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Notable Two-Synodic-Period Earth—Mars Cycler

T. Troy McConaghy,* Damon F. Landau,” Chit Hong Yam,# and James M. Longuski®
Purdue University, West Lafayette, Indiana 47907-2023

Earth-Mars cycler trajectories (cyclers) could play an important role in a future human transportation system
to Mars. A particular cycler that repeats every two synodic periods and has one intermediate Earth encounter
is very promising. In a circular-coplanar model it requires no propulsive maneuvers, has 153-day transfer times
between Earth and Mars, and has arrival V., magnitudes of 4.7 km/s at Earth and 5.0 km/s at Mars. A method to
find an analog cycler in a more realistic model (i.e., using an accurate ephemeris for the states of Earth and Mars)
is described. Two cost metrics are considered: total cycler AV and total cycler AV plus total taxi AV. Numerical
solutions are presented for both metrics. The total required AV is very small, though not zero. If the Earth-Mars
and Mars—Earth transit times are constrained, then the characteristics of the optimal cycler trajectory change.
Tradeoffs between maximum transit time and other mission characteristics are analyzed for all possible launch

periods.
Nomenclature
a = orbital elements vector
g = vector of V,, constraints, km/s
h = flyby altitude, km
h = vector of flyby altitude constraints, km
N = number of intermediate Earth flybys
P = primer vector
R = position vector of the cycler vehicle, AU
S = Earth-Mars synodic period, year
T = time for orbits of Earth and Mars to repeat
inertially, year
t = time since launch, year
Vo = hyperbolic excess speed, km/s
AV = magnitude of change in velocity, km/s
T = duration of leg 1, 2.8276 years
Subscripts
i = Earth encounter index
in = incoming
out = outgoing

Introduction

FUTURE Earth—Mars transportation system will probably use

several kinds of spacecraft trajectories. Whereas some trajec-
tories are well suited for human transportation, others are better
suited for ferrying supplies. To develop an efficient system, mission
designers should know what trajectories are available.

One potentially useful type of trajectory is the Earth—-Mars cycler
trajectory, or cycler. A spacecraft on a cycler, the “cycler vehicle,”
regularly passes close to both Earth and Mars (but never stops at
either). A “taxi vehicle” transfers people between the cycler vehicle
and Earth (or between the cycler vehicle and Mars). Cyclers that
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require propulsive maneuvers are referred to as “powered cyclers,”
whereas cyclers that rely on gravitational forces only are called
“ballistic cyclers.” Although not considered here, there are some
variations on cyclers, in which the spacecraft enters a temporary
parking orbit at Mars (Mars—Earth semicyclers),"? at Earth (Earth—
Mars semicyclers),’ or at both Mars and Earth (stop-over cyclers).*3

It appears that Rall was the first to systematically investigate
Earth—Mars cyclers, for his doctoral thesis in 1969 (Ref. 6). This
research was later summarized by Rall and Hollister.” The cy-
cler idea languished until 1985, when Aldrin first proposed the
“Aldrin cycler”® and Niehoff first proposed the VISIT 1 and VISIT
2 cyclers.”~!! The existence of the Aldrin cycler was verified by
Byrnes et al.,'” and the Aldrin cycler was compared to the VISIT
cyclers by Friedlander et al.'3

In 2002, McConaghy et al.'* showed that the Aldrin cycler and
the VISIT cyclers are special cases in a larger family of cyclers.
Several new cyclers were also identified by Byrnes et al.,'> Chen
et al.,'®"'8 McConaghy et al.,'?° Rauwolf et al.,>! and Russell and
Ocampo.2>~

Among the recently discovered cyclers, one is particularly note-
worthy. Known as the “ballistic S1L1 cycler”'* (for reasons to be
explained later), it has relatively short Earth—-Mars (or Mars—Earth)
transfer times and low V,, at both Earth and Mars (see Fig. 1).
The ballistic S1L1 cycler was first identified in 2002 (Ref. 14).
It is similar to the “case 3” cycler of Byrnes et al."> Using the
cycler nomenclature proposed in Ref. 25, it has the cycler label
“2g(2.8276, 658°, U)g(1.4580, 525°, L).” Further analysis of the
ballistic S1L1 cycler appeared in McConaghy et al.,'*?° but some
questions still remained. In this paper, we give the most thorough
analysis to date.

We begin with an analysis of the ballistic SIL1 cycler in a sim-
plified, circular-coplanar model of the solar system. A process for
finding and optimizing cycler trajectories in an ephemeris-based
model is then described, and numerical results are summarized.

Circular-Coplanar Analysis

In our analysis of the ballistic S1L1 cycler, we make the following
simplifying assumptions (some of which will be relaxed later):

1) The Earth—Mars synodic period is exactly 2% years.

2) Earth’s orbit, Mars’s orbit, and the cycler trajectory lie in the
ecliptic plane.

3) Earth and Mars have circular orbits.

4) The cycler trajectory is conic, that is, it is a solution to the
sun-spacecraft two-body problem.

5) Only the Earth has sufficient mass to provide gravity-assist
maneuvers. (Mars can be encountered on a leg, but the encounter
does not change the orbit.)

6) Gravity-assist maneuvers occur instantaneously.
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Fig. 1 Ballistic S1L1 cycler in a simplified solar-system model.
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Fig. 2 Assumed timing of
the Earth encounters.
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We note that assumption 1 is equivalent to assuming that the
orbital period of Mars is 1.875 years (whereas a more accurate value
is 1.881 years). Also, assumption 1 implies that the semimajor axis
of Mars is 1.875%/3 astronomical units (AU) ~ 1.5206 AU.

For a trajectory to be an Earth—Mars cycler, it must return to
Earth after an integer number of synodic periods. The ballistic S1L1
cycler returns to the Earth after two synodic periods (4% years), but
there is also an intermediate Earth encounter that happens at a time
T =2.8276 years after the initial Earth departure. The timing of
the Earth encounters during a two-synodic-period time interval is
illustrated schematically in Fig. 2.

Because we assume that the orbits of Earth and Mars are circular,
we can choose a Cartesian coordinate system so that the position
vector of the Earth attime t = 01is[1, 0]. Because the angular velocity
of the Earth is 27 radians per year, the position of the Earth at
any later time ¢ will be Rg,(f) =[cos (2nt), sin (2rt)]. Because
the spacecraft encounters the Earth at times ¢t =0, 7, and 4%, the
position vectors of the spacecraft at the first, second, and third Earth
encounters are, respectively,

R, =[1,0], R, =[cos(2rT), sin2Qrt)] ~ [0.4690, —0.8832]

Ry =] cos (27 - 42) sin (27 - 42)] ~ [-0.2225, 0.9749]

Finding the cycler trajectory connecting R to R, in a time 7 is a
Lambert problem.?® It turns out that there are multiple solutions. In-
deed, one of the solutions is the orbit of the Earth (which is not what
we want). Among the solutions, there are two that make between
one and two revolutions of the sun. The ballistic S1L1 cycler uses
the solution with the shortest period: 1.4889 years (so the semima-
jor axis is 1.3039 AU). (Other solutions were tried, but they led to
different cyclers that have undesirable characteristics.)

Finding leg 2 [connecting R, to Rj3 in 4(% — 1) years] is also
a Lambert problem. As with leg 1, there are two solutions that
make between one and two revolutions of the sun. The ballistic
S1L1 cycler uses the solution with the longest period: 1.0733 years
(so the semimajor axis is 1.0483 AU). (The name “S1L1 cycler”
is a reminder that the first leg is the short-period solution making
1-2 revs, and the second leg is the long-period solution making
1-2 revs.)

When we calculate the incoming and outgoing V., at Earth, we
find that they are both equal to 4.7128 km/s. This equality is not a
coincidence; the duration of leg 1 is chosen to make the incoming
and outgoing V, equal so that the required velocity change can be
accomplished using a gravity-assist flyby. No AV maneuvers are
required to keep the spacecraft on its orbit, hence the name “ballistic
S1L1 cycler.”

Figure 1 shows the orbits of Earth, Mars, and the ballistic S1L1 cy-
cler (in the simplified, circular-coplanar solar-system model). (The
orbit of the cycler is shown for the first five years: enough time
to complete one two-synodic-period cycle and start the next cycle.)
The cycler vehicle starts at Earth at time ¢t = 0 years. It then makes al-
most two revs of the sun before returning to Earth at time t =2.8276
years. A gravity-assist flyby at an altitude of 31,809 km transfers the
cycler vehicle onto the smaller orbit of leg 2. After another 1.5 solar
revolutions (approximately), the spacecraft returns to Earth again
(attimet = 4% years). A gravity-assist maneuver (also at an altitude
of 31,809 km) boosts the spacecraft back onto the larger orbit of
leg 1 and the 4%-year cycle begins anew.

We note that the cycler vehicle crosses the orbit of Mars on leg 1
but not on leg 2. (The aphelion of the first leg is 1.6369 AU, whereas
the aphelion of the second leg is 1.2170 AU. We recall that Mars
is assumed to have a semimajor axis of 1.5206 AU.) Because leg 1
makes almost two solar revs, it crosses the orbit of Mars four times:
when 1 =0.4193, 0.9194, 1.9082, and 2.4083 years (i.e., 153.15,
335.81, 696.97, and 879.63 days). The transfer time from Earth at
t =0 to the first Mars crossing (0.4193 years) is the same as the
transfer time from the fourth Mars crossing to Earth at r =2.8276
(2.8276 —2.4083 =0.4193 years). The reason for the equality can
be seen in Fig. 1. The leg 1 line of apsides runs midway between
Earth at t =0 and Earth at + =2.8276. Consequently, the transfer
arc from Earth at r = 0 to the first Mars-orbit crossing is the mirror
image of the transfer arc from the fourth Mars-orbit crossing to Earth
at t =2.8276.

For the spacecraft to encounter Mars during one of the Mars-orbit
crossings, an appropriate launch date must be chosen. For example,
one can choose the launch date so that the spacecraft will encounter
Mars 153.15 days after launch (but not at the other three Mars-orbit
crossing times). If the launch date is chosen so that there is a short-
duration Earth—Mars transfer (153.15 days in the circular-coplanar
model), then we call the cycler an “outbound cycler” (because it can
be used to transport humans from Earth out to Mars). Similarly, one
can choose the launch date so that there is a short-duration (153.15-
day) Mars—Earth transfer (between the fourth Mars-orbit crossing
and the Earth encounter at time t =2.8276 years). Such a cycler is
called an “inbound cycler.” By calculating transfer angles and using
phasing analysis, one can show that the minimum time between the
launch of an inbound cycler vehicle and the launch of an outbound
cycler vehicle is 0.3336 years.

If we assume that humans can only tolerate short transfer times
(of 180 days or less), then at least two cycler vehicles are needed,
one outbound and one inbound. Figure 3 illustrates the timeline
of a two-vehicle system. Because Earth and Mars (are assumed
to) have circular orbits, their distance from the sun is constant.
The times where one of the vehicles encounters Earth or Mars are
indicated by dots. The single outbound vehicle provides an out-
bound transfer once every 4% years, and the single inbound vehi-
cle provides an inbound transfer once every 4% years. In Fig. 3,
we have chosen to set t =0 when the inbound cycler launches.
Consequently, t =0.3336 years when outbound cycler launches,
and t =0.3336 + 0.4193 =0.7529 years when the outbound cycler
encounters Mars. Because the inbound cycler encounters Mars at
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Fig. 3 Two-vehicle system providing short transfers.
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Table 1 Ballistic S1L1 cycler characteristics
(from circular-coplanar analysis)

Characteristic Value
AV required 0 km/s
Earth Vo 4.7 km/s
Earth flyby altitude 31,809 km
Mars Voo 5.0 km/s
Mars flyby altitude oo
Earth—Mars transfer time 153.15 days
Minimum Mars stay time 604.63 days
Mars—Earth transfer time 153.15 days
Repeat time 4% yr

2Gravity assist not required from Mars.

time ¢t =2.4083 years, the minimum time between a Mars arrival
(by the outbound vehicle) and a Mars departure (by the inbound
vehicle) is 2.4083 — 0.7529 = 1.6554 years (or 604.63 days). Con-
sequently, a minimum-duration trip from Earth to Mars to Earth
(with a stay at Mars) lasts 153.15 4 604.63 4+ 153.15 =910.93 days
(or 2.4940 years). If the Mars rendezvous is aborted, then the crew
will return to Earth after 2.8276 years.

Because the Earth—Mars synodic period is assumed t0 be2i 7 years,
there is a launch period for an outbound vehicle every 21 3 years Sim-
ilarly, there is a launch period for an inbound vehicle every 21 7 years.
By using two outbound vehicles with launch dates 21 7 years apart and
two inbound vehicles with launch dates 21 7 years apart short Earth—
Mars and Mars—Earth transfers would be available every 27 years.
When using four vehicles, the minimum Mars stay time and mini-
mum round-trip time are the same as when using two vehicles.

Table 1 summarizes some pertinent characteristics of the ballistic
S1L1 cycler. We note that the V, at Earth and Mars are significantly
lower than the corresponding V., for the Aldrin cycler (6.5 and
9.8 km/s, respectively).'? Such a reduction in V,, translates into a
reduction in the propellant required by the taxi vehicles.

Analysis Using an Ephemeris Model of the Solar System

After finding the ballistic S1L1 cycler in our simplified (circular-
coplanar) model of the solar system, we wanted to know whether it
exists and is still ballistic in an ephemeris model. By an ephemeris
model, we mean that the positions and velocities of the planets are
obtained from an integrated ephemeris, such as the Jet Propulsion
Laboratory’s (JPL’s) DE405. We continue to ignore third-body grav-
itational effects, except during the planetary flybys. Gravity-assist
maneuvers can occur at both Earth and Mars but are still modeled
as an instantaneous rotation of the V, vector.

To show that a cycler is ballistic in the ephemeris model, we would
have to propagate it for an infinite time. Because that is impossible,
we instead propagate it until Earth, Mars, and the cycler vehicle
all return to their initial state in inertial space (approximately). The
ballistic S1L1 cycler repeats inertially after 30 years (seven cycles
of 4% years). The orbits of Earth and Mars also repeat approximately
every 30 years (after 30 Earth revolutions and 16 Mars revolutions).
Therefore, if we can propagate a two-synodic-period cycler for 30
years or more, then we can be fairly confident that it will propagate
into the distant future (in the ephemeris model).

The problem of propagating a ballistic cycler for 30 years or
more can be formulated as finding a solution to a system of N
equations and N inequalities in (N + 2) unknowns. The (N +2)
unknowns are the encounter times #y, #, ..., ty +1 at the bodies, as
illustrated in Fig. 4. For the remainder of this paper, we will call
a sequence of encounter times (¢, #;, ..., fy +1) an “itinerary.” The
type of transfer on each leg is known from the circular-coplanar
analysis, so that the body encounter times uniquely determine the
incoming and outgoing V, at the N intermediate flybys. For the
ith flyby to be ballistic, the magnitudes of the incoming V., and
the outgoing V., must be equal:

oomz(t—lvt) OO()utl(tl7tI+|)_0 for

Body 0
attimet

Body 1

attime t Flyby 1

Body 2

attimet, Flyby 2

Body 3

Fig. 4 (N +2) bodies and the N flybys. at time t 5

Flyby 3

Body N
attime t

Flyby N

Body (N+1)
at time t 4

and the required flyby altitude /#; must be higher than 300 km (so
that the cycler vehicle does not experience significant atmospheric
drag):

hi(ti—lstivti+l)_30020 for i=1,2,...,N (2)
Equations (1) and (2) can be neatly summarized using the vector
notation

g0 =0 A3)
h@® =0 )

where t= (t, t1, ...,y +1) is an itinerary, Eq. (3) is the V con-
straint, and Eq. (4) is the altitude constraint. An itinerary # satisfying
Eqgs. (3) and (4) will be referred to as a “feasible itinerary” or “feasi-
ble solution.” If none of the altitude constraints is active (i.e., if none
of the flybys occurs at 300 km), then the solution to Egs. (3) and
(4) is not unique. In fact, because there are N equations in (N + 2)
unknowns, we expect the set of solutions to have two degrees of
freedom.

We used the software package SNOPT?’ (which stands for sparse
nonlinear optimizer) to find a solution to Eqgs. (3) and (4). Because
SNOPT uses a quasi-Newton method to solve systems of equations
and inequalities, it requires a good initial guess of the solution (i.e.
the body-encounter times #). At first, we tried to use the solution in
the simplified (circular-coplanar) model of the solar system as our
initial guess, but SNOPT could not converge from that guess to a
solution in the ephemeris model.

Because the ephemeris model differs significantly from the sim-
plified model, the solution to the simplified model is a bad initial
guess for the solution to the ephemeris model. We decided to use
a continuation approach to surmount this problem.The orbital ele-
ments of Earth and Mars were combined into a constant parameter
vector, which we call a. The system of equations and inequalities
then has the form

gt.a)=0 (%)
h(t,a) >0 (6)

For the simplified solar-system model, a = agjmpiifica, and for a
more accurate solar-system model @ = @,y - (The orbital elements
in @gmplified ANd @accurae are constants, and so the orbital elements of
yccurae dO MOt represent the time-varying orbital elements of the
ephemeris model.) We already have a solution when @ = @impiifica,
and we would like to find a solution when a = @,¢cyrae. The solu-
tion when @ = @,ccyrae could then be used as an initial guess for the
ephemeris model.

We can define a sequence of problems with a varying from
Agimpiifiea (Whose solution is summarized in Table 1) to @yccurare- BY
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using the solution to the kth problem in the sequence as the initial
guess for the (k + 1)st problem in the sequence, we can ultimately
arrive at the solution to the problem where @ = @,¢cyrae. The solu-
tion to the problem with @ = @, cyre 1S then used as an initial guess
to the problem in which the positions and velocities of the plan-
ets are determined using JPL’s DE405 ephemerides. We found that
this continuation method worked very well, requiring only about 10
continuation iterations.

A 33-year, 24-body solution was found (in the ephemeris model)
for all four vehicles (two outbound and two inbound) launching
in the 2005-2007 time frame. (For the sake of brevity, the solution
itineraries are not included here; they are available in Ref. 19.) None
of the four solutions required any AV maneuvers, that is, they were
all ballistic.

Because there are N equations in (N + 2) unknowns, we expect
an infinite, two-dimensional set of solutions (provided that none of
the flyby altitude constraints becomes active). Each solution has dif-
ferent characteristics. To determine the range of characteristics in a
typical set of solutions, we found a large set of 27-body itineraries'’
for vehicle 2 (outbound). (We arbitrarily number the outbound ve-
hicles 1 and 2, and the inbound vehicles 3 and 4.) Figure 5 shows
the range of possible launch and arrival dates for the 2549 feasible
solutions that were found. When launch dates earlier than 11 June
2005 were tried, there was either no solution or one of the flyby alti-
tude constraints was violated. The top, bottom, and right boundaries
on Fig. 5 occurred when flyby altitude constraints were violated. A
surprising feature of the solutions shown in Fig. 5 is that the range
of possible arrival dates does not depend on the launch date (and
vice versa).

Even though there is a wide range of possible launch (and arrival)
dates, we found that the middle dates (such as the dates at bodies
12-16 in a 27-body itinerary) are nearly the same. As shown in
Fig. 6, the range of possible dates is wide near launch (at body
1) and near arrival (at body 27), but is nearly zero at the middle
bodies. To explain why the middle dates do not vary much, let us
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Fig. 5 Launch and arrival dates of feasible itineraries for vehicle 2
(outbound) on a ballistic S1L1 trajectory.
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consider the number of constraints that each time #; must satisfy.
The time 7, only needs to satisfy one constraint, namely, the flyby
Voo constraint at body 2. The time #; must satisfy two constraints (at
bodies 2 and 3). The time #, must satisfy three constraints (at bodies
2-4). Three constraints are the most that any encounter time has to
satisfy, no matter how many encounter times there are. Among the
times that must satisfy three constraints, the ones in the middle can
vary less because their neighbors are also highly constrained.

If a cycler’s itinerary is augmented to include more encounters,
then one would expect the number of slightly varying middle times
to increase, and that is exactly what happens. If one adds enough
encounters, then a flyby altitude constraint violation occurs, and a
feasible solution (itinerary) ceases to exist. Up to that point, one
might wonder, Are the slightly varying middle times the only ones
possible?

To analyze this question, suppose that the relative orientations
of the orbits of Earth and Mars repeat inertially (in the ephemeris
model) after a time 7. (In the simplified model of the preceding
section, T =15 years.) We would expect T to be approximately
equal to an integer multiple of the Earth—-Mars synodic period S,
that is, T ~ mS, where m is an integer. Because Earth and Mars
repeat inertially after 7 years, one might look for a ballistic S1L1
cycler trajectory that also repeats after 7 years (or 27 years if m is
odd). One would try to find the (N + 2) encounter times satisfying
the usual N constraints, plus two new constraints: 1) the V, at the
initial time should equal the V,, at the final time, and 2) the final time
should be the initial time plus 7 (or 27T if m is odd). A solution is not
guaranteed to exist, but if one does exist it is unique, because there
are (N + 2) independent equations in (N + 2) unknowns (by the
rank theorem,?® which holds even when the equations are nonlinear).
We call the unique periodic solution the “ideal” cycler trajectory (or
cycler).

We conjecture that the middle times of a long itinerary are the
same as the times of the ideal cycler trajectory (and hence unique).
To see why this is plausible, consider what happens as we add more
encounters to the ends of a long itinerary. Eventually, the middle
times of the long itinerary include all of the times of one period
of the ideal cycler itinerary. Another explanation is that although
the system of equations satisfied by a feasible long itinerary is not
the same as the system of equations satisfied by the ideal cycler
itinerary, both systems of equations enforce the same goal: finding
an itinerary such that the cycler is ballistic for a very long time.

To find the itinerary of an ideal cycler, we find a 50-year itinerary
and then keep the middle 30 years. That is, we assume that 10 years
(or over two repetitions of the cycler) is sufficient for a cycler to
converge to the ideal cycler.

As seen in Figs. 5 and 6, the launch period is about 128 days
(or more than four months) long. The reason the launch date can
vary is that it is not constrained to be on the ideal cycler (which
stretches backwards in time). There might be only one ideal cycler,
but there are many ways to get on to it (or off of it, for that matter).
Because every cycler vehicle must be launched, a long launch period
is useful. One could choose a nominal launch date, for example, to
minimize the launch V.

In some instances, a cycler trajectory that satisfies both Egs. (5)
and (6) does not exist, and we instead solve for the trajectory that
requires the least AV (performed by the cycler in deep space: we
ignore the AV required by the taxi vehicles for now). To solve for
the minimum-AV trajectory, we begin by reducing the difference
in Vi, [i.e. we make Eq. (5) as close to zero as possible] while satis-
fying the altitude constraint [Eq. (6)]. Then, an initial guess for the
time and location of a deep-space maneuver (DSM) is determined
via Lawden’s primer vector analysis.?? 3! For example, in Fig. 7 a
DSM would be placed where the primer magnitude is largest [in this
case around 7.5 years time of flight (TOF)]. An augmented trajectory
(with the new DSM) is then optimized for minimum AV . Additional
DSMs are added until a locally optimal trajectory is found. Figure 8
demonstrates an optimal trajectory, where the primer vector P sat-
isfies the five conditions for optimality:

1) P and (d/dz)P are continuous.

2) P is aligned with AV at impulse times.
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Table 2 Itinerary for cycler vehicle 1 (outbound) in which only the
cycler AV is minimized

MCCONAGHY ET AL.

Table 3 Itinerary for cycler vehicle 2 (outbound) in which only the
cycler AV is minimized

Closest Leg Closest Leg
Date, Voos approach TOF, Date, Voos approach TOF,
Encounter mm/dd/yyyy km/s altitude, km days Encounter mm/dd/yyyy km/s altitude, km days
Earth-1 10/14/2007 5.19 21,400 Earth-1 12/03/2009 6.87 31,100
Mars-2 05/18/2008 2.98 11,200 216* Mars-2 06/07/2010 4.31 17,600 186*
Earth-3 07/16/2010 7.02 24,800 790 Earth-3 08/24/2012 6.43 26,400 809
Earth-4 01/09/2012 7.02 37,400 542 Earth-4 02/14/2014 6.43 41,500 539
Mars-5 06/17/2012 5.89 9,800 160* Mars-5 07/03/2014 7.14 12,200 1382
Earth-6 10/11/2014 5.31 25,500 846 Earth-6 12/09/2016 4.00 27,800 890
Earth-7 03/29/2016 5.31 35,200 535 Earth-7 05/23/2018 4.00 19,900 530
Mars-8 07/25/2016 7.86 9,700 1182 Mars-8 09/15/2018 6.47 11,600 1152
Earth-9 02/04/2019 3.99 22,600 924 Earth-9 04/06/2021 4.61 23,000 934
Earth-10 07/18/2020 3.99 4,300 530 Earth-10 09/20/2022 4.61 14,800 532
Mars-11 12/19/2020 4.36 5,100 1542 Mars-11 05/01/2023 2.77 7,600 2232
Earth-12 05/25/2023 6.09 20,000 887 Earth-12 07/02/2025 7.09 23,800 793
Earth-13 11/13/2024 6.09 27,400 538 Earth-13 12/26/2026 7.09 35,200 542
Mars-14 06/01/2025 3.71 16,100 200* Mars-14 06/14/2027 5.27 13,700 170*
Earth-15 08/09/2027 6.73 25,900 799 Earth-15 09/21/2029 5.78 26,800 830
Earth-16 01/31/2029 6.73 41,500 541 Earth-16 03/12/2031 5.78 39,200 537
Mars-17 06/27/2029 6.61 16,600 1482 Mars-17 07/15/2031 7.69 10,700 1252
Earth-18 11/15/2031 4.43 31,800 871 Earth-18 01/16/2034 3.75 22,600 915
Earth-19 04/30/2033 4.43 26,900 531 Earth-19 06/28/2035 3.75 10,000 529
Mars-20 08/20/2033 7.34 10,700 1132 Mars-20 11/14/2035 4.65 16,200 1392
Earth-21 03/13/2036 4.25 22,000 936 Earth-21 05/08/2038 5.53 27,100 906
Earth-22 08/25/2037 4.25 8,900 531 Earth-22 10/26/2039 5.53 23,900 536
2Crew transfer time from Earth to Mars. 2Crew transfer time from Earth to Mars.
4
Table 4 Itinerary for cycler vehicle 3 (inbound) in which only the
3.5 cycler AV is minimized
K 3 Closest Leg
2 25l Date, Veos approach TOF,
S Encounter mm/dd/yyyy km/s altitude, km days
§ 2r Maneuver 04/04/2006 0.17¢ —_— —_—
5 15k Earth-1 06/07/2007 5.80 3,300 —_—
E Mars-2 10/23/2009 5.83 300 869
O Afemm ] Earth-3 03/26/2010 6.98 36,600 153P
Earth-4 09/19/2011 6.98 23,400 542
0.5¢ Mars-5 11/18/2013 3.26 11,900 791
Earth-6 06/15/2014 5.80 23,700 209°
% 20 30 20 50 Earth-7 12/04/2015 5.80 18,300 537
TOF (Years) Mars-8 05/27/2018 4.59 7,000 905
Earth-9 10/15/2018 3.78 8,400 1410
Fig. 7 Primer vector magnitude along suboptimal cycler trajectory. Earth-10 03/27/2020 3.79 25,800 529
Mars-11 09/29/2022 7.72 12,500 916
1.4 Earth-12 01/28/2023 6.06 43,300 121°
Earth-13 07/19/2024 6.06 11,200 538
1.2+ Mars-14 11/04/2026 5.58 2,100 838
DSM Earth-15 04/17/2027 7.16 31,100 165>
] N A — Earth-16 10/11/2028 7.15 24,300 542
2 Mars-17 12/08/2030 2.76 9,700 788
S 0.8t Earth-18 07/21/2031 4.67 17,300 225b
‘E"' Earth-19 01/03/2033 4.67 21,700 532
. 0.6r Mars-20 07/27/2035 6.34 9,300 934
qé Earth-21 11/19/2035 3.99 19,800 115P
‘=041 Earth-22 05/01/2037 3.99 26,700 530
o Fbe(‘
0.2+ 2Deep space AV. bCrew transfer time from Mars to Earth.
00 10 40 50

20 30
TOF (Years)
Fig. 8 Primer vector magnitude along optimal cycler trajectory.

3) |P| =1 at impulse times.

4) |P| < lon coasting arcs separating impulses.

5) (d/dt)|P| =0 at impulses.

Tables 2-5 give 30-year itineraries for all four cycler vehicles in
the ephemeris model (in which the total cycler AV is minimized over
50 years). The two outbound cyclers are ballistic (over the examined
time span), but each inbound cycler requires a modest AV . Though
not shown in Tables 2 and 3, the outbound trajectories also require

a AV on the order of 10 m/s in the following 30-year cycle. So,
although the S1L1 cycler is ballistic in the circular-coplanar model,
it is only nearly ballistic in the ephemeris model, where the relative
positions of Earth and Mars do not repeat precisely.

One interesting feature of the solutions in the ephemeris model
(given in Tables 2-5) is that the flyby altitudes are generally lower
than those of the solution in the circular-coplanar model. For ex-
ample, the average Earth flyby altitude is 24,090 km, whereas the
Earth flyby altitude in the circular-coplanar model is 31,809 km.
Similarly, the average Mars flyby altitude is 9,950 km, whereas the
Mars flyby altitude in the circular-coplanar model is effectively in-
finite (or at least outside of the Mars sphere of influence, which has
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Table 5 Itinerary for cycler vehicle 4 (inbound) in which only the
cycler AV is minimized

Table 6 Itinerary for cycler vehicle 1 (outbound) in which total AV
(taxi AV and cycler AV) is minimized

Closest Leg Closest Leg
Date, Voos approach TOF, Date, Voos approach TOF,
Encounter mm/dd/yyyy km/s altitude, km days Encounter mm/dd/yyyy km/s altitude, km days
Earth-1 08/07/2009 6.24 19,100 —_— Earth-1 10/14/2007 5.16 21,300
Mars-2 11/06/2011 4.78 6,800 820 Mars-2 05/31/2008 2.66 300 230%
Earth-3 05/01/2012 7.06 29,800 1772 Earth-3 07/24/2010 4.82 25,900 784
Earth-4 10/25/2013 7.06 24,800 542 Maneuver 11/04/2010 0.66° — —
Mars-5 01/08/2016 2.75 9,900 805 Earth-4 12/14/2011 4.33 26,200 508
Earth-6 08/13/2016 4.15 13,600 218 Mars-5 06/16/2012 5.86 7,900 185%
Earth-7 01/25/2018 4.15 22,500 530 Earth-6 10/11/2014 5.29 24,600 847
Mars-8 08/20/2020 7.19 10,500 938 Earth-7 03/29/2016 5.29 35,200 535
Earth-9 12/06/2020 4.68 31,200 108* Mars-8 07/25/2016 7.86 9,900 118*
Earth-10 05/23/2022 4.68 16,000 532 Earth-9 02/04/2019 3.97 22,500 924
Mars-11 10/16/2024 6.64 3,800 877 Earth-10 07/18/2020 3.97 4,600 530
Earth-12 03/11/2025 6.74 40,800 146* Mars-11 12/20/2020 4.31 5,400 1552
Earth-13 09/03/2026 6.74 22,400 541 Earth-12 05/26/2023 6.02 21,000 887
Mars-14 11/11/2028 3.80 11,900 800 Maneuver 08/02/2023 0.11° —
Earth-15 05/24/2029 6.74 27,000 1942 Earth-13 11/12/2024 5.85 29,400 536
Earth-16 11/16/2030 6.74 9,000 541 Mars-14 06/21/2025 3.07 16,600 2212
Mars-17 04/13/2033 3.96 2,000 879 Earth-15 08/23/2027 5.29 36,500 794
Earth-18 09/22/2033 3.86 6,800 1622 Maneuver 11/30/2027 0.81° -
Earth-19 03/05/2035 3.86 24,600 529 Earth-16 01/11/2029 461 31,700 507
Mars-20 09/17/2037 7.81 12,100 927 Mars-17 06/27/2029 6.58 66,700 166°
Earth-21 01/09/2038 5.52 39,800 1142 Earth-18 11/15/2031 4.41 31,400 872
Earth-22 06/29/2039 552 14,400 536 Earth-19 04/30/2033 4.41 26,700 531
Maneuver 12/01/2039 0.27° — — Mars-20 08/20/2033 7.34 10,700 1132
Earth-21 03/13/2036 4.25 22,000 936
Crew transfer time from Mars to Earth. ®Deep space AV. Earth-22 08/26/2037 4.25 9,000 531

a radius of 577,400 km). The reason for the lower flyby altitudes
(especially at Mars) is that the gravity-assist maneuvers must also
change the orbital plane of the cycler vehicle. The Earth—Earth trans-
fers all have an inclination close to zero, but the Earth—-Mars and
Mars—Earth transfers generally have a nonzero inclination because
the inclination of Mars’s orbit is about 1.85 deg.

Using Tables 2-5, one can construct example missions to Mars.
To illustrate,suppose a group leaves Earth on vehicle 1 (outbound)
on 9 January 2012. They would arrive at Mars 160 days later, on
17 June 2012. The next opportunity to leave Mars on an inbound
cycler occurs 519 days (17 months) later, when vehicle 3 arrives on
18 November 2013. If the group returns at that time, they will have
a 209-day transit back to Earth, where they would arrive on 15 June
2014. The entire mission would last 2.43 years.

There are 14 possible missions that can be constructed using
Tables 2-5. Among those missions, Earth—-Mars transfers last from
113 to 223 days (compared to 153 days in the circular-coplanar
model), Mars stay times range from 516 to 706 days (compared to
605 days), Mars—Earth transfers last from 108 to 225 days (com-
pared to 153 days), and total mission duration ranges from 2.41 to
2.56 years (compared to 2.49 years). Generally speaking, missions
with long transit times tend to have short Mars stay times and vice
versa.

Although the trajectories in Tables 2—5 were optimized to mini-
mize the cycler vehicle AV, other cycler characteristics can influ-
ence amission’s cost. For the human exploration of Mars, we assume
the mission begins with the crew departing Earth in a taxi vehicle
that will rendezvous with the outbound cycler vehicle (which was
launched previously) as it swings by Earth. After about five months
in interplanetary space, the crew arrives at Mars, where they reach
the surface via an aero-assisted descent (that requires a negligi-
ble AV from the taxi). After about 20 months on Mars, the crew
again climbs into a taxi to rendezvous with the inbound cycler.
The crew then returns to Earth where they land on the surface af-
ter atmospheric deceleration to conclude their 30-month mission.
Thus, pertinent mission criteria include (but are not limited to) the
cycler vehicle AV, the Earth and Mars departure V, the transit
TOF, the stay time on Mars, and the total mission duration. The
arrival V,, are less of a mission driver than the departure V, be-
cause the aeroshell weighs much less than the propellant required at
departure.

aCrew transfer time from Earth to Mars. ®Deep-space AV .

To accommodate for the mass of the cycler vehicle and the taxi,
we redefine the cost metric as the sum of the cycler and departure taxi
AV, where we assume that the departure maneuver is performed at
an altitude of 300 km by an upper stage. We choose equal weight-
ing on the taxi and cycler AV for simplicity because the optimal
weighting to minimize mission cost is dependent on several factors
beyond the scope of this paper (e.g., the relative mass of the taxi
and cycler vehicles). The optimal cycler itineraries that arise when
we use this new metric are provided in Tables 6-9. For the out-
bound vehicles, the larger Earth departure V,, values are reduced
by adding a few modest AV maneuvers. For example, the departure
Vs of vehicle 1 at Earth-4 was reduced from 7.02 to 4.33 km/s by
a AV of 0.66 km/s on the previous leg. Over all 14 missions, the
average Earth departure V., was reduced from 5.52 to 4.90 km/s,
a reduction accomplished by increasing the DSM AV to an aver-
age of 0.11 km/s per synodic period per outbound cycler vehicle.
Similarly, the average Mars departure V,, was reduced from 5.22 to
3.22 km/s by increasing the DSM AV to an average of 0.33 km/s
per synodic period per inbound cycler vehicle. We also note that the
inbound vehicles sometimes pass as close as possible to Mars (at
the altitude constraint of 300 km).

One might wonder what the results would be if a mass-based cost
metric were used. Possible mass-based metrics include the average
initial mass in low Earth orbit (IMLEO) and the total mass launched
into low-Earth orbit over the lifetime of the system. Unfortunately,
to use mass as a cost metric, one must make several extra design de-
cisions. For example, one must choose the number of passengers, the
mass of the cycler vehicles, the mass of the taxi vehicles, the mass of
repairs or replacements, the propulsion systems, and the lifetime of
the system. Because each decision has several plausible options and
because we do not want to bias the reader toward any particular ar-
chitecture, we leave the use of mass-based metrics to future mission
designers.

The crew transfer TOF on these cyclers can sometimes become
relatively long (e.g., the 239-day TOF from Mars-8 to Earth-9 in
Table 8). In the event that the interplanetary transfer time must
be constrained (e.g., because of radiation or zero-gravity crew
health concerns), the cycler trajectories still exist, but the AV
and V requirements increase. Figures 9-11 show how the cycler
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Table 7 Itinerary for cycler vehicle 2 (outbound) in which total AV
(taxi AV and cycler AYV) is minimized

Table 8 Itinerary for cycler vehicle 3 (inbound) in which total AV
(taxi AV and cycler AV) is minimized

Closest Leg Closest Leg

Date, Voos approach TOF, Date, Voos approach TOF,

Encounter mm/dd/yyyy km/s altitude, km days Encounter mm/dd/yyyy km/s altitude, km days
Maneuver 08/31/2008 0.30* _— —_— Earth-1 06/18/2007 491 50,000 —_—
Earth-1 11/28/2009 6.19 31,200 o Maneuver 01/19/2008 1.312 —_—
Mars-2 06/14/2010 3.94 14,800 199> Mars-2 09/05/2009 3.82 2,400 810
Earth-3 09/02/2012 5.52 33,100 811 Earth-3 03/23/2010 6.92 65,600 2000
Maneuver 12/04/2012 0.62% — Earth-4 09/16/2011 6.92 26,100 542
Earth-4 01/31/2014 4.83 33,900 516 Maneuver 05/07/2012 0.122 —_—
Mars-5 07/02/2014 7.12 25,700 1520 Mars-5 10/29/2013 3.00 17,500 774
Earth-6 12/09/2016 4.00 27,800 891 Earth-6 05/28/2014 7.84 29,600 2100
Earth-7 05/22/2018 4.00 19,300 530 Earth-7 11/24/2015 7.84 34,600 545
Mars-8 09/15/2018 6.50 11,300 116° Maneuver 07/13/2016 0.15% —_—
Earth-9 04/06/2021 4.65 22,900 934 Mars-8 01/16/2018 2.90 3,500 784
Earth-10 09/20/2022 4.65 13,500 532 Earth-9 09/12/2018 4.32 27,500 239b
Mars-11 05/10/2023 2.64 7,000 233b Earth-10 02/25/2020 4.32 52,300 531
Earth-12 07/04/2025 6.86 27,800 786 Maneuver 09/08/2020 1.51% _
Maneuver 09/19/2025 0.31% — Mars-11 07/25/2022 3.94 300 881
Earth-13 12/21/2026 6.36 33,500 534 Earth-12 01/29/2023 5.07 70,700 189P
Mars-14 06/15/2027 5.18 12,500 177° Earth-13 07/16/2024 5.07 23,300 534
Earth-15 09/24/2029 5.53 29,100 832 Maneuver 02/08/2026 0.73* —
Maneuver 12/16/2029 0.27* R Mars-14 09/06/2026 3.32 15,200 781
Earth-16 03/06/2031 5.13 35,800 528 Earth-15 04/15/2027 7.03 49,500 221b
Mars-17 07/15/2031 7.69 14,400 131° Earth-16 10/08/2028 7.03 25,000 542
Earth-18 01/16/2034 3.75 22,600 916 Mars-17 11/24/2030 2.64 21,100 777
Earth-19 06/14/2035 3.75 9,700 529 Earth-18 06/26/2031 6.77 25,900 2140
Mars-20 11/14/2035 4.65 16,200 139° Earth-19 12/18/2032 6.77 40,500 541
Earth-21 05/08/2038 5.53 27,100 907 Maneuver 07/18/2033 0.64* —_
Earth-22 10/26/2039 5.53 23,900 536 Mars-20 04/04/2035 3.21 300 837
Earth-21 11/04/2035 3.36 41,400 214b

Deep-space AV. bCrew transfer time from Earth to Mars. Earth-22 04/14/2037 336 14,500 527

characteristics change as the maximum allowable TOF ranges
from 120 to 270 days (four to nine months). To calculate these
constrained-transfer-TOF trajectories, the trajectory with a maxi-
mum transfer TOF of 270 days (which we will call the “270-day
TOF trajectory”) served as the initial guess for the 260-day TOF tra-
jectory, and so on (by 10-day steps) until the 120-day TOF trajectory
was optimized. We then repeated the process in reverse (from 120-
to 270-day TOF) to help ensure we had found the minimum-AV
trajectories.

Each line on Figs. 9—11 corresponds to a different round-trip
Earth—Mars—Earth mission. Each mission involves one outbound
vehicle and one inbound vehicle. Vehicles 1 (outbound) and 3 (in-
bound) always work together, as do vehicles 2 and 4. Each line is
labeled with the year in which the astronauts leave Earth on an out-
bound vehicle to go to Mars. For example, in Table 6 we find that
vehicle 1 (outbound) leaves Earth to go to Mars on 14 December
2011. On Figs. 9-11, the line labeled “2011” refers to the entire
Earth—Mars stay—Mars—Earth mission that begins in 2011. After a
185-day transit, the 2011 mission arrives at Mars on 16 June 2012.
The astronauts stay at Mars for (exactly) 500 days until vehicle
2 (with itinerary given in Table 8) arrives on 29 October 2013 to
take them back to Earth. After a 210-day transit, the astronauts ar-
rive back at Earth on 28 May 2014. The total mission duration is
185 + 500 + 210 = 895 days. (The just-described mission assumes
a maximum transit TOF, or max. TOF, of 270 days.)

Only seven mission opportunities (or launch years) need to be
considered because the mission characteristics repeat after that. The
launch dates for missions 1 and 8 are 15 years apart. Consequently,
Earth and Mars are in (approximately) the same inertial position at
the beginning of mission § as they were at the beginning of mission 1.
The only difference is that vehicles 2 and 4 will carry out mission 8
instead of vehicles 1 and 3 (or vice versa). (Each cycler vehicle
returns to the same inertial position every 30 years.)

From Fig. 9b, we see that the minimum DSM AV for the 2011
mission is justunder 1 km/s. We note that the DSM AV includes AV
maneuvers performed by both the outbound and the inbound cycler
vehicles (for the legs on which humans were being transported as
well as the legs immediately before and after those legs).

“Deep-space AV. P°Crew transfer time from Mars to Earth.

Table 9 Itinerary for cycler vehicle 4 (inbound) in which total AV
(taxi AV and cycler AV) is minimized

Closest Leg

Date, Voo, approach TOF,

Encounter mm/dd/yyyy km/s altitude, km days
Earth-1 08/05/2009 5.70 24,800 —_—
Maneuver 02/10/2011 0.56% e
Mars-2 09/10/2011 3.05 20,500 767
Earth-3 04/29/2012 6.93 40,300 2310
Earth-4 10/22/2013 6.93 25,900 542
Maneuver 08/28/2014 0.07* —_—
Mars-5 12/15/2015 2.48 20,400 784
Earth-6 07/17/2016 5.90 25,200 215b
Earth-7 01/05/2018 5.90 35,900 537
Maneuver 07/16/2018 1.122 —_
Mars-8 05/31/2020 3.50 300 876
Earth-9 11/28/2020 3.97 57,800 1820
Earth-10 05/12/2022 3.97 44,800 530
Maneuver 12/19/2022 1.372 —_—
Mars-11 08/25/2024 3.74 2,300 836
Earth-12 03/20/2025 5.36 66,100 207°
Earth-13 09/06/2026 5.36 22,300 535
Maneuver 03/12/2028 0.122 E—
Mars-14 09/24/2028 2.90 3,700 749
Earth-15 05/15/2029 7.56 32,800 233b
Earth-16 11/10/2030 7.56 30,300 544
Maneuver 07/24/2031 0.112 —_—
Mars-17 12/19/2032 2.62 10,600 770
Earth-18 08/21/2033 4.80 22,400 245b
Earth-19 02/05/2035 4.80 40,000 533
Maneuver 08/26/2035 1.38% —_—
Mars-20 07/13/2037 3.92 300 889
Earth-21 01/07/2038 4.79 69,100 178P
Earth-22 06/23/2039 4.79 24,000 533

aDeep-space AV. PCrew transfer time from Mars to Earth.
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In Fig. 9a, we see that the minimum total AV for the 2011 mis-
sion is between 2 and 3 km/s. The total optimized AV includes
1) the taxi AV to transfer from a parabolic orbit of Earth to the
outbound cycler vehicle, 2) the taxi AV to transfer from a parabolic
orbit of Mars to the inbound cycler vehicle, and 3) the DSM AV.
The AV required to take the taxi from the surface of Earth to low
Earth orbit (LEO) (or the surface of Mars to LMO) is not included
because it is constant and thus does not affect the AV minimization
problem. Similarly, the AV required to take the taxi from LEO to
a parabolic orbit of the Earth plus the AV required to take the taxi
from LMO to a parabolic orbit of Mars is not included because it
is constant (4.6 km/s). As transit TOF is constrained, the required
total AV generally increases. For missions with short transit TOF,
the 2009 and 2011 missions require the most AV, whereas the 2018
mission requires the least. If transit times of 230 days (or more) are
considered acceptable, then the maximum total AV ever required
by a mission is less than 4 km/s.

Figure 10a shows that as one shortens the transit TOF, one length-
ens the stay time on Mars. The 2018 mission has the longest stay
times. If the maximum transit time is 120 days, then the 2018 mis-

sion crew stays at Mars for almost 700 days (or 1.92 years). On the
other end of the spectrum, the crew of the 2009 mission could be at
Mars for as few as 450 days (or 1.23 years). (The stay time in the
circular-coplanar model is 1.66 years.)

In Fig. 10b, we see that as one allows for longer transit times
the total mission duration usually becomes longer (with the 2018
and 2016 missions being notable exceptions). Total mission du-
ration ranges from 845 to 930 days (2.31 to 2.55 years). (In
the circular-coplanar model, the total mission duration is 2.49
years.)

To interpret Fig. 11, we note that the Earth departure V., mat-
ters only for the outbound cycler because a taxi vehicle has to ren-
dezvous with it. Similarly, the Mars arrival V., matters only for the
outbound cycler, the Mars departure V., matters only for the in-
bound cycler, and the Earth arrival V, matters only for the inbound
cycler. Consequently, Figs. 11a and 11b refer to the outbound cycler
vehicle, and Figs. 11c and 11d refer to the inbound cycler vehicle.
As expected, if one shortens the acceptable transit time, the V, usu-
ally increases. The V,, at Earth ranges from 4 to 12 km/s, and the
Vo at Mars ranges from 2.5 to 9.5 km/s. The 2018 missions tend
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to have one of the lowest V, (but they also have the longest total
mission duration).

Conclusions

Implementation of Earth—-Mars cycler trajectories could be a key
enabling factor in the human exploration and development of Mars.
In recent years, many new cycler trajectories have been discovered.
Among these, the ballistic S1L1 cycler has characteristics that make
it attractive for a human transportation system. We analyzed this
new cycler in a circular-coplanar model and in a more accurate,
ephemeris model of the solar system. Minimum-AV S1L1 cycler
itineraries were found for 14 Earth—-Mars synodic periods (about
30 years), after which the orbits of Earth, Mars, and the cycler
approximately repeat in inertial space. Also, key characteristics of
the S1L1 cycler were plotted as a function of maximum allowable
TOF between Earth and Mars. These data could be particularly
useful for preliminary design studies of human missions to Mars.
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