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LOW-THRUST TRAJECTORY MAPS (BACON PLOTS) TO
SUPPORT A HUMAN MARS SURFACE EXPEDITION

Ryan C. Woolley+, John D. Bakert, Damon F. Landaus, and Kevin E. Posts

Planning the logistics of multiple launches to support a Mars surface expedition
requires good trajectory design tools. Traditional ballistic transfers are well
characterized by performance maps known as porkchop plots. However, the
transportation of cargo can benefit from the use of low-thrust solar electric
propulsion, both in terms of mass delivered and the flexibility of flight durations
and dates. This paper describes the design and use of bacon plots (the low-thrust
analog to porkchop plots) and their application to the architectural design of a
human Mars surface expedition.

INTRODUCTION

Transportation logistics always start with good maps and planning tools. This is especially true
of an expedition to send humans to the surface of Mars. Most mission architectures, such as the
one presented in reference [1], would require multiple launches to pre-position elements and
supplies in advance of the crew. Solar electric propulsion (SEP) is an efficient way to send cargo
to Mars, but it also adds a complicating factor in that trajectories must be optimized along with
their corresponding flight systems, thruster characteristics, power levels, and acceptable flight
times.

For ballistic trajectories to Mars, mission designers have long turned to maps of available
transfers known as porkchop plots. These contour plots show trajectory details for transfers of
given launch and arrival dates. They can be independent of launch vehicles and flight system
characteristics when contours of velocities and angles are shown. They highlight the synodic nature
of Earth-Mars trajectories (every ~26 months) and the relatively short periods (weeks) of optimal
transfers. Launches outside of these narrow windows are prohibitively costly. When multiple
launches of heavy-lift launch vehicles are required for the pre-positioning of mission elements,
launch frequency quickly becomes an issue as many launches vie for optimal launch periods.

Low-thrust trajectories open up the option space for transportation logistics in many dimensions.
SEP is highly flexible in that many mission parameters are directly correlated and tradeable. These
include mass, power, time-of-flight, launch and arrival dates, etc. Allowing for longer flight times
requires less propellant and leads to more delivered mass, or more power leads to higher thrust and

= Mission Design Engineer, Inner Planets Mission Design Group, Jet Propulsion Laboratory, California Institute of
Technology, 4800 Oak Grove Drive, Pasadena, CA 911009.

+ Program Area Manager, Architecture and Systems Engineering Office, Jet Propulsion Laboratory, California Institute
of Technology, 4800 Oak Grove Drive, Pasadena, CA 91109.

1 Systems Engineer, Mission Concept Systems Group, Jet Propulsion Laboratory, California Institute of Technology,
4800 Oak Grove Drive, Pasadena, CA 911009.

s Senior Engineer, Mission Design and Spacecraft Performance, The Boeing Company, 3700 Bay Area Blvd., Houston,
TX 77058.



the possibility of shorter flight times. The explicit interrelations between mission design and flight
system parameters mean that early mission- and architectural-level design changes often require a
completely new trajectory and flight system optimization. In this paper we will discuss the creation
of low-thrust porkchop plot analogs, or bacon plotsz, and their use as a logistics planning tool in
the creation of human Mars exploration architecture.

In response to NASA’s desire to have an Evolvable Mars Campaigns.s, many researchers have
proposed the use of hybrid architecturess that take advantage of the strengths of both chemical
and electric propulsion systemsz. This can be in the form of either separate vehicles, with SEP used
for cargos and chemical used for crews,1o, or truly hybrid vehicles that use SEP in deep space and
high-thrust chemical engines in critical regions where they may take advantage of the Oberth effect
and greatly reduce trip timesi1. Another common desire of the Evolvable Mars Campaign is to
make use of a lunar gatewayi2,13 as a staging point for missions beyond Earth. Common mission
elements like propulsion, propellant, cargo, and habitats can be aggregated in stable cislunar orbits
where they can then depart for various destinations by taking advantage of low-energy transfer
techniques.i4 Along with the use of the lunar gateway, it can be beneficial to make use of reusable
elements such as propulsion modules that return to the gateway to be refueled after delivering cargo
to Mars. In this paper, we explore the use of a reusable SEP tugs and their benefits in launch
sequencing for a human Mars expedition.

STUDY ASSUMPTIONS

One of the main objectives of this paper is to show how the use of mission design tools, in the
form of trajectory maps, can aid in the logistics and design of human Mars architectures. In order
to do so, we introduce some broad assumptions on mission elements used. The primary element
studied is a large, solar-powered, reusable SEP propulsion module — or SEP tug. Our notional SEP
tug uses 10 HERMeS Hall-effect thrustersis and has refillable xenon propellant tanks. These
engines are a high-heritage follow-on to the recently cancelled Asteroid Robotic Redirect Mission
(ARRM) which was planning to use a 50 kW SEP spacecraft propelled by 4 HERMeS engines.
Our SEP tug would be powered by 150 kW (@ 1 AU) arrays and is roughly three times the size of
the ARRM spacecraft, making use of many similar components. It is capable of docking/undocking
to support multiple round-trips to Mars. The dry mass of the SEP tug is approximately 8 metric
tons (mt). A constant 10 kW is diverted for spacecraft systems and margin, leaving 140 kW for the
propulsion system. Each HERMeS engine provides 585 mN of thrust and 2660 seconds of Isp
when receiving its maximum power of 14 kW. At Earth there is enough power to run all 10 engines,
diminishing to 3-4 engines at Mars as available solar power is reduced. Figure 1 shows the key
parameters of the tug. A detailed mechanical design of the tug was not carried out, but the mass is
consistent with tugs with similar power and capabilities.

One or more of these tugs would be delivered to the cislunar staging point to be mated with
cargo modules bound for Mars. While there are many options for staging orbits (see [13]), we
chose to use a lunar Near Rectilinear Orbit (NRO). The basic properties of the NRO are a low
perilune near one of the poles (90° inclination), high apolune, a period of around 9 days, and an
orbital plane facing Earth. This type of orbit balances the competing needs of a staging orbit,
providing easier access to the lunar surface than a Distant Retrograde Orbit, and easier access to
deep space than a Low-Lunar Orbitis. Because the orbits are unstable, the tug departs the NRO
and vicinity of the Moon with minimal AV. A combination of solar perturbations and SEP thrusting
increases the energy with respect to the Moon, so that a lunar gravity assist can cause the tug to
escape Earth with a C3 of around 2 kmz/sz2. This energy raising process takes approximately 4

= NRO orbits require ~10 m/s per year for station keeping



months and 100 m/s of AV. At the end of the resupply mission this process is reversed to capture
back into the NRO. One important aspect of placing the SEP tug in cislunar orbit is that it is not
necessary to use SEP to climb out of the Earth’s gravity well, which requires months of spiraling.

<4— 150 kW Arrays
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n 10 HERMeS
Engines

Figure 1 - Our notional SEP tug would weight 8 mt (dry) and use up to 10 HERMeS (inset)
engines with 150 kW of power. The Xenon tanks would be refillable through the docking
adapter with up to 16 mt of propellant.

For a launch vehicle we make use of the proposed Block 1b variant of the NASA Space Launch
System (SLS). SLS is the agency’s selected launch vehicle for exploration class crewed missions
as well as potential deep space science missions. In its initial configuration, the SLS would use a
core stage with four RS-25 main engines, 2 five-segment solid rocket boosters, and second stage
called the interim cryogenic propulsion stage (iCPS), which is derived from the Delta IV Heavy
launch vehicle. The initial configuration, known as Block 1, is capable of sending approximately
25 mt to trans-lunar injection (TLI). After its maiden voyage, it is anticipated that it will quickly
evolve to a Block 1b configuration that would use a larger upper stage known as the Exploration
Upper Stage (EUS). The Block 1b configuration is expected to deliver 40 mt to TLI and up to 30
mt to trans-Mars injection (TMI).

Human Mars expeditions require multiple elements to transport and sustain the crew. These
elements include habitats, propulsion modules, landers, ascent vehicles, etc. In some architectures,
everything is taken at the same time in one massive flotilla. Most architectures, however, propose
many launches to send the infrastructure needed to assist the crew throughout their journey. There
are virtually an unlimited number of ways to orchestrate the mission architecture in terms of types
of mission elements, staging locations, and mission sequences. For the purposes of this study we
use the following element massesiz,is,19:

Orion (Command + Service, includes propellant) - 20 mt
Deep-Space Habitat (DSH) - 30 mt

Surface Habitat (HAB) - 35 mt

TEI Stage (includes propellant) - 26 mt

MOI Stage (includes propellant) - 28 mt

LMO-to-HMO Booster Stage (includes propellant) - 18 mt
Crew Lander/MAYV (includes propellant) - 50 mt
Exploration Upper Stage (EUS) - 14 mt

Orbital Resupply Module - 15-30 mt



e Surface Resupply Module - 20-30 mt

BALLISTIC TRANSFERS

The most straightforward way to get to Mars is via direct launch from Earth. One large (TMI)
burn is applied by the launch vehicle upper stage to achieve the heliocentric orbit necessary to reach
Mars with the desired conditions. Only small course correction maneuvers are applied during an
otherwise quiescent cruise. Upon arrival, either a large insertion maneuver (MOI) is used to
achieve orbit or the spacecraft enters the atmosphere directly and uses heatshields, parachutes, and
thrusters to come to rest on the surface. Lambert’s equations dictate that the dates of Earth
departure and Mars arrival fully specify the energy and geometric conditions necessary to make the
transfer.
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Figure 2 - Porkchop plots for 5 opportunities. The contours lines are representative of
deliverable mass to Mars, with blue being the highest and red the lowest. The dashed lines
are transfer times in days.

Figure 2 shows the “islands” of Earth-Mars transfers available ballistically, occurring every 26
months with the synodic period. Realistically, transfers that take full advantage of a launch
vehicle’s lift capability occur near the center (blue contours). Launch periods typically span 20
days and occupy a large portion of most efficient departure dates. If two or more launches are
required during the same opportunity compromises must be made. Additional launch periods must
be pushed to areas of the porkchop plots with higher launch C3’s and/or arrival V-infinity. Also,
for an added degree of difficulty, there may be additional time required between launches of a large
vehicle such as the SLS for pad refurbishments, launch vehicle production, and other
considerations. This could cause launches to be separated by a minimum of a month or more.
Table 1 shows the C3 penalties for 2 launches in the same opportunity for various launch



separations. For separations of a few months the launch vehicle’s capacity may be reduced by half,
and for 6 months it may not even be feasible.

Table 1 — Minimum C3 energy (kmz2/s2) required for TMI for multiple launches per
opportunity. The first column is for a single launch in the best 20-day launch period. For 2
launches, the launch periods are separated by 0, 2, 3, or 6 months, and the minimum C3 for
either period is given. The higher C3’s required by large separations can result in 30-70%
reductions in SLS launch capacity.

1 Launch 2 Launches per Opportunity
Year (20-day) Adjacent 2 Months 3 Months 6 Months
2039 12.7 13.8 29.0 42.2 82.1
2041 10.5 11.7 33.3 431 83.9
2043 9.2 9.9 29.0 36.8 73.1
2046 8.7 9.3 22.4 27.8 54.4
2048 8.6 9.8 16.7 17.9 35.4

One way around the restrictions of the ballistic porkchop plots is to launch early and loiter in
Earth or lunar orbit. For example, it is possible to launch to a multi-day, highly-elliptical orbit and
wait for a number of months for a favorable alignment for Earth departure that may even take
advantage of a lunar gravitational assist. Another possibility would be to wait at the lunar gateway
staging point until the proper time to leave efficiently. However, these options add a number of
complications including propellant storage in space, additional operations and critical events,
engine restarts, etc.

Some mission elements of a human expedition require the relatively quick transfer times of
direct trajectories. While this is especially true for the crew themselves, it may also be necessary
for the timely delivery of prepositioned elements, depending on the sequence of a particular
architecture. On the other hand, some elements may have very little impetus for a fast transfer and
would rather benefit from a more efficient route. This is where the benefits of SEP come in to play.
As was previously mentioned, many researchers have proposed hybrid mission architectures where
some elements are sent earlier on low-thrust trajectories, thereby saving fuel and delivering more
useful mass with the same launch vehicle. Low-thrust trajectories are not as simple as their ballistic
counterparts, but they can be extremely flexible, depending on the performance of the vehicle itself.
Every trajectory must be optimized for the given performance and constraints of the mission. In
the next section we discuss the use of low-thrust trajectories in multi-element architectures by using
trajectory maps analogous to the porkchop plot.

CREATING BACON PLOTS

When constructing a multiple-launch human expedition architecture, it is necessary to keep
track of the various requirements and constraints of each individual mission. For example, it may
be necessary to send a hab to the surface, a descent/ascent module to low Mars orbit, and a TEI
stage to high-Mars orbit, all before the crew arrives on a direct trajectory. Each module has a
required mass, which sometimes is greater than the capability of the direct throw capability of the
launch vehicle. That would mean multiple launches or the use of a more efficient SEP tug. The
SEP tug has the added benefit of very flexible departure and arrival dates, albeit trip times can be
much longer for large masses. Given the fact that dates, times, locations, and masses are so
complicated and interrelated, it is crucial that we have a map of all of the possible low-thrust



trajectories that we may consider to use alongside the porkchop plots. For this reason we create
the SEP analog, known as a bacon plot.2

The solutions to date-constrained transfers using low-thrust are not unique as they are with
ballistic transfers. Each trajectory must be optimized using a set of mission unique parameters —
such as thruster performance (Isp, thrust, efficiency), power level, and mass — as well as an
optimization method to select a thrusting scheme that maximizes a figure of merit, such as delivered
mass. In order to characterize mission design parameters (dates, masses, and durations) for cargo
missions, thousands of optimized trajectories were generated. By exploring a wide range of
parametric combinations, we are able to create a better map of the trade space we seek to explore.
This allows us to evaluate where desired missions are feasible, and to know whether any
problematic regions that may be nearby. Figure 3 shows a typical bacon plot with an equivalent
porkchop plot superimposed. In this case the colored contours show the maximum mass delivered
to low-Mars orbit starting from a given launch vehicle. The width of this plot is 26 months and
illustrates the fact that SEP: 1) can deliver much more mass, 2) typically takes much longer to
deliver that mass, and 3) can launch at virtually any time if arrival date is not constrained.
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Figure 3. Ballistic porkchop plot superimposed on a low thrust bacon plot. The launch date
at Earth spans one synodic period (780 days). Diagonal lines show transfer times in years.
Contour lines show the total delivered mass to Mars for a given launch vehicle — with blue
being the highest. SEP allows for nearly continuous launch periods and increased delivery
mass for longer flight times.



In order to create bacon plots for our application of delivering cargo to Mars using a SEP tug,
we must first start with the parameters laid out in the assumptions section. A large, 150-kW
reusable SEP tug, weighing 8 mt dry, would be used to ferry cargo from a stable NRO lunar orbit
to Mars orbit, and then return to be refilled and used again. The SLS 1b launch vehicle can deliver
40 mt to NRO, which is mated with the tug. Xenon required for the round trip is then transferred
to the tug. The maximum initial mass is thus 48 mt. Each mission begins with the aforementioned
lunar/solar boost that takes ~4 months and departs with a C3 of 2 kma/s2. Low-thrust mission
design analysis from this point is carried out using MALTO~, a fast, medium-fidelity low-thrust
optimizer developed at JPL.20 Upon arriving at Mars, the tug begins a short spiral down to a 5-sol
elliptical staging orbit (HMO). The spiral would roughly require 750 m/s and 90 days. But with
some assistance from the ACS thrusters this can be reduced to 250 m/s and 30 days.

Bacon plots are made by running MALTO in parametric mode, varying launch date and arrival
date at 10 day increments. The maximum delivered mass is calculated by subtracting the xenon
mass needed for departure from NRO and spiral to HMO, as well as the dry mass of the tug itself
along with the xenon it needs to return to NRO. We also allocate mass for 6% propellant margin
on all xenon. Plotting the contour lines of the net deliverable mass creates a plot such as the one
shown in Figure 4, which is the Earth-Mars plot for three synodic periods from 2040-2046. A
complete set of bacon plots was generated for the years 2038-2054 (see Appendix). This covers a
complete set of the 15-year (7 opportunity) Earth-Mars cycle. For dates outside this range the
results can just be “shifted” from the representative results 15 years away. However, it was found
that low-thrust trajectories do not vary as significantly from opportunity to opportunity as do
ballistic transfers.

= MALTO stands for Mission Analysis Low Thrust Optimizer. This tool generally exhibits robust convergence and can
be run in parametric mode with fast, accurate results. Individual trajectories typically converge in 1-3 seconds. A
complete 1 synodic cycle bacon plot will complete in a few hours, but many points will need further refinement to find
the true optimum and keep the contours smooth. Interpolation between grid points yields very accurate results.
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Figure 4 - Bacon Plot for Earth-to-Mars transfers for 2040-2046. Colored contours show the
maxi-mum delivered cargo mass to HMO for any date pair over 3 synodic periods. The
diagonal dashed lines show constant transfers times in years. This includes 3 months to leave
NRO and 1 month to spiral down to HMO.

One of the key features of the SEP bacon plot is that a feasible trajectory exists for any launch
date. However, the effects of the planetary synodic period are still present. There are only certain
times where fast transfers (~2 years) are possible. These dates roughly correlate with the natural
ballistic opportunities. The other feature to note is the nearly constant arrival date for a given mass
over a very long span of launch dates. If you follow the light blue contour (20 mt) in Error!
Reference source not found.Error! Reference source not found. you will notice that the arrival
date at Mars is around February of 2043 for launches from late 2039 until April of 2041. At that
point the Mars arrival date jumps to mid-2045 and the pattern repeats. Also note that the cutoff of
data longer than 4 years of transfer time is simply due to the limits of the parameters explored.
Feasible trajectories exist for all durations longer than this, presumably with delivered masses in
the “deep blue” range of near 30 mt as SEP transfers tend to get more efficient as time-of-flight
increases. There is a natural asymptote as the transfer AV approaches that of a Hohmann transfer
(which in this cases is very close to 30 mt).

Bacon plots were also created for all Mars-Earth trajectories for the SEP tug to return. In this
case the mass delivered to NRO is fixed at the dry mass of the SEP tug — 8 mt. MALTO then seeks
to find the minimum propellant mass for the return trip. The large solar arrays and powerful engines
lead to faster natural trip times for the lighter vehicle. The Mars-to-Earth Bacon plot in Figure 5
shows contours of required propellant mass instead of maximum delivered mass. We can see the
similar pattern of a near constant arrival date for a given mass over a long period, followed by an
abrupt jump to an arrival 26 months later. For transfers that begin before July of 2043 the tug will
arrive around October of 2044. After that date the arrival date at NRO jumps to late 2046. There
is a period of about 9 months out of every 26 where a return transfer of less than 2 years is possible.



Note that most return transfers can be covered by 2000 kg of xenon (light blue and darker). A full
allocation of 2000 kg for the return leg was used in Earth-Mars maximum delivered mass
calculations rather than optimizing the exact return xenon needed for every date combination.
Mars-Earth bacon plots were primarily used just to find return dates and durations.

Using a SEP tug to deliver a surface payload does not require that the tug stop in Mars orbit. It
is only necessary to approach on a hyperbolic trajectory and drop off the entry vehicle with suitable
entry conditions (< 6.5 km/s was assumed here). In this way, the SEP tug flies an Earth-Mars-
Earth trajectory and returns to NRO. No detailed simulations or designs of the entry vehicle were
performed, but rather a rule-of-thumb was used that roughly 1/3 of the entry mass was usable cargo
on the surface. When optimized, this results in a significant (> 35 mt) delivery mass to entry. These
missions require 30-40% less xenon than orbital missions due to the fact that they do not need to
descend and ascend from the Mars gravity well. Surface cargo drop-off missions typically take 3
to 3.5 years to complete the round trip, with roughly 2/3 of that being the outbound leg. Maximum
drop off mass is only achieved near the optimal alignment dates each opportunity. This does not
cause problems with launch frequency, however, since they can loiter in NRO post-launch for an
indefinite amount of time awaiting a favorable alignment.
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required to deliver the 8 mt SEP tug from HMO to NRO. The diagonal dashed lines show
constant transfers times in years. This includes 1 month to spiral up from HMO and 4 months
to achieve NRO.



USING BACON PLOTS

In order to construct a plan required for a human Mars expedition, it is necessary to first lay out
the individual missions and determine what needs to be where and when. Next, we look at what
mode of transfer would be best for each element (i.e. SEP vs. ballistic, fast vs. slow). Lastly, we
must make sure that the launch sequence and element availability are feasible and do not violate
any imposed constraints.

For elements going to HMO, the SEP tug can deliver up to 30 mt in as little as 2.5 years. For
longer transfer times the launch period can be extended for many months. Of course, cargo
missions can be launched directly to Mars without the use of a SEP tug. The SLS 1b, after all, is
capable of throwing ~30 mt to a C3 of 10 kma/sz2. For orbital missions, a chemical MOI of roughly
800 m/s would be needed, which reduces the delivered mass to < 22 mt. Since most elements going
to HMO are larger than this, in addition to launch frequency issues around ballistic minima, it was
decided that a SEP tug was enabling.

For elements going to the surface, the SEP tug can only deliver ~10% more mass to entry than
a direct launch. A direct SLS launch and entry was found to deliver sufficient mass in most
scenarios and eliminates the complexity of the SEP tug architecture for surface resupply. Other
elements, such as the surface habitat, are more massive than either methods’ capability and
therefore requires two launches. For this reason we do not use SEP for landed elements in the
architecture considered.
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trajectory and direct entry. Launches are separated by at least 3 months, which is facilitated
by the flexible nature of SEP trajectories.

In our example architecture: in Figure 6, we require that a surface habitat, descent and ascent
vehicles, and all required provisions be in place before the first crew launch. We use NRO and a
5-sol HMO as potential staging points. The first element to launch is the propulsion stage to boost
the crew from low-Mars orbit (LMO) up to the DSH and TEI stage waiting in HMO. The SEP tug
delivers the stage to HMO first, then the stage uses aerobraking to get to LMO. This stage weighs
18 mt and departs in May of 2038, taking 2.5 years to get to Mars. The empty SEP tug must turn
back immediately to be able to make it back in time to rendezvous with the next element, the TEI
stage, in 2042. This round trip of ~4 years is about as fast as the SEP tug can be. Typical round
trips take closer to 6 years if the optimal portions of the bacon plots cannot be used. This is the
case with the second SEP tug, which departs 4 months after the first, in September of 2038, taking
the cargo/provisions for the return trip to HMO. This transfer takes 3.7 years and tug 2 does not
return until 2044.

While the SEP tugs are delivering elements to HMO, direct ballistic launches occur in 2039 and
2041. The surface hab requires 2 launches which are mated in high Earth orbit (HEO), before
departing for Mars in 2039. In the next opportunity the Lander/MAV module is sent directly to
Mars (again, using 2 launches mated in HEO) where it uses its heatshield to aerocapture to HMO
and await the crew. In this manner, launches are choreographed so as to maintain a separation of
at least 3 months, get all of the elements where they need to be, and coordinate the use of 2 cycling
SEP tugs. It requires 10 total launches for the first crewed expedition, with the 10w launch being
the crew themselves. If we wish to continue this cadence for a new crew 4 years later, the set of
10 launches must be repeated, with some of the first launches of the second expedition taking place
before the first crew even launches. It is this level of complexity that obviates the need to have
very flexible trajectory maps in order to meet the various requirements and construct a feasible
architecture.

CONCLUSIONS

The paper discusses the details and assumptions that went into creating the required bacon plots,
along with their features and morphology. We then describe our methods to use these “maps”
effectively to create human Mars architectures. Bacon plots can be used alongside more traditional
porkchop plots as visual design tools in orchestrating the multiple launches that will be necessary.
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APPENDIX

Arrival Date in HMO

Arrival Date in HMO

Octd3
Juld3

Aprdd |
Jand3 1
Octd2

Jula2 F

Aprd2

JandZ 1

Octd

Juld
Aprd
Jand1
Octdd

Juldd
Aprd0
Jandd

Oct39

Jul3g

Octds

Julds 1
Aprds [
Jands 1

Octdd

Juldd 1
Aprdd 1

Jand4
Octd3
Juld3
Aprd3

Jan43
Octd2
Juldz2
Aprd2

Jandz
Octd
Juld1

:BACON PLOTS FOR 2039-2052
2039

!

30

Departure from NRO

2041

Departure from NRO

12

Delivered Mass (mt)

Delivered Mass (mt)



Jan48
Octd7
Juld?
Aprd7
Jand7 [,
Octds |
Juld4g
Aprdi [
Jandg [
Octds
Julds
Aprds
Jand5
Octdd
Juld4
Aprdd
Jand4
Octd3

Arrival Date in HMO

Arrival Date in HMO

Departure from NRO

13

Delivered Mass (mt)

Delivered Mass (mt)



Arrival Date in HMO

Arrival Date in HMO

Aprod
Jan54
Oct53
Jul53
Aprb3
Janb3 |
Octs2
Juls2 r
Apra2
Jans2
Octs1
Juls1
Apra
Jans1
Octs0
Juls0

Departure from NRO

14

Delivered Mass (mt)

Delivered Mass (mt)



Julsg
Aprsg
Jans6 1
Octss
Julgs T,
Aprbb T
Janss 1
Octbd |
Jul54
Aprod
Janb4
Oct53
JulB3 [
Aprb3 |
Jan53
Octb2
Juld2 [,

Arrival Date in HMO
Delivered Mass (mt)

7.
% & Gy J%}
Departure from NRO

REFERENCES

1 R.C. Woolley, J.D. Baker, D.F. Landau, and K.E Post, “Human Cargo Resupply Logistics at Mars Using 150kW SEP
Tug Cyclers,” IEEE Aerospace Conference, Paper #2092, Big Sky, MT, Mar. 2017.

2R.C. Woolley and A.K. Nicholas, “SEP Mission Design Space for Mars Orbiters,” AIAA/AAS Astrodynamics Specialist
Conference, AAS Paper 15-632, Vail, CO, Aug. 2015.

3J. Crusan, “Evolvable Mars Campaign Report to NASA Advisory Council HEO Committee Meeting,”
http://www.nasa.gov/sites/default/files/files/20140623-Crusan-NAC-Final.pdf.

4 D. A. Craig, N. B. Herrmann, and P. A. Troutman, “The Evolvable Mars Campaign - Study Status,” IEEE Aerospace
Conference, Paper # 2015-8.0101. Mar. 2015.

5 M. Qu, R. G. Merrill, P. R. Chai, and D. R. Komar, “Trajectory Designs for a Mars Hybrid Transportation Architecture,”
2015 AAS/AIAA Astrydynamics Specialist Conference, AAS 15-552. Aug. 2015.

6 R. G. Merrill, P. R. Chai, and Min, “An Integrated Hybrid Transportation Architecture for Human Mars Expeditions,”
AIAA SPACE 2015 Conference and Exposition, AIAA 2015-4442. Pasadena, CA, 2015.

7 W. K. Sjauw, M. L. McGuire, and J. E. Freeh, “Mission Design Considerations for Mars Cargo of the Human
Spaceflight Architecture Team's Evolvable Mars Campaign,” 26th AAS/AIAA Space Flight Mechanics Meeting, Napa,
CA, 14-18 Feb. 2016.

8 P. R. Chai, R. G. Merrill, and M. Qu, “Mars Hybrid Propulsion System Trajectory Analysis Part II: Cargo Missions,”
AIAA SPACE 2015 Conference and Exposition, Pasadena, CA, AIAA 2015-4444. Aug. 2015.

9 P. R. Chai, R. G. Merrill, and M. Qu, “Mars Hybrid Propulsion System Trajectory Analysis Part I: Crew Missions,”
AIAA SPACE 2015 Conference and Exposition, Pasadena, CA, AIAA 2015-4443. Aug. 2015.

10 R. G. Merrill, N. Strange, M. Qu, and N. Hatten, “Mars Conjunction Crewed Missions with a Reusable Hybrid
Avrchitecture, ” IEEE Aerospace Conference, Paper 2015-8.0104. Mar. 2015.

15



11 Mercer, C.R., Oleson, S.R., Drake, B., “A Combined Solar Electric and Storable Chemical Propulsion Vehicle for
Piloted Mars Missions,” AIAA Space 2013 Conference, San Diego, CA. 2013.

12 M. Loucks, J. Carrico, and K. Post, “Lunar Near Rectilinear Orbits and Cis-Lunar Transfer Trajectories in Support of
Deep Space Proving Ground,” AAS/ATAA Space Flight Mechanics Meeting, AAS Paper 16-244, Napa, CA, Feb. 2016.

13 Whitley, R., and Martinez, R., "Options for Staging Orbits in Cislunar Space," 2016 IEEE Aerospace Conference,
March 5-12, 2016.

14 Landau, D., McElrath, T., Grebow, D., and Strange, N., “Efficient Lunar Gravity Assists for Solar Electric Propulsion
Missions,” Paper AAS 12-165, Feb. 2012.

15 R. R. Hofer, et al. "Development Approach and Status of the 12.5 kW HERMeS Hall Thruster for the Solar Electric
Propulsion Technology Demonstration Mission." 30th International Electric Propulsion Conference, Kobe, Hyogo,
Japan, 2015.

16 Howell, K.C., and Breakwell, J.V., "Almost Rectilinear Halo Orbits,” Celestial Mechanics, Vol 32, No 1, January
1984, pp. 29-52.

17 H.W. Price, J.D. Baker, and F. Naderi, “A Minimal Architecture for Human Journeys to Mars,” New Space, Vol. 3,
No. 2, 2015.

18 H.W. Price, J.D. Baker, N.J. Strange, and R.C Woolley, “Human Missions to Mars Orbit, Phobos, and Mars Surface
Using 100-kWe-Class Solar Electric Propulsion,” ATAA Space Conference and Exposition, San Diego, CA, Aug. 2014.

19 Raftery, M., Cooke, D., Hopkins, J., and Hufenbach, B., “An Affordable Mission to Mars,” 64th International
Astronautical Congress, IAC-13, A5, 4-D2.8.4, International Astronautical Federation, Beijing, China, 2013.

20J. A. Sims, P. A. Finlayson, E. A. Rinderle, M.A. Vavrina, and T. D. Kowalkowski, “Implementation of a Low-Thrust
Trajectory Optimization Algorithm for Preliminary Design,” AIAA/AAS Astrodynamics Specialist Conference and
Exhibit, Keystone, Colorado, Aug. 2006.

16



	Low-ThrusT Trajectory Maps (Bacon Plots) to Support a Human Mars Surface Expedition

