE
For prolonged deep-space travel, 

the two main radiation sources 
are solar energetic particles (SEPs) 
from the Sun and galactic cosmic 
rays (GCRs) from outside the helio-
sphere.17 The two sources are anti-
correlated with SEPs tending to 
occur more often near solar maxi-
mum. The GCR flux tends to mini-
mize at solar maximum because the 
penetration of these particles into 
the heliosphere is impeded by the 
tangled interplanetary magnetic field 
lines associated with the intermix-
ing of fast and slow solar wind.18 The 
lower energies of SEPs make shield-
ing possible, although challenging; 
higher-energy GCRs are more of a 
concern.19

GCR Variations
Longer-term variations of the 

GCR component also are associ-
ated with the longer-term varia-
tions in the solar cycle, notably 
those involving long minima in 
the overall number of sunspots. 
Pang and Yau20 have considered 
variations in solar activity and 
their links with 14C and 10Be varia-
tions in various records going back 
as far as 3000 before the common 
era (BCE). These two radionuclides 
track each other very well and show 
significant maxima at the times of 
the various minima in the sunspot 
cycle (Wolf, ~1350 AD; Sporer, 
~1500 AD; Maunder, ~1700 AD;  
and Dalton, ~1850 AD). Other 
maxima correspond to minima 
in ~1050 AD (Oort), ~910 AD, 
~700 AD, ~500 AD, and ~300 AD. 
Another maximum in ~300 BCE 
has a comparable magnitude to that 
seen in the radionuclide data for the 
Maunder minimum period.

More recently, McCracken et al.21 
studied 10Be data from the South 
Pole and the Greenland ice sheet to 
look at modulation of GCRs from 
850 to 1958 AD. They found that 
the GCR flux reached similar maxi-
mum values during the Oort, Sporer, 
and latter part of the Maunder mini-
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Figure 5. System requirements with a launch from C3 = 0 for a 2-year optimized trip to 
Neptune (outbound only) as a function of propulsion system exhaust speed. Results are 
plotted for power system specific masses of 1, 0.3162, and 0.1 kg/kWe. The delivered mass 
at Neptune is assumed to be 419.6 t, excluding the power system mass and assuming 
that all propellant is used. The required launch mass (top) and the total (assumed electric) 
power (bottom) that must go into the exhaust beam are shown. The launch mass minima 
for the two lower specific power system masses occur for exhaust speeds >400 km/s.
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mum, consistent with the results obtained by Pang and 
Yau.20 They note that the low values of modulation 
found during the Sporer minimum may be consistent 
with the cosmic ray spectrum at Earth approaching that 
of the undisturbed interstellar medium.22, 23

Although SEP events can potentially be more deadly, 
they also can be shielded against. The problem is the 
GCR flux,24 which cannot be shielded against without 
unacceptable mass penalties: the shielding needs to have 
the equivalent depth near that of Earth’s atmosphere. 

The two questions are: What is the “safe” level of expo-
sure? and What is the exposure rate in space? Braly and 
Heaton25 examined the issue of exposure of unused film 
to radiation on Skylab and the amount of fogging that 
would occur in the film as well as the loss of transmissivity 
to a plate window of borosilicate glass. The solution was 
to provide a 4000-lb vault for film storage until use and a 
retractable cover for the window. However, the interest-
ing point is the offhand remark about permissible radia-
tion exposure levels with regard to the crew: 250 rem26 
to the skin and 25 rem to the blood-forming organs for 
a nominal 56-day stay. This level is for a 235-nautical-
mile altitude, circular orbit, inclined 50° to the equator. 
The exposure is primarily attributable to the electrons 
of the Van Allen radiation belts, including those of the 
South Atlantic anomaly. The GCR background was cal-
culated to be negligible at ~2  10−3 rad per day behind a 
10 g/cm2 Al shield (3.7 cm of Al).

The issue of radiation exposure for U.S. astronauts 
was raised again in the context of missions on the Rus-
sian Mir space station. In the NASA Aerospace Safety 
Advisory Panel (ASAP) Annual Report for 1998,27 find-
ing 14 reads: “In the ASAP Annual Report for 1997, 
the Panel expressed concern for high doses of radiation 
recorded by U.S. astronauts during extended Phase I 
missions in Mir. Subsequent and continuing review of 
this potential problem revalidates that unresolved con-
cern. The current NASA limit for radiation exposure is 
40 REM per year to the blood-forming organs, twice the 
limit for U.S. airline pilots and four times the limit for 
Navy nuclear operators (see also finding 23).”

This is followed by recommendation 14: “NASA 
should reduce the annual limit for radiation to the 
blood-forming organs by at least one half to not more 
than 20 REM.”

The follow-up in finding 23 concerns exposure during 
extravehicular activity (EVA): “The greatest potential 
for overexposure of the crew to ionizing radiation exists 
during EVA operations. Furthermore, the magnitude 
of any overexposure cannot be predicted using current 
models.” This is followed by the corresponding recom-
mendation: “NASA should determine the most effec-
tive method of increasing EMU (extravehicular mobility 
unit) shielding without adversely affecting operability 
and then implement that shielding in the EMUs.”

Both of these items come under the ISS program, for 
which the Panel notes (in part): “The governing prin-
ciple universally accepted in the nuclear business, from 
weapons production to power generation to medical radi-
ology, is ‘As Low as Reasonably Achievable’ (ALARA). 
To that end, the U.S. domestic airlines limit annual crew 
exposure to 20 REM, and the Naval Nuclear Propulsion 
Program limits crew and workers to 5 REM per year and 
no more than 3 REM per quarter. The ISS, on the other 
hand, allows an exposure of 40 REM per year.”

Updated versions of problem exposures for deep-
space missions are given by Cucinotta et al.,28 who note: 

We show that the cancer risk uncertainty, which is defined 
as the ratio of the 95% confidence level (CL) to the point 
estimate, is about four-fold for lunar and Mars mission risk 
projections. For short-stay (<180 d) lunar missions, SPEs 
(solar proton events) present the most significant risk, but 
one that is mitigated effectively by shielding, especially for 
carbon composites structures with high hydrogen content. 
In contrast, for long-duration (>180 d) lunar or Mars mis-
sions, GCR risks may exceed radiation risk limits, with 
95% CLs exceeding 10% fatal risk for males and females on 
a Mars mission. Shielding materials are marginally effective 
in reducing GCR cancer risks because of the penetrating 
nature of GCR and secondary radiation produced in tissue 
by relativistic particles. Currently, based on a significance 
test that accounts for radiobiology uncertainties in GCR 
risk projection, polyethylene or carbon composite shield-
ing cannot be shown to significantly reduce risk compared 
to aluminum shielding.

They consider in detail cases of 600 deep-space days 
only for a Mars flyby mission and 1000 days for a Mars 
surface mission where 400 days of Mars surface days are 
added. Both SEPs and GCRs are included. The calcu-
lated doses for the two Mars flyby missions are summa-
rized in Table 2.

Although polyethylene at 20 g·cm−2 shows some 
advantage over aluminum at the same areal density, 
there is no statistical significance in the probability dis-
tribution functions for uncertainties in projecting fatal 
cancer risk. There is such a difference for liquid hydro-
gen (LH2), but its use as a shield introduces new system 
problems.

These results can be compared with those of over a 
decade earlier presented by Townsend et al.29 using the 
HZETRN code. The results found included: (i) No shield 

Table 2. Dose rates for deep-space missions to Mars.

Location

Dose rate, 
solar minimum  
(cSv per year)

Dose rate, 
solar maximum  
(cSv per year)

Deep space, 5 g·cm−2 Al 62.7 73.7

Deep space, 20 g·cm−2 Al 53.0 32.9

For units, see Ref. 26.
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(119.2 cSv per year at 0-cm equivalent sphere) and (ii) 
10.0 g/cm2 (56.7 cSv per year at 0-cm equivalent sphere).

For long-term space missions, the issue is one of long-
term, low-intensity doses and how the body deals with 
those as compared with acute doses, which is the basis 
of most of our current knowledge of effects. Divisions 
between subclinical exposure and clinical surveillance 
exposure (100 cSv) and clinical surveillance and effec-
tive therapy exposure (200 cSv) are well known for 
prompt exposures.30 These numbers are, of course, sig-
nificant for the design of “space storm shelters” for deal-
ing with SEPs.

The 6-month average effective dose for the ISS 
is ~0.045 cSv per day; the 6-month average for Mars 
from the Mars Odyssey spacecraft is 0.13 cSv per day. 
Thus, the increase attributable to being outside of the 
magnetosphere is approximately a factor of three (per-
sonal communication, R. Maurer, APL, 5 Dec 2006). 
This number is basically in accord with the work cited 
above.28 The real question is how such a chronic expo-
sure (rather than the acute exposures associated with 
SEPs) affects humans over the long term. These various 
treatments average to a chronic dose level of 0.14 cSv per 
day. In considering missions to the outer solar system, 
GRC chronic dose will dominate SEP acute doses, 
and we can thus expect ~52 cSv per year. For a 5-year 
mission, the total accumulated chronic dose would be 
~260 cSv (260 rem) and within the “therapy promis-
ing; guarded prognosis” range for an acute dose.30 For 
comparison, ~400 cSv is the lethal dose for 50% of an 
acutely exposed population after 30 days.31

The shielding level of 20 g·cm−2 can be compared 
with the atmospheres of the terrestrial planets (Table 3).

The nominal structural mass of a vehicle is approxi-
mately equivalent to what one has at the surface of Mars. 
Triton’s exosphere, not surprisingly, supplies no shielding 
at the surface. The thick atmosphere of Titan, even with 
its lunar-like weak gravity (approximately one-seventh 
that of Earth at the surface) shields that body much 
more effectively than the Earth’s atmosphere shields the 
Earth’s surface. The Earth’s atmosphere and magnetic 
field together reduce the background dose to Earth’s 
population to ~0.027 mrem per year from GCRs (of a 
total natural background of ~0.3 rem).

Initial studies on large space settlements32 suggested 
that to limit exposure to ~0.25 rem per year from GCRs, 
a passive shield mass of ~400 g·cm−2 would be required. 
A limit of ~5 rem per year (as for radiation workers) 
would drop this by a factor of approximately three. As 
we will see from living-space estimates, this introduces a 
prohibitive shield mass.

SEPs and Apollo
The problem of radiation exposure in polar orbits 

close in to the Earth was discussed by Rust, who concen-
trated on the radiation hazard posed by energetic pro-
tons associated with some solar flare events33:

During the Apollo program the radiation hazard was quali-
tatively the same (as during an ambitious space shuttle pro-
gram), and NASA created a Solar Proton Alert Network 
to evaluate and warn of proton shower risks. Studies of the 
radiation hazards made in the 1960s for the Apollo pro-
gram are still the most comprehensive available (at least at 
that time).34–36 No way has yet been found to avoid proton 
showers, but so far astronauts have been at risk for only a 
few days each year. The risk from proton showers was small 
compared to the other risks that the astronauts faced. In 
the shuttle era, however, the relative importance of the 
hazard from proton showers will require reconsideration 
since there may be people in space almost continuously.

The salient point is that Shuttle crews launched into 
polar orbit from Vandenberg would be at far higher risk 
from radiation exposure than crews launched into low-
inclination orbits from Cape Canaveral. 

Rust continues: “I will describe the risks posed by major 
sudden solar flares, which start suddenly and can deliver 
in a few hours a disabling or even lethal dose of radiation. 
The largest doses can be two to three times the lethal level 
to a man. A lethal dose could be delivered over a period 
of several days, but at peak flux rates, a 1-hour exposure 
would cause nausea and possibly vomiting.”

Rust also reproduces “suggested” exposure rates for 
Apollo astronauts, which are in the range of 50–100 
rad per year (depending on tissue and location), hence 
50–100 cGy. He notes that lengthy stays in geosynchro-
nous or polar orbits entail risk that is “unacceptable 
because of flare protons.” He continues: “It may be pos-
sible to design around hazards from trapped radiation, 
but better short-term forecasting of solar flares will be 

Table 3. Areal atmospheric density at surfaces.82

Planet or moon Surface pressure (mb) Surface gravity (m·s−2) Derived density (g·cm−2)
Venus 90,000 8.87 101,000
Earth 1,000 9.80 1,020
Mars 7–10 3.71 18.9
Titan 1,496 1.35 11,000
Triton ~1.5  10–5 0.78 0.19
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required to avoid aborting missions unnecessarily or 
exposing astronauts to a hazardous stream of protons.”

Actual average doses of radiation to crew members 
have remained relatively low,37 with the largest com-
puted dose of 1.14 rad (1.14 cSv) (skin) occurring on 
Apollo 14. It is calculated that the solar proton event 
of 4–9 August 1972 would have caused a skin dose of 
360 rad (360 cSv) to the astronauts if they had been in 
the command module at the time. (Apollo 17 flew 7–19 
December 1972, and Apollo 16 flew 16–27 April 1972.)

Cold War Example
For purposes of considering underground shield-

ing, it is interesting to compare needs for a Moon 
or Mars habitat with the launch control center for a  
Titan II missile.38

The missile center was a three-story domed cylinder 
(12.8 m tall and 11.3 m in diameter). This gives a rough 
volume of ~1280 m3. The top of the dome was 2.44 m 
below ground level and 0.46 m thick (reinforced con-
crete). Actual launch complexes also included a blast 
lock and the silo with the Titan II under a protective 
670-t steel and concrete door designed to withstand a 
300 psi overpressure from a nearby nuclear burst.

Density of lunar regolith varies from ~1.1 to 1.8 g·cm−3, 
and the Viking landers inferred similar regolith densities 
on Mars.39 At 1.5 g·cm−3, 2.44 m of material provides 
366 g·cm−2 of mass areal density. Concrete has a density 
of ~2.3 g·cm−2, so 0.46 m provides another 106 g·cm−2 for 
a total of ~470 g·cm−2 of shielding (this depends on the 
use of rebar in the concrete and what type of concrete 
density could be made from the local regolith). Hence, 
the Titan complexes may be a fairly good model for what 
would be needed to deal with the radiation background 
on bodies with no atmosphere.

Active Shields
Active shields, usually powered by magnetic fields, 

have been discussed since the time of early manned 
spaceflight after R. H. Levy’s 1961 suggestion to use 
superconducting coils to produce a magnetic shield.40,  41

With respect to material shields, Kash40, 41 notes that 
lighter elements are more effective per unit mass in stop-
ping charged particles than heavier ones. He suggests 
that polyethylene (CH2) would thus offer certain advan-
tages (it also is a good neutron moderator for the same 
reason). Kash notes that magnetic and electric shields 
offer advantages over material shields in keeping sec-
ondary radiation low by deflecting particles rather than 
by stopping them. However, synchrotron radiation is an 
issue and requires secondary material shielding at very 
high incident energies. Kash does not look at this aspect 
of the magnetic shield problem. He gives the example 
of the purported mass savings by comparing a magnetic 

shield with a material shield of polyethylene to stop 
1 GeV protons (3.33 m, which is equivalent to 0.306 kg/
cm2 for a material density of 0.92 g·cm−3).

Such active shields typically have been examined for 
SEP protection due to the significantly higher energies 
of GCRs and the limitations of the shielding volume of 
realizable topologies.42 Electric fields also have been dis-
cussed, but the need for fail-safe power supplies and asso-
ciated technologies has tended to make passive shielding 
the approach of choice.32

Although magnetic shields offer a potential mass sav-
ings, the systems aspects must be thought through very 
carefully because one cannot afford for such an active 
system to go down at precisely the wrong time. The issue 
is analogous to long-term, deep-space storage of LH2 
for a nuclear thermal system or of other cryogens such 
as argon or krypton for a nuclear electric system. The 
refrigeration units cannot fail or else there will be a cata-
strophic loss of the mission.

When examining long-term, mission-critical systems, 
the choice tends to favor passive systems because of the 
mass, complexity, and inherent risks in providing fail-
safe status to the “better-performing” system. As a result, 
magnetic systems have not been developed, and to do 
appropriate trades, the mass of the power system for 
startup and renewal after faults, and the ability to deal 
with non-superconducting transient faults, also must be 
considered. Aside from risk issues, the addition of such 
required systems might already render a magnetic shield 
system inferior on a mass-performance basis to a simple 
passive, material shield.

Living Space and Life Support
Mass requirements for long space voyages of months 

or more are driven by the needs of the human crew. 
In addition to the radiation issue, consumables (e.g., 
breathable air, water, and food) and living space must be 
considered as well as mitigation for microgravity.

Large Space “Habitat”
The problem is illustrated by the rough numbers for 

an “O’Neill space colony.”32 For a large (population 
~10,000) space colony, both artificial gravity and radia-
tion reduction to a “reasonable” level are required. For 
an exposure level of ~0.50 rem per year (0.5 cSv per year) 
passive shielding of ~450 g·cm−2 = 4.5 t·m−2 is required. 
The researchers found that rotating the shield at the 
same rate as the colony to provide some semblance of 
artificial gravity was not possible because the stresses 
would result in its structural failure.32 This shielding 
number thus directly translates into an overall mass 
requirement, although factors of up to approximately 
two in uncertainty depend on the structural material 
(LH2, polyethylene, aluminum).

In the same study, an assessment of living require-
ments suggested that an area of 67 m2 per person and 
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crew quarters; 45 m2, multi-use; 50 m2, crop growth module; 45 m2, science 
module; 45 m2, EVA module; 8 m2, cache).49 For 10 people, this is just less 
than 30 m2 per person, less than one-half of the space colony number and 
approximately the minimum recommended size for long-term habitation.48 
Assuming “headroom” of 3 m, the implied living volume is 867 m3 or 86.7 m3 
per person for a 10-member crew (Fig. 6).

For Boreas, the estimated need is 10.8 t of dehydrated food and 2 liters of 
water per day per person (2.9 kg of hydrated food per person per day).50 Part of 
the breathable air, water for hygiene, and methane for a rover for the Martian 
pole is envisioned to come from ISRU—effectively “living off the land”—at 
a level of ~26 kg·day−1, excluding additional shielding against radiation. With 
highly efficient recycling, life-support consumables are estimated as being 4.3 
kg·day−1·person−1, rising to ~4.8 kg·day−1·person−1.51 The Project Boreas study 
group estimates the total amount of water required from in situ resources to 
be ~1.6 kg·day−1·person−1 with additional supplies needed for feedstock for a 
propellant plant to provide propellant for an exploration rover.

Derived Requirements
Expendables

Although deep-space voyages to the outer solar system will of necessity 
require extremely efficient recycling, adequate margins also must be sup-
plied because adequate supplies are mission critical for a human crew. The 
“correct” number is somewhere between 3 and 7 kg·day−1·person−1 based on 
various extrapolations and the ISS experience noted above. To be prudent 
and somewhat constrained, we adopt 5.5 kg·day−1·person−1 for the required 
expendables. This translates into 2.0 t·year−1·person−1 or 60 t for a crew of six 
for 5 years: 2 years in transit in each direction and 1 year maximum at the 
destination. For a crew of 10, the total increases to 100 t.

Living Space
For an eventual crew of six on the ISS with a total habitable volume 

of 953 m3, the per-person volume is 159 m3, approximately double that of 

Figure 6. The Project Boreas Pole Station for Mars. This type of station could be used not 
only on Mars but for other outposts as well (e.g., on Callisto, Enceladus, Titan, Miranda, 
Triton, or Pluto). (Reproduced with permission from Mark Greene of ANY. Design Studios.)

a volume of 1740 m3 per person are 
appropriate averages over the entire 
colony. Oxygen, food, and water are 
needed in the amount of ~4.5 kg· 
day−1·person−1, a number that could 
be reduced to ~2.9 with 70% of the 
oxygen and water recycled.8

Skylab
The U.S. Skylab was a “space 

station” converted from the third 
stage of a Saturn V (the S-IVB 
stage). Lofted into orbit by the first 
two stages of a Saturn V, the station 
was designed for three uses of 28–94 
days by a crew of three. The lab had 
a design life of 600 days and a mass 
of ~79 t with an electrical capabil-
ity of ~11 kWe. With a habitable 
volume of 361 m3, the volume was 
120 m3 per crew member.43 This can 
be compared with the total habit-
able volume of 71.5 m3 on the Space 
Shuttle44, 45 with a crew of up to 
eight people for up to 16 days.46

International Space Station
For comparison, once the ISS has 

been completely assembled in 2010, it 
will have 953 m3 of pressurized living 
space with an electric power-genera-
tion capability of 110 kWe and will 
have an overall mass in low-Earth 
orbit (LEO) of 419.6 t. The June 
2006 configuration had 186 t enclos-
ing a habitable volume of 425 m3 for 
a crew of three (142 m3 per person); 
typical supplies are 3.63 t to support 
the three-person crew for 6 months16 
or a rate of effective consumption of 
6.7 kg·day−1·person−1 (180 days). 

Project Boreas
These numbers also can be com-

pared with those of the Project 
Boreas concept.47 For a 10-person 
crew operating on the surface at 
Mars’ northern pole for 1200 days, 
a base infrastructure of 92 t deliver-
ing 61 kWe of power is estimated.48 
Modular like the ISS, the Project 
Boreas Pole Station calls for seven 
modules, including a greenhouse 
and facilities for in situ resource uti-
lization (ISRU). Total habitable area 
is estimated as being 289 m2 (96 m2, 
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Boreas but less than one-tenth of that for a space colony. 
If we adopt a spherical geometry and 200 m3 per crew 
member, then for a crew of six, the living space would 
be 6.6 m in radius; for a crew of 10, this would have to 
increase to 7.8 m in radius to maintain the same per 
capita allocation. This size is approximately twice that 
of the spaceship Discovery 1 in the movie 2001: A Space 
Odyssey.52

Shielding
For these radii, the corresponding surface areas 

are 764 m2 and 547 m2, respectively. At 2.7 g·cm−3, a 
shielding of as much as 450 g·cm−2 implies an aluminum 
thickness of 1.67 m. The corresponding Al mass for the 
two geometries is 4240 t and 3145 t for the 10-crew and 
six-crew cases, respectively. Reducing the shielding to a 
near-minimum case of 20 g·cm−2 (0.074 m of Al) yields 
154 t and 110 t, respectively. Hence, the difference in 
shielding mass for the conservative versus high exposure 
case amounts to a factor of ~27 in the mass of the shield-
ing alone.

Table 4 summarizes the various examples cited and 
the derived requirements.

ECONOMICS
The real price of everything, what everything really costs to 
the man who wants to acquire it, is the toil and trouble of 
acquiring it.... It was not by gold or by silver, but by labour, 
that all the wealth of the world was originally purchased; and 
its value, to those who possess it, and who want to exchange 
it for some new productions, is precisely equal to the quantity 
of labour which it can enable them to purchase or command.

Adam Smith53

Such a program as envisioned here would not be a 
simple perturbation on a national—or international—
budget. The cost would be sufficiently large, and the 
outlook for even potential profits so long-term, that 
the technical completion is only a small part of such 
exploration. In fact, the problem of how to implement 
human exploration of the entire solar system already 
exhibits hints of the economic solution to Fermi’s  
paradox.54

Science Push: Antarctic Analogue
The most relevant analogy is that of the establish-

ment of the Amundsen−Scott station at the South Pole 
in Antarctica.55 The overall setting was the Interna-
tional Geophysical Year56 but in the context of the cold 
war. Operation Deep Freeze I used 1800 volunteers and 
20,000 measurement tons (~22,600 m3) of cargo in the 
austral summer of 1955/1956 to establish Little Amer-
ica V and the staging base at McMurdo. During the fol-
lowing winter, 93 men stayed in the U.S. bases to pre-
pare for setting up South Pole Station and Byrd Station, 
both in the interior of the continent, the following year 
under Deep Freeze II. That year, 3400 men, 12 ships, 
and multiple aircraft were used to establish the bases. 
After 64 aircraft sorties to the pole dropping 730 tons of 
equipment and supplies, 18 men spent the austral winter 
of 1957 at the pole. Before this time, only 10 humans 
had reached the South Pole: five who survived in the 
Amundsen expedition that reached the pole on 14 Dec 
1911 and five who perished in the Scott expedition that 
reached the pole 17 Jan 1912.

The Scott expedition had cost £30,000, and Paul 
Siple, the first scientific commander of South Pole 
Station, later estimated that it had cost approxi-

Table 4. Living-space and life-support summary.

Outpost Population Mass (t) Power

Outpost 
occupation 

time

Expendables 
per capita 
(kg·day−1)

Living space 
per capita 

(m3) Shielding
O’Neill colony 10,000 10.6 × 106a Not given Indefinite 4.5 1,740 450 g·cm−2

Skylab 3 79 11 kWe 600 days Not available 120 Not available

Space Shuttle 8 (max.) 110b 21 kWe
16 days for 
each flight 

(max.)
Not available 9 (min.) Not available

ISS (station 
complete)

6 419.6 110 kWe Indefinite 6.7 159 Not available

Project Boreas 10 92 61 kWe 1200 days 4.8 87 Not available

ARGOSY 6 110c Not 
calculated

5 years 5.5 200 20 g·cm−2 Al

a9.9 × 106 t is radiation shield mass derived from lunar regolith.
bOrbiter gross takeoff weight with payload to orbit (nominal).
cRadiation shielding only.
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mately $1 million per man to put the first crew at 
the South Pole Station established by the Interna-
tional Geophysical Year.55 Correcting for inflation, 
these amounts can be estimated as approximately 
£2,104,35057 or $774,400 per person58 and $7,160,000 
per person,59 respectively, in 2006 dollars. Hence, the 
cost for setting up a base was ~10 times that for a simple  
expedition.

Technology Pull: Post-Nova Studies

If you build it, [they] will come.

From the movie Field of Dreams60

Extremely heavy lift launch vehicles (EHLLVs, which 
we have dubbed “Supernovas”) were studied in the early 
1960s.8 Detailed cost estimates were prepared for vehicles 
with payload capabilities of 0.5–2.0 million pounds (227–
908 t) to LEO. The vehicles studied were mostly recov-
erable and fueled with liquid oxygen (LOX) and LH2.61 
Most designs, such as the Rombus, were to be capable of 
~106 lb. to LEO. The estimated cost of that vehicle was 
approximately $4 billion (1964 dollars) to develop and a 
projected $25 million per flight for multiple flights.62 For 
comparison, actuals for the Saturn V are a development 
cost of $7.4396 billion (1966 dollars) and a per-launch 
price of $431 million (1967 dollars). Using the price defla-
tors from the aerospace industry for defense goods and 
services (1968 = 22.9, 1987 = 85.6263; 1987 = 72.3, 2003 = 
109.964) gives an inflation factor of 5.68. Using inflation 
rates of Department of Defense goods and services from 
1968 to 2003, we can estimate an inflation factor of ~6.4 
to 2007 (5.68 from 1968 to 2003 and 3% per annum there-
after). The Saturn V development cost would escalate 
to approximately $48 billion and the per-launch cost to 
approximately $2.7 billion. Using the square root scaling 
of Ref. 65 for initial investment cost, going from a Saturn 
V to a 1000 t to LEO capability (a factor of approximately 
eight) would increase the initial development cost by a 
factor of 81/2 to approximately $136 billion.

For the Rombus vehicle numbers estimated by 
Wade62, and using the gross domestic product (GDP) 
deflator index of ~1.127 from 1964 to 1968, the Rombus 
development cost would be approximately $29 billion 
and the per-launch cost approximately $180 million (a 
2007 cost of $180 kg−1 for 1000 t to LEO, the type of 
costs that have been hoped for but never attained). The 
Saturn V comparables would be $3 billion per launch 
of ~125 t or $24,000 kg−1, approximately a factor of two 
higher than the “canonical” $10,000 per kg.

Ehricke and D’Vincint66 attempted to estimate 
the costs associated with a large post-Saturn vehicle, 
dubbed NEXUS, using LOX/LH2 engines to take 106 lb. 
to LEO. A refined version of the analysis, summarized 
by Ehricke,67 focuses on trades between orbital vehicle 
assembly mode and launch into orbit for immediate 

use, or direct flight mode and interorbital space vehi-
cle for deep-space transport. The author notes: “This 
brief study shows that, because of the expense of orbital 
operations, reduction of orbital assembly operations and, 
hence, of the number of successful launches required, 
is an added important reason for developing large ELVs 
[Earth launch vehicles] and improving the economy of 
routine missions to the moon and beyond.” Given our 
experience with the ISS (80 flights with five vehicle 
types required for station completion and maintenance 
during that time16), this concern has not been retired, 
especially considering the nominal 12-year assembly 
time (1998–2010). In the afterword of Ehricke’s paper, 
Koelle68 notes that this incorporation of labor (and 
infrastructure) costs into on-orbit assembly of large 
structures is a key point that had not previously been 
appreciated.

Deep-Space Markets
As with future considerations of the development 

of the Space Transportation System, the assumption 
behind the idea of EHLLVs was that the development 
of an efficient transportation system would enable a 
market. The history of the last 50 years has shown 
that economic advantages of space have accrued from 
Earth monitoring of weather systems for prediction of 
storms and of resource assay as well as for communica-
tions. Although mining of raw materials from asteroids 
has been discussed in terms of market value of plati-
num-group and other metals,69 mining bulk materi-
als from asteroids is almost as bad as transport of iron 
ore from Mars—either scenario makes “selling coal to  
Newcastle”70 a bargain.

Other National Efforts
In terms of scale of effort, the development of the 

Panama Canal, a 34-year effort begun by the French 
and completed by the United States, is perhaps a good 
comparison. Here, the difference is that there were 
easily recognizable strategic and commercially profit-
able advantages. Nonetheless, by the time the canal 
opened in 1914, the effort had entailed an expenditure 
of approximately $639 million and required 80,000 
workers, ~30,000 of whom died in the construction.71 

In 2007 dollars, this amounts to a total investment of 
approximately $10.7 billion. This can be compared with 
the approximately $27 billion for the Manhattan Proj-
ect in 2007 dollars72 and $92.8 billion for the Apollo 
program (inflated from $25.4 billion in 1973 by a factor  
of 3.65573).

Potential EHLLV Costs
In any event, it is difficult to imagine the develop-

ment cost (FY2007$) of a 1000 t-to-LEO Supernova to 
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be less than approximately $50 billion and less than 
approximately $1 billion per launch, even for a reusable 
booster ($1000 per kg). It also is worth noting that both 
from a performance as well as from a pollution perspec-
tive, LOX/LH2 will likely be the propellant combination 
of choice, drawing on the all-cryogenic launch vehicle 
pioneered by Boeing in the Delta-IV with the RS-68 
engine. If Supernova vehicles are developed, larger 
engines will be required and will be the significant cost 
in the overall development effort.74

Rough Order-of-Magnitude Program Costs
Bringing down costs without an obvious deep-space 

market driver is a “chicken and egg” problem. Until 
transport and infrastructure costs decrease, it will be dif-
ficult to develop commercial deep-space markets for any-
thing, but only the materialization of such markets can 
drive the transportation need to the volume required to 
bring the prices down. This is true for automobiles and 
airplanes as well as for spacecraft and associated trans-
portation systems.75

For the types of systems envisioned in the calcula-
tions of Fig. 5, ~1700 t of mass is sufficient to cross from 
Earth to Neptune in ~2 years (assuming 0.1 kg/kWe and 
an exhaust speed of 200 km·s−1). The mass of ~420 t is 
intended to carry food for a crew of six for 5 years, little 
more shielding than that provided by the structural mass 
of the ship, and a Boreas-style station that could be used 
as a science staging base on Triton and left there for any 
future expeditions.

If a previous robotic expedition was able to demon-
strate that ISRU production of propellant for the return 
is feasible, then two launches of ~1000 t each to LEO 
would suffice to begin the expedition. If propellant pro-
duction is not feasible, then as much as ~1500 t would 
need to be transported to the destination, requiring 
some 6000 t to begin with. For the five expeditions of 
Table 1, the implied LEO mass would be ~30,000 t or 30 
EHLLV launches at 1000 t each with assembly required 
in orbit. We could optimistically envision approximately 
$50 billion for the EHLLV development and $30 billion 
for 30 launches.

For an Apollo program cost of approximately $100 
billion, and a guess that the program size scales as the 
distance and the cost as the square root of the program 
size, and discounting to 10% to account for a learning 
curve, then in going from the Moon (~0.3  10−2 AU) 
to Pluto near aphelion (~50 AU), we could guess 
that eventual runout cost might go as approximately 
$ / . $ .100 50 0 3 1 3B T× ≈ plus an additional $100 bil-
lion for the EHLLV development and costs. To provide 
an “upper limit,” we could apply this same methodology 
to each of the targets of Table 1 (scaling by the orbital 
semi-major axis of each planet) in turn and derive a 
grand program cost estimate of:
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The GDP for the United States was approximately 
$13 trillion in 2006; that of the world as a whole was 
approximately $48 trillion, with the high-income 
nations accounting for approximately $36 trillion.76 

The current NASA budget is approximately $16 
billion, with approximately $3 billion going to human 
exploration (the Exploration Missions System Director-
ate).77 If this amount of funding were increased at the 
same rate as the real GDP increase (e-folding time of 
~28 years4), then over the next 93 years, the amount of 
funds available would be approximately $2.2 trillion or 
only approximately half of the estimated/guessed cost. 
This further strengthens the suggestion that such an 
effort would have to be truly international in scope. 
Put differently, $4 trillion is approximately 1.5 times the 
U.S. cost of World War II in 2006 dollars.59

CONCLUSIONS
“Space,” it says, “is big. Really big....”

Douglas Adams78

The deleterious effects of GCRs ultimately limit pos-
sibilities of the human exploration of the solar system. 
Unless huge (approximately factor of 10) mass penalties 
are paid, round-trip human voyages are likely limited to 
~5 years even if artificial gravity can limit the health 
effects of microgravity. The technical limits are set by 
propulsion specific mass and specific impulse. Explora-
tion across the solar system will require specific impulses 
in excess of 20,000 s at specific masses of no more than 
~0.1 kg/kWe, in turn implying a system based on nuclear 
energy. 

A 5-year round-trip mission will require ~10 t per 
person of expendable supplies with a likely crew of at 
least six people and an extremely reliable vehicle with 
an extremely dedicated and stable crew. Infrastructure 
capable of putting tens of thousands of metric tons of 
materials into LEO will be required as well. Such a proj-
ect is potentially achievable at the cost of at least 10% 
of the current world GDP. With current investment in 
human space activity in the United States, even with 
growth projected on the basis of the growth of the over-
all U.S. economy, a dedicated, international effort will 
likely be required if the entire solar system is to have an 
initial reconnaissance by human crews by the beginning 
of the 22nd century.
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Human missions beyond the asteroid belt to the 
outer portion of the solar system are literally a monu-
mental undertaking. This challenge can be met, but 
only for a substantial cost. Robotic missions, including 
sample returns to venues as distant as Pluto at aphelion, 
although less capable, appear to be more easily and 
cheaply accomplished than missions with human crews. 
However, developing reliable, decades-long robotic mis-
sions is in itself a formidable technical challenge.
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