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Abstract
Establishing a human scientific settlement on Mars will require significant collaborative development across several

important areas. In particular, an efficient and effective interplanetary transportation paradigm to support both initial
and sustained future development of surface-based activity. The technological challenges of such an architecture will
necessitate a synergistic amalgamation of novel technologies within fields such as propulsion, long-duration habitation,
radiation mitigation and mission design, including the use of in-orbit structural assembly and re-fuelling.

The aim of this paper is to identify systems-level design drivers for a crewed interplanetary transportation solution to
support future scientific settlement on Mars. Numerical models were developed to broadly represent current and near-
future propulsion systems (with a particular focus on Nuclear Thermal Propulsion), habitation modules, nuclear/cosmic
radiation exposure, power systems and vehicle structure. Models were then integrated into a multi-objective problem
formulation examining both the static system/mission design parameters (e.g. planetary conjunction angles, dry/wet
masses and engine system sizing) and the optimal trade-offs between outbound/inbound transfer trajectories for a vari-
able surface stay duration on/around Mars. The problem was solved using a novel adaptive-mesh evolutionary solver
for multi-objective optimal control problems.

Results suggest that the relative duration of mission segments (outbound, stay, inbound) conform to distinct groups
of solutions within objective space. This represents a quantifiable set of transfer opportunities/mission architectures
differentiated by total propellant requirements and the desired duration of surface activities at Mars. Furthermore,
considering Nuclear Thermal Propulsion (NTP) technology, a tendency to reduce the size of the propulsion system
towards the lower end of the performance spectrum is observed. This implies that current/future development should
focus on improving system reliability, including investigations into extended operational cycles and restartability, rather
than base performance statistics.
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1 Introduction

An established limiting factor for crewed interplanetary exploration missions to Mars is the health risks posed by
increased exposure to solar and cosmic radiation [1]. Given the directly proportional relationship between total dose
and radiation flux/time of exposure, logical mitigation strategies include either reducing the radiation dosage via some
form of protective shielding, or decreasing the interplanetary transfer time. Research into active/passive shielding is
ongoing, but it is currently accepted that with the significant volume of shielding required for a Hohmann-type transfer
to Mars, the costs to deliver this additional payload to LEO would be largely prohibitive to the overall mission. As
such, it is prudent to examine the propulsion options available to instead reduce the time of flight. While conventional
LO2/LH2 or LO2/LCH4 chemical propulsion systems may still remain the most practical option for Earth orbit and
Lunar missions, their characteristic high thrust/low specific impulse results in largely infeasible mass fractions when
applied to interplanetary trajectories. Given the resultant need for higher power density and specific impulse Isp, a
viable alternative is the use of nuclear propulsion.
As early as the 1940s, nuclear derived technology was recognised as a fundamental enabler for future space travel.
Landmark studies, such as [2] concerning Nuclear Thermal Rocketry (NTR) and Nuclear Electric Propulsion (NEP)
for interplanetary trajectories, helped prompt initial investigations into the practicalities of nuclear propulsion systems.
Subsequent work included the Soviet NTR engine development program [3], the Atomic Energy Commission ’Project
Rover’ [4] and the NASA Nuclear Engine for Rocket Vehicle Application (NERVA) program [5], the latter incorpo-
rating a promising series of successful terrestrial test firings, prompting inclusion into several proposals for crewed
missions to Mars [6, 7]. Since then, advances in materials, magnetic fields and plasma dynamics have supported the
development of numerous appealing concepts [8]. Currently, many space agencies and governments (e.g. NASA
and DARPA, ESA, UKSA, Roscomos, China, and India) have programmes examining nuclear propulsion for space
exploration, in particular targeting Mars.
Nuclear propulsion systems proposed for space travel primarily include fission-based Nuclear Thermal Propulsion
(NTP) and Nuclear Electric Propulsion (NEP), in which an electric propulsion system is powered by passing the
working fluid (heated via nuclear reaction) through a generator. A particular advantage of NEP is the independence
from solar power, which decreases proportionally to r−2 (a recognised hindrance to solar electric propulsion methods).
NEP is thus attractive for deep space applications, despite a cost in efficiency due to thermal-electric power conver-
sion. Multi-modal options exist, where a portion of propellant is passed through a power generation subsystem, thus
relegating the need for inefficient solar power systems. A notable example is the bi-modal Nuclear Thermal Electric
Rocket (NTER) under development at ESA, theoretically offering an increased specific impulse over solid fuel NTR
by adding a thermal induction heater downstream of the reactor core [9, 10].
The chosen propulsion system largely influences the range of possible mission architectures available for given mis-
sion. Considering crewed expeditions to Mars, transfer trajectories have been well studied in the literature [7, 11, 12].
Coherent mission architectures are defined by the synchronisation of inbound and outbound trajectories, most com-
monly categorised as either conjunction class (long stay) or opposition class (short stay). Despite short total mission
duration, opposition class transfers are typically not considered feasible for crewed missions. This is due to the
significantly higher proportion of time spent in transfer relative to time spent at Mars and the projected higher radi-
ation dosage in accordance with both the extended flight time and the close passage (< 0.7 AU) to the sun. Various
conjunction class mission architectures for Earth/Mars round trips with high-thrust propulsion have been examined
[11, 13, 14]. These include direct, semi-direct and stop-over missions. Each of these may be modified to include a
free-return abort trajectory option, although the resulting time of flight in this case would be significantly increased.
Additional architectures utilising multiple reusable vehicles in sustainable transportation paradigms are Earth-to-Mars
and Mars-to-Earth semi-cyclers and cyclers.
Some modern architectures have been proposed to accommodate more novel propulsion methods. For example, [15]
proposes to avoid the complex mission architecture and high launch mass of the NASA Design Reference Architecture
(DRA) [16] by following a continuous low-thrust trajectory using 64 RFIT-45 ion thrusters. The effects of varying
the mass of the spacecraft in LEO prior to mission start, the mass of the crew transportation vehicle, the mass of the
Mars lander as well as the HEO altitude, on the overall mission profile/feasibility are examined. The authors found
that higher masses (with thrust held constant) yield elongated transfer times, while a higher HEO instead shortens
them. The presented advantages of low-thrust electric propulsion have since prompted investigations into using such
systems as a means to augment high-thrust chemical/nuclear propulsion, enabling a more energy-efficient operation
[17, 18, 19]. Oleson et al [19] examines the case where a small NEP system is used in conjunction with high-thrust
LOX/LCH4 rocket engine to enable an opposition type mission architecture. In this manner, the required mass of
radiator panels (acknowledged as a significant hindrance for interplanetary NEP) can be reduced. While the authors
find the incorporation of NEP gives a 5-10x reduction in δV requirements for capture/escape, the time spent in space
during transfer is still very large relative to the time spent at Mars.
This study examines the trade-offs for the preliminary design of a high powered transportation system to Mars given
near-term future technologies. Mission performance and vehicle configuration are analysed using numerical models
for structural mass, radiation dosage, propulsion system and long-duration habitation module (including consumable
requirements). The system analysis focuses on a nominal crewed mission, the more limiting option versus cargo-only.
The requirements and assumptions for the complete system are as follows:

• The system must be capable of an Earth/Mars transfer trajectory of less than 90 days.
• The system must be capable of carrying, to the surface of Mars, at least 50 tons of cargo and/or a minimum of 3

passengers.
• Launch and landing segments of the mission are not considered.
• In-orbit manufacturing and re-fuelling facilities are assumed as operational around both Earth and Mars.

A mesh-adaptive multi-objective optimisation solver is used to examine mission and trajectory design trade-offs. Vehi-
cle design parameters include engine sizing and gross/dry vehicle mass. For a semi-cycler based mission architecture
[11], single and return legs were analysed independently and as part of a complete mission scenario using continu-
ous control to ascertain the optimal engine switching structure. The stay time on Mars was included as a variable
parameter to understand the impact on the optimal synchronisation of inbound and outbound trajectories. In order
to generalise the analysis and avoid dependence on any particular set of launch dates/transfer windows, Earth and
Mars are assumed to follow circular Sun-centred orbits. The optimal phasing between Earth and Mars and the overall
mission architecture may therefore be more independently examined. An additional design parameter representing the
phasing between Earth and Mars at launch is included accordingly.

2 System models

A study of previously proposed spacecraft configurations and designs was undertaken. Key areas were identified,
including the type and design of the nuclear propulsion system, radiation mitigation measures necessary for a crewed
mission and the mass modelling of the crew habitation module. Numerical models for each identified subsystem were
then developed, with a particular focus on component mass scaling laws.

2.1 Vehicle models

Crewed missions are driven by the requirement to minimise radiation exposure, most easily achieved by minimising
flight time [20]. Reduced transfers translate, at present, into a need for Nuclear Propulsion (NP). This then strongly
influences the design of the spacecraft as a whole. For example, the need for shielding for both the crew and space-
craft systems from both environmental (GCR and SPE) and artificial (NP) sources (which includes maximising reactor
displacement) is dependant on the size and operational cycle of the nuclear reactor and the solar environment. The
volume of the habitation module, and consequentially the internal mass breakdown (including consumable require-
ments/rates), is directly driven by the number of crew, the transfer duration and overall mission architecture (e.g., the
transportation habitat may double as part of the surface habitation module(s) on Mars). Finally, the system power
requirements (which, assuming no bi-modal functionality, translates into a desired mass/configuration of PVAs) are
defined by the size of the habitation module and the overall mission duration, given the exponentially decreasing
availability of solar power with radial distance from the Sun.
A nominal spacecraft configuration incorporating the above requirements is shown in Figure . The identifying feature
of this configuration is the large truss connecting the NTP system (engine, reactor and shield), with the rest of the
spacecraft, consequently housed within the radiation shadow cone.

2.1.1 Propulsion model

Propulsion system sizing relationships were extracted
from published data concerning (relatively) high-TRL
concepts. Those selected, primarily solid-core fission re-
actors (see Table 1), have either been terrestrially demon-
strated (e.g., Pewee 1, NERVA NRX and XE Prime, RD-
0410 and NTE 68kN) or are conceptually based upon suc-
cessful tests of constituent subsystems/components (e.g.,
NERVA-1, and AR-NTP). Based on this data, continuous
numerical functions of engine thrust T , mass m, propel-
lant mass flow rate ṁ and specific impulse Isp were de-
fined relative to the thermal power of the reactor P .

Engine Power Thrust Isp Mass ṁprop

(MW) (kN) (s) (kg) (kg/s)

NERVA NRX 1072 237.63 803 8080∗ 32.7
Pewee-1 507 111.2 901 3300 12.6
RD-0410 196 35.28 910 2000 4.0
NERVA XE 1140 246.66 841 7700 35.8
NERVA 1 1570 333.6 825 12577 41.9
NRE 68kN 340 68 900 2890 7.1
AR-NTP 542.4 111.6 875 3793 12.7

∗reactor

Table 1: Solid-core engine specifications [5, 21, 4, 16, 22,
3, 23, 24].

In this study, the conceptual NERVA-1 engine is con-
sidered the upper limit to propulsion system size. Though
never constructed, the NERVA-1 flight engine concept is
considered in essence the final recommendation of the
project engineers as to the system specifications of a fea-
sible space-based nuclear engine that could be developed
based on the findings and experience gained during the
NERVA program [5, 21].

Integer variables (e.g., number of engines) are not con-
sidered, therefore it is of interest that the incorporated
scaling relationships may also represent clustered propul-
sion systems. Examples of such, including the NASA De-
sign Reference Architecture (DRA) [16] (3x Pewee-1 en-
gines), Russian MEC [22] (4x NRE 68kN engines) and
the latest in a series of mission trade-off analyses con-
ducted by Aerojet Rocketdyne in conjunction with NASA
[24] (3x AR-NTP engines), are included and found to
align with the defined scaling relationships, with a ten-
dency to slightly overestimate performance requirements.

This study initially identified [25] the bi-modal NTER
engine as a promising hybrid thermal/electric solution for

future missions to Mars. Unfortunately, while with base
reactor specifications are derived from the Pewee-1 en-
gine, the additional mass of turbomachinery required to
provide bi-modal functionality results in overall specifi-
cations largely incompatible with the derived propulsion
system scaling relationships. As such, incorporation of
this system is reserved for separate analyses.

2.1.2 Habitat

Salotti et al. [26] present a method to estimate the mass
breakdown of a crewed habitation module based on the
NASA TransHab specification. This study adopts a simi-
lar methodology, utilising subsystem-specific scaling co-
efficients to estimate the component masses/volumes for
a habitat supporting a crew of 4, detailed in Table 3.

Consumables are divided in the following groups: 1)
food 2) fecal canisters, urine pre-filters, and trash bags 3)
personal hygiene kit, hygiene consumables, wipes, tow-
els, and health care consumables 4) clothing and 5) per-
sonal stowage and operational supplies. Consumable re-
quirements are largely taken from [28]. Consumption
rates for all logistics goods are defined using historical us-
age/resupply data from the ISS in combination with data
from the Advanced Life Support Baseline Values and As-
sumptions Document, Human Integration Design Hand-
book, and Orion Commercial Crew Development design
values. Mass scaling models were developed for each cat-
egory, dependent on the number of crew members, flight
duration, and stay time on/around Mars.

2.1.3 Power

Based on the NASA DRA, the total power requirement
is estimated at 60 kW, with 50 kW reserved for the crew
habitation module (including 30 kW for life support, 15
kW for Zero-Boil-Off cryo-coolers and 5 kW for high data
rate communications with Earth) [16].

The availability of solar power decreases proportional
to the squared distance from the sun, according to Equa-
tion 1, where the sun is assumed a perfect emitter (i.e.,
ϵ = 1), the Stefan Boltzmann constant σ = 5.67 × 10−8

W/m2K4, the temperature and radius of the sun are T =

5760 K and Rsun = 6.97× 105 km respectively and R is
the distance from the sun in km. Figure 1 shows the value
of solar constant relative to radial distance (in astronomi-
cal units), including values at the aphelion and perihelion
of Earth (1311 kW and 1401 kW) and Mars (488 kW and
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Mission Engine Cluster Power Thrust ṁ Mass
(MW) (kN) (kg/s) (kg)

DRA 5.0 Pewee-1 3 1521 333.6 37.8 9900
MEC NRE 68 kN 4 1360 272 28.4 11560
Aerojet AR-NTP 3 1627.2 334.8 38.1 11380

Table 2: Clustered NTP systems in existing crewed Mars mission concepts, sourced from [16], [22] and [24].

Crew = 6 Crew = 4
Component Mass Vol. % red. Mass Vol.

[kg] [m3] [kg] [m3]

Power system 5840 – 22.5 4526 –
Avionics 290 0.1 0 290 0.1
ECLSS 3950 19.1 15 3357.5 16.235
TMS 1260 5.3 15 1071 4.505
Crew accommodations 4210 29.7 22.5 3262.75 23.0175
EVA systems 870 2.9 30 609 2.03
Structure 2020 – 22.5 1565.5
(inc. 30% margin) 4920 3934.875
Spares 4180 1.4 15 3553 1.19
Crew 6× 80 – – 4× 80 –
Radiation shelter 6× 739.36 4× 739.36

Total (no consumables) 32536.16 25447.06

Table 3: Mass breakdown, adapted from [16, 26] with radiation ’storm’ shelter estimate from [27].

711 kW) orbits for reference.

GSC = ϵσT 4 4πR
2
sun

4πR2
(1)

Figure 1: Solar constant at Earth and Mars.

Assuming PVA specifications in line with the NASA

DRA (i.e., specific mass of 2 kg/m2, power generation
0.12 kW/m2 and 25% efficiency), the minimum required
area of PVA can be taken as 500m2, with an equivalent
mass of 1000kg. However, the lateral diameter (and thus
available area) of the panels will be constrained by the
radiation shield shadow, given the detrimental effects of
radiation on sensitive electronics.

2.1.4 Thermal Management

NTP systems utilise open-cycle cooling, where waste heat
is ejected both by thermal radiation and exhaust convec-
tion. Unlike NEP systems then, NTP systems do not typ-
ically require a significantly large thermal management
system, with the highest system demands likely present
during engine cooldown. For this reason, thermal radia-
tors (and any associated mass penalty) are not considered
in detail within this study.

2.1.5 Radiation

Concerning modern understanding of the undesirable bi-
ological effects associated with long-duration space habi-
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tation, human health considerations potentially represent
the most demanding performance constraints for future
interplanetary expeditions. Translated mission/vehicle
design requirements relevant to the mitigation of acute
and chronic risks associated to radiation exposure may be
defined as follows:

• Total accumulated dose for a single crew mem-
ber must not exceed 500mSv. This corresponds to a
one-way transfer time of 90 days, a Mars surface stay
of 525 days, solar minimum conditions and space-
craft shielding equivalent to 5g/cm2 Al [29].

• The Crew Transport Vehicle (CTV) must include
a dedicated means of protection against intense
SPE radiation. Such shelter, either internal or ex-
ternal, must provide radiation shielding equivalent to
20-35g/cm2 Al [30].

• Additional radiation due to nuclear propulsion
must be minimised. This includes considerations of
component layout (for habitat occlusion), spacecraft
length, reactor size, impulse duration/frequency and
multi-layer external radiation shield sizing.

To incorporate these requirements into the following
analyses, approximate relationships for expected radiation
dose during transit and surface operations at Mars are de-
fined (see Figure 2) [29]. The latter is relevant given the
availability of interplanetary transfer windows for a de-
sired flight duration. As such, should the surface stay be
of a necessarily long duration in comparison to the tran-
sit, additional environmental radiation dosage should be
accounted for.

During transit, Galactic Cosmic Radiation (GCR)
shielding equivalent to 5g/cm2 Al is assumed for the crew
habitation module [20]. Solar minimum conditions are
considered for two primary reasons. First, missions dur-
ing solar minimum are less likely to be affected by ex-
treme Solar Particle Events (SPEs), despite the larger
GCR dosage. Furthermore, there is currently no reliable
method of accurately predicting extreme SPEs, though
they are know to occur at least once annually during 9 out
of the 11 years in a solar cycle. Secondly, as this study
does not assume any specific launch date, taking solar
minimum conditions therefore gives a conservative esti-
mate of radiation dosage. In the case of SPEs, the crew
may take refuge in a small shelter housed either within
the crew habitation module or components of the exter-
nal structure. For example, a radiation shelter housed
between the hydrogen propellant tanks, as in [15], or a

docked orbital return vehicle (e.g. an Orion capsule), as in
[16]. For this study, internal crew quarters are assumed to
represent option (3) as presented by [27], providing heavy
radiation shielding equivalent to at least 20 g/cm2 Al at a
mass penalty of 739.36 kg/crew. Shelters may be utilised
both to protect from SPEs and during nominal crew sleep
cycles.

Based on the data presented in [29], the rates of ex-
pected radiation dosage relative to transit time and surface
stay time (assuming solar minimum conditions and radia-
tion shielding equivalent to either 5 or 20 g/cm2) are:

rtransit(5) = 1.7309 mSv/day (2)

rtransit(20) = 1.4017 mSv/day (3)

rstay = 0.32423 mSv/day (4)

Of note, the reported dosage rate for the surface portion
of the mission may be significantly reduced by construct-
ing a heavily shielded surface habitat, e.g., by exploiting
Martian regolith, as in [14, 29].

To dimension the external radiation shield, the method-
ology presented in [31] is adopted. Using material data
originally reported in [32], the work [31] analyses dif-
ferent material configurations using the Monte-Carlo N-
Particle Transport (MCNP) method to define simplified
expressions for neutron fluence and gamma dose, where
maximum allowable values were assumed 4.455e9 n/cm2

and 15 rad, respectively. Assuming the NTP system is
powered on only to perform the impulsive manoeuvres,
the additional radiation dosage to the crew may be esti-
mated.

The mitigation of additional radiation exposure due to
the onboard nuclear reactor includes implications for the
design/structural layout of the vehicle. Firstly, dosage de-
creases proportional to the squared distance relative to
the radiation source, thus the length of the vehicle truss
Ltruss is to be maximised within loading/buckling con-
straints (largely determined by the propulsion system).
Furthermore, the length of truss, coupled with the diame-
ter of the radiation shield, then determines the maximum
lateral spread of components such as radiators or PVAs,
given the requirement for all mission critical components
to lie within the radiation shadow cone.
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(a) (b)

Figure 2: Estimated total equivalent doses for a Mars mission. Green bars are relative to a long stay on the Mars base
(over 1 year), red bars for a Mars sortie (30 days on the planet). Solid bars are calculations for a spacecraft with a
minimum shield (5 g/cm2 Al); dashed bars for a thick shield in the spacecraft (20 g/cm2 Al). All doses are calculated
assuming the dose rate of the 1970 solar maximum [29].

2.1.6 Spacecraft structure

To account for the mass of components such as propel-
lant tanks, external subsystems (e.g., communications ar-
rays) and external structure (e.g., truss), the overall struc-
tural mass is assumed 10% of the initial spacecraft mass
in LEO.

2.2 Flight dynamics

The vehicle dynamics are defined via the following ex-
pressions for the rates of change of state vector x =

[r, θ, vr, vθ,mprop,mcons] in an inertial reference frame,
where r is the radial distance from the centre of the current
Sphere of Influence (SOI), θ is the angular position, vr is
the radial velocity, vθ is the angular velocity, mprop is the
mass of propellant and mcons is the mass of consumables.

ṙ = vr (5)

θ̇ =
vθ
r

(6)

v̇r =
v2θ
r

− µ

r2
+

τTmax

m
sinαeng (7)

v̇θ = −vrvθ
r

+
τTmax

m
cosαeng (8)

ṁprop = −τṁprop (9)

The scalar variable τ = [0, 1] is the throttle control-
ling the fraction of thrust applied, αeng is the angle of the

thrust vector and Tmax is the maximum available engine
thrust. The SOI for both Earth and Mars is given by,

SOI = aE/M

(
mE/M

msun

)2/5

(10)

where a is the semi-major axis and m is the planetary
mass. A further assumption is that of perfectly circular
orbits of Earth and Mars. This is to disentangle the ini-
tial mission analysis from dependence on considering spe-
cific launch dates/windows, instead allowing a more gen-
eral approach that may be applicable across many future
scenarios. The reference frames are centred on the pri-
mary gravitational body (either Earth, the Sun, or Mars)
depending on the mission phase.

3 Approach

The complete mission profile is divided into three dis-
tinct segments: the outbound Earth to Mars (EM) trans-
fer, the stay time at Mars, and the inbound Mars to Earth
(ME) transfer. Each interplanetary segment is composed
of three phases: low-altitude planetary departure, inter-
planetary transfer and planetary capture to low altitude
orbit.

The relationship between the primary mission segments
is examined with respect to spacecraft design parameters
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by formulating a sequence of multi-objective optimal con-
trol problems (MOCPs). Of particular interest are the rel-
ative durations between each segment and the phasing be-
tween the outbound and inbound transfers.

Continuous control profiles for engine thrust were in-
cluded to determine the optimal switching structure for
each segment. More specifically, the engine throttle is de-
fined as a continuous parameter evaluated at the control
nodes.

The MOCP objectives were taken as the minimisation
of total interplanetary transfer time (i.e., not including the
stay time at Mars), and the gross vehicle mass (including
any in-orbit refuelling whilst in LMO).

min
u∈U,d∈D

N∑
i=1

(tf,i − t0,i) (11a)

min
u∈U,d∈D

m(t0) (11b)

where N is the number of flight trajectory phases defined,
t0 and tf are the initial and final times respectively, and

u =
[
αααi τττ i (∆t)i

]
(12)

is the trajectory control vector where (∆t)i = tf,i − t0,i
is the time of flight for the ith phase, ααα is the set of thrust
direction angles and τττ is the set of throttle values at every
control node in the the ith phase. The optimisation vector
of static design parameters is given by,

d =
[
ϕp(t0) Peng mstr

]
(13)

where ϕp is the angle between Earth and Mars at the initial
time, Peng is the reactor power, mstr is the structural mass
of the spacecraft. The gross mass m0 = m(t0) is a sum
of the calculated masses for the structure, engine system,
propellant and tanks, crew, habitat and consumables.

The following additional assumptions were included:

• Prior to each transfer, the spacecraft is assumed po-
sitioned in a circular low-altitude planetary parking
orbit (LEO, or LMO).

• A Sphere of Influence (SOI) trajectory approach is
adopted, where the spacecraft is assumed affected by
only the dominant gravitational force of the current
phase.

• No advanced mid-flight events, e.g., mass jettison-
ing, refuelling, aero-braking or gravity assist fly-
bys are considered, though the optimiser may in-
clude deep space manoeuvres whilst in interplane-
tary space.

3.1 Optimisation algorithm

This work employs the mesh-adaptive Multi-Agent Col-
laborative Search (MACS) algorithm as described in the
works [33, 34]. This algorithm solves multi-objective op-
timal control problems using a direct approach, with in-
dividualistic grid adaptation facilitated by a local error
analysis at element boundaries. Multiple objectives are
considered using a dominance-based memetic framework
applying both local and global search methods to a col-
laborative population of unique solutions. Together, this
avoids the need for a priori specification of the quantity
and temporal location of element boundaries, and the set
of scalarisation weights defining the multi-objective de-
scent directions. Solution fidelity can thus increase con-
currently with the exploration of the design space, which
leads to increased numerical efficiency, particularly for
discontinuous or highly non-linear problems, whilst prop-
agating and maintaining population diversity.

In the following, system state and control profiles are
represented using element-specific 9th order Bernstein
polynomials. A population of 10 solution vectors was ini-
tially discretised upon a uniform grid. Solution-specific
grid adaptation was performed every 20 iterations, where
the relative local error tolerance was set to ϵtol ≤ 10−6.
Inner-level optimisation was completed using the MAT-
LAB fmincon solver with a SQP algorithm where func-
tion, constraint violation and step tolerances are set to
1e-6, 1e-12 and 1e-9 respectively. Each process was ter-
minated upon reaching a maximum number of iterations,
niter,max = 200.

4 Results

Results are presented for a full mission, including an
outbound transfer, a period of time spent in the vicin-
ity of Mars, and a return transfer. First, the initial out-
bound transfer was analysed separately, with results used
to construct a set of interpolating surrogates representing
the corresponding design parameters. These relationships
were then used to analyse the complete mission with a re-
duced NLP size. Both analyses were formulated to min-
imise the time spent in transit (thus minimising the radi-
ation risk to the crew), whilst simultaneously minimising
the total propellant requirement (and thus cost).
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4.1 Earth-Mars Transfer

The outbound EM transfer consists of three phases. The
first assumes the spacecraft is initially positioned in LEO
and bound to the Earth’s gravitational field within the
boundaries of the Earth’s SOI. The second phase assumes
a heliocentric orbit, influenced only by the Sun’s gravity.
Finally, the third phase assumes the spacecraft is influ-
enced only by Mars, again within the boundaries of the
corresponding SOI, with a fixed final state in LMO.

Figure 3: Outbound EM transfer: Total initial mass break-
down against transfer duration.

The vehicle is controlled by continuously varying both
the magnitude and direction of the engine thrust, the for-
mer given the documented throttling capabilities of NTP
systems [5]. The maximum thrust and mass flow rate of
the engine, as well as it’s overall mass, are dependant on
a static optimisable parameter representing the thermal
power of the reactor (see Section 2.1.1).

Figure 3 shows the mass breakdown of Pareto-optimal
solutions obtained for the initial outbound mission seg-
ment. In line with traditional analyses of NTP systems
(and conforming to the expected norms established by CP
systems), the primary driver is seen to be the propellant
mass, directly related to the ∆V requirement for a partic-
ular transfer trajectory. This can be seen most clearly via
comparison between the minimum-mass and minimum-
time solutions, shown respectively in Figures 4 and 5.
The minimum-mass solution here corresponds to the low-
energy conjunction class transfer common in Mars mis-

# tEM mEM θinit Peng Teng

[days] [kg] [deg] [MW] [kN]

1 86.0 5.54e5 17.2 406.5 83.9
2 86.3 5.07e5 17.2 381.2 78.1
3 87.5 3.54e5 17.8 377.8 77.3
4 89.6 2.94e5 17.8 381.1 78.0
5 94.1 2.36e5 18.3 391.5 80.5
6 101.2 1.94e5 18.9 308.8 61.3
7 101.9 1.70e5 20.1 389.0 79.9
8 140.1 1.09e5 29.8 372.4 76.0
9 199.9 0.70e5 32.7 321.4 64.2
10 238.1 0.67e5 38.4 319.7 63.8

Table 4: Outbound EM transfer: Design parameters.

sion analyses.

Table 4 summarises the design parameters of each
Pareto-optimal solution. The optimiser is seen to favour
NTP engines at the lower end of the performance spec-
trum represented by the engine sizing model (Section
2.1.1), generally preferring longer, sustained manoeuvres
rather than short and intensive (particularly as transfer du-
ration decreases). Importantly, the system is seen to be
capable of a EM transfer duration of less than 90 days,
corresponding to the original mission requirements.

4.2 Earth-Mars-Earth Transfer

The inbound transfer follows a period of time spent in
the vicinity of Mars. To relate the planetary phasing at
the commencement of the return leg to the overall mis-
sion timeframe, the initial outbound transfer duration and
the Mars stay time are both included as optimisable static
variables. To include the penalty associated to the out-
bound transfer duration and propellant expenditure, the
Pareto-set presented in Section 4.1 are used to gener-
ate a set of continuous interpolating surrogate models
representing relevant parameters of the EM transfer seg-
ment. These relationships, depicted in Figure 6, are made
available to the optimiser such that the complete mis-
sion profile may be examined with continuity, but also
with a significantly reduced NLP size. With regards to
the depletable vehicle states, i.e. propellant and con-
sumable masses, the availability of in-orbit manufactur-
ing/refuelling whilst in LMO is assumed (and included in
the calculation of total system mass).

Figure 7 shows the Pareto-set relating to the (a) out-
bound transfer and (b) inbound transfer, colour coded to
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Figure 4: Outbound EM transfer: Minimum-mass solution.

(a) (b) (c)

Figure 5: Outbound EM transfer: Minimum-time solution.

represent the total system mass. Table 5 lists the design
parameters corresponding to each solution of the inbound
MOCP. With regards to the inbound trajectories specif-
ically, two distinct clusters may be seen. One contains
the minimum-mass profiles. Each of these first performs
a conjunction class outbound transfer. The stay time at
Mars is then seen to be either very long (250-400 days) or
very short (3̃0 days). The short stay solutions correspond
to the two longest inbound transfers, thus it may be sug-
gested that the switch back to short-stay from long-stay is
triggered by the relative phasing between Earth and Mars.
The minimum-mass solutions naturally exhibit the longest
transfer durations, even passing outside the orbit of Mars
during the inbound segment, thus may only be suitable for
crewed expeditions provided an appropriate advancement
in radiation shielding technology. The other contains the
minimum-time profiles. These solutions all require the
minimum allowable stay time at Mars (30 days), before
immediately embarking on the return leg, itself corre-
sponding to the traditional opposition class transfer. This

class of transfer is usually identified as being unsuitable
for crewed expeditions given the closer proximity to the
Sun, thus inducing an increased dose of radiation to the
crew. Furthermore, whilst the outbound transfer is capa-
ble of lying under the 90 day cutoff, the shortest return leg
is seen to be almost double this value, despite the vastly
increased propellant requirement.

The propulsion system design parameters for the com-
plete outbound/inbound mission are seen to follow the
same trend as when examining the outbound transfer on
it’s own. That is, a tendency to lie within the lower end of
the performance spectrum summarised in Table 1. This it-
self suggests that future development of NTP technology
should be more focused on improving system reliability,
particularly with respect to extended operational cycles
and restartability, rather than base performance statistics.
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Figure 6: Outbound EM transfer parameter surrogates.

5 Conclusion

A set of continuous numerical models representing the
major subsystems of a crewed interplanetary transport
vehicle were developed. Vehicle and mission perfor-
mance design trade-offs were examined within a multi-
disciplinary design optimisation framework.

The presented problem focused on optimising the ve-
hicle design and mission phasing. More specifically, the
engine sizing, propellant mass, dry mass (including the re-
quired mass of consumables) and the outbound/inbound
trajectories (including a period of time spent at Mars).
The transfer trajectory from Earth to Mars was first eval-
uated separately. The results of this analysis were used
to generate simple numerical relationships representative

# tEM tstay tME mEM mME Peng

[days] [days] [days] [kg] [kg] [MW]

1 236.0 30.0 646.7 0.67e5 1.84e5 319.7
2 236.2 30.1 614.6 0.67e5 2.06e5 319.7
3 198.3 250.1 472.2 0.70e5 2.08e5 321.6
4 187.4 356.9 376.4 0.74e5 2.26e5 326.6
5 179.5 399.6 341.7 0.77e5 2.38e5 333.3
6 112.9 30.0 215.5 1.42e5 4.18e5 384.9
7 106.8 30.0 203.5 1.56e5 4.84e5 387.2
8 101.8 30.0 190.5 1.70e5 5.59e5 389.0
9 101.3 30.0 172.2 1.72e5 7.01e5 389.2
10 98.9 30.0 173.4 1.89e5 7.26e5 390.2

Table 5: Complete EME mission parameters.

of the outbound transfer design parameters. These rela-
tionships were then used to examine the complete mis-
sion architecture with respect to multiple performance ob-
jectives. These objectives were defined as the minimi-
sation of the total transfer duration and simultaneously
the gross vehicle mass in LEO/LMO. Each analysis was
completed using a multi-objective optimal control solver
for non-linear constrained problems with multiple phases.
This solver included an adaptive mesh refinement strategy
with which to identify and refine optimal engine switch-
ing structures with respect to each objective.

Of particular interest were the relative durations be-
tween the three primary mission segments (outbound,
stay, inbound). More specifically, the effect on the allow-
able stay time at Mars with respect to the minimisation
of total time spent in transfer. It was found that mission
profiles seemed to conform to distinct groups of solutions
within objective space. This suggests a quantifiable set
of transfer opportunities/mission profiles differentiated by
total propellant requirement and desired duration of sur-
face activities at Mars.

An additional finding was the universal agreement to
reduce the size of the propulsion system to the lower
end of the performance spectrum represented by the de-
veloped NTP sizing relationships. Whilst these perfor-
mance requirements still represent a fundamental shift
from traditional Chemical Propulsion systems (particu-
larly in terms of Specific Impulse), the implication is
that current and/or future development of NTP technol-
ogy would benefit from a focus on improving system reli-
ability rather than base performance statistics. This could
include investigations into, for example, extended opera-
tional cycles and restartability,
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Figure 7: Multi-Objective solutions for (a) the outbound EM transfer and (b) the inbound ME transfer.
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