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Design of the First Interplanetary Solar Electric
Propulsion Mission
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Deep Space 1 was the � rst interplanetary mission to be propelled by solar electric propulsion. The detailed
design, development, and analysis of its trajectory have led to important new insights into the design of low-thrust
trajectories. Tying the testing of solar electric propulsion technology to an operational mission has allowed the
identi� cation of trajectory design issues that were not considered in concept studies, such as constraints on the
spacecraft attitude and periods of thrusting or coasting that are dictated by reasons other than trajectory consid-
erations. Models of the spacecraft performance unimportant for trajectory analysis in missions using conventional
chemical propulsion are intimately connected with the design of the trajectory when solar electric propulsion is
employed. In addition,mass margin is not suf� cient to assess a low-thrust mission. Unplanned thrust interruptions
may result in a situation in which the propulsion system cannot provide suf� cient impulse to compensate for the
lost thrust in time to reach encounter targets. Mission margin (as distinct from mass margin) is a quanti� cation
of the mission’s susceptibility to loss of thrust and is an important indicator of mission robustness for low-thrust
trajectories.

Nomenclature
An = curve-� t coef� cients for time-independent

solar array power
Bn = curve-� t coef� cients for time-dependent

solar array power
C3 = square of hyperbolic excess velocity, km2/s2

Dn = curve-� t coef� cient for spacecraft power
Kn = curve-� t coef� cients for ion propulsion system

thrust
Ln = curve-� t coef� cients for ion propulsion system

xenon mass-� ow rate
Pm = ion propulsion system xenon mass-� ow rate, mg/s
PIPS = power available to the ion propulsion system, kW
PS/C = power required by spacecraft (not available to the

ion propulsion system), kW
PSA.r/ = time-independentsolar array power, kW
PSA.r; t/ = time-dependent solar array power, kW
P0 = solar array power at 1 astronomical unit (AU)

at the beginning of the mission, kW
r = heliocentric range, AU
T = ion propulsion system thrust magnitude, mN
t = time from launch, day
1v = change in velocity, km/s

Introduction

I N 1994, NASA formed the New Millennium Program (NMP)
to help reduce the cost and risk of its ambitious space and Earth

scienceprograms.The NMP conductsmissionsdesignedto evaluate
high-risk advanced technologies so that subsequent � ight projects
will be spared the normal cost and risk connected with being the
� rst user of a new technology. The principal criteria for selecting
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a technology for � ight testing are that it should be considered high
risk to the � rst user, that the reduction of the risk should require
testing to occur in space, and that the new capability offered by
the technologyshould be a signi� cant advancementover lower risk
alternatives.

Deep Space 1 (DS1) was the � rst mission of the NMP. Its payload
comprised12 technologies,and itsmissionwas to exercisethesesys-
tems rigorously.Rayman et al.1 describe the mission, technologies,
and results of the testing. One of the technologieswas solar electric
propulsion(SEP), implementedon DS1 as an ion propulsionsystem
(IPS).1;2 SEP is of great interest to mission designers for future mis-
sions, primarily those requiring large changes in orbital energy.3¡5

Indeed, the inclusion of SEP on the � rst � ight of the NMP was
among the highest prioritiesof the program’s science advisory team
because of the many important missions this technology enables.

The formalizedprimary objectivesof testing SEP on DS1 were to
1) demonstrate � ight operationsusing this technologyand quantify
its performance, 2) assess its interaction with the spacecraft, scien-
ti� c instruments, and space environment, and 3) use it to propel the
DS1 spacecraft onto a trajectory that would encounter an asteroid
during the 11-month primary mission. The � rst two objectiveswere
focusedprincipallyon the hardwareand the operabilityof the entire
system.The thirdwas includedto force a completesystem-levelval-
idation of the capability of SEP to achieve a targeted interplanetary
� ight.One aspectof thechallengein suchanundertakingwas the tra-
jectory design at a level of detail suf� cient to accomplish the � ight.

Although DS1 was not intended as a science mission, the meth-
ods developed and used to analyze the mission performance are
directly relevant to future science missions that will use SEP. Be-
fore the DS1 development,many interplanetarymissions using this
technologyhad been studied, but always at the level of a conceptual
design. In designinga trajectoryfor actual � ight,many new detailed
issues were discovered that distinguish low-thrust trajectories from
the better studied and, thus, more familiar ballistic ones. For con-
venience, missions that rely on chemical propulsion are referred to
here as ballistic missions. Although such missions may have large
deterministic maneuvers or gravity-assist � ybys, most of the time
their trajectories can be well described by ballistic arcs, in contrast
to missionsthat rely on SEP. Throughoutthe detailedmissiondesign
work, it was clear that design principles, rules, tools, and intuition
applicableto conventionalmissionsare not necessarilyrelevant,and
may even be misleading,when applied to SEP missions. One of the
signi� cant results of the testing of the SEP technologyon this � ight
project is the experience gained in designing, analyzing, and � ying
an interplanetary low-thrust trajectory. The purpose of this paper is
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to document the new insights and new techniquesderived from this
work and to aid future designers of trajectories that use SEP.

Mission Overview
During most of thedevelopmentphasesof DS1, the trajectorythat

was plannedbegan with a launch in July 1998.The schedulewas ex-
plicitly very ambitious, in part to keep the overall projectcost low as
well as to force the creation of new, faster methods of development.
In addition to the requirements of testing technologies, the space-
craft would have had the opportunity to collect bonus science data
during encounters with asteroid 3352 McAuliffe, Mars, and comet
76P/West–Kohoutek–Ikemura in two yearsof � ight.6 The trajectory
was studied in great detail in preparation for � ying this mission.

InApril 1998it was decidedthat the spacecraftwouldnotbe ready
for launch in July, and the scheduled launch was moved to October,
taking a slot vacated by another mission that was postponed to the
subsequentyear. The new launch period was de� ned exclusivelyby
the availabilityof launch facilitiesduring an unusuallydense period
of activity at the Cape CanaveralAir Force Station and the Kennedy
Space Center. Requirementson the new trajectorywere that it allow
an asteroid to be reached within 11 months of launch but no earlier
than 6 months after launch (to allow the technology testing, which
was of higher priority, to be completed � rst) and that it require no
changes in the spacecraftor launch vehicle,which had alreadybeen
prepared for the mission describedearlier. This second requirement
imposed a signi� cant constraint on the launch, because it forced
spacecraft separation from the launch vehicle to occur in Earth’s
umbra with enough time before exiting the shadow for the space-
craft to stabilize and turn itself so that the transparent cover over
the camera would not admit sunlight into the sensitive optics. (The
cover had been selected for the earlier mission in which the sepa-
ration happened to occur in the shadow. With a transparent cover,
the failureof the deploymentmechanismwouldnothave completely
precludedthe testing of the camera technologies.) Constrainingsep-
aration to occur in the shadow led to an extremely narrow range of
right ascensions of the launch asymptote and, thus, greatly limited
potentialdestinations.Furthermore,periodsof ballisticcoastinghad
to be included in the trajectory design to accommodate technology
experiments incompatible with IPS thrusting. Other constraints on
the launch, including the use of a single value for C3 and a sin-
gle value for the declination of the launch asymptote throughout
the launch period, were agreed to as simpli� cations and, thus, cost-
saving measures for the launch service and were acceptablebecause
of the � exibility affordedby the IPS. To provide the opportunity for
bonus science data acquisition at the asteroid, there were speci� c
constraints on the approach phase angle (to allow imaging) as well
as the estimated minimum time before closest approach that the
body would � rst be detectable with the onboard camera. That time
intervalwas a function of the estimated size and albedo of the body,
the approach phase, and the relative speed. Finally, there was a de-
sire to include a comet as a possible target if an extended mission
were approved; it would have had to be reachable with the 81.5 kg
of xenon propellant for the IPS that could be loaded for launch.

The trajectoryused by DS1 was obtainedby solvinga constrained
mass-optimization problem, and in this paper, an optimal trajec-
tory is one for which propellant consumption has been minimized.
Constraints included encounters with several targets, time intervals
during which thrusting was not permitted, and time intervals dur-
ing which thrusting in a prescribed direction and magnitude were
required. Free parameters in the optimization included the time of
each encounter, the thrust vector as a function of time, and the tim-
ing of coasting arcs. Therefore, some of the coasting during the
mission was the result of enforcing a constraint, whereas at other
times coasting was optimal.

The mission that was selected for DS1 included several periods
of coasting (some optimal and some imposed) before attaining a
trajectory that would encounter 9969 Braille (known at that time as
1992 KD) in July 1999.The potentialmissionextension includedan
encounterwith comet19P/Borrelly in September2001.A plotof the
trajectory that was � own is shown in Fig. 1. Periods of deterministic
thrustingappearas heavysolid lines,and coastingperiodsaredashed
lines. For clarity, the orbit of Braille is not shown.

Fig. 1 DS1 trajectory.

The primary mission of DS1 began with launch on the � rst Delta
7326-9.5from theCape CanaveralAir ForceStation’s SpaceLaunch
Complex-17A at 12:08:00.502 universal time, coordinated (UTC)
on 24 October 1998. DS1 comprised a 373.7-kg dry spacecraft,
31.1 kg of hydrazine,and 81.5 kg of xenon. (The sum of the mass of
the dry spacecraft and the mass of the hydrazine is de� ned to be the
neutral mass. The neutral mass and the xenon mass are the critical
masses for trajectory analysis.) The launch vehicle delivered the
spacecraft to a trajectory with a C3 D 2:99 km2/s2. In fact, the Delta
7326 could have imparted signi� cantly more energy to a payload
of DS1’s mass, but the additional performance was unnecessary
for this mission. Therefore, the launch vehicle carried a secondary
payload, SEDSAT-1, which was attached to the second stage and
was delivered to its targeted low Earth orbit.

Technology testing began immediately after launch and contin-
ued through July 1999. Some basic spacecraftveri� cation activities
and technology tests had to be conducted before the IPS was op-
erated. The new solar concentrator arrays, for example, had to be
characterized so that achievable IPS throttle levels could be deter-
mined.The missiondesignincludeda periodof coastingat thebegin-
ning of the mission as well as later coasting periods for technology
testing that would have been incompatible with the optimal thrust
attitude (e.g., for long-durationtelecommunicationstests, which re-
quired the unarticulatedhigh-gainantenna to be pointed to Earth) or
the presence of the xenon plasma (for the initial tests of an ion and
electron spectrometer, although later tests showed that operation of
the spectrometerwith the IPS thrusting was acceptable).

In part to protect the mission from unexpectedloss of thrust time,
the trajectory was designed to include about 90 days of coasting
before the encounterwith Braille, although other technologyexper-
iments that required short intervalsof IPS thrustingduring that time
had been planned and already were accounted for in the trajectory
design. Some of that thrustingwas in speciallyde� ned attitudes, for
example, along the Earth–spacecraft line to measure Doppler shifts
as part of the IPS testing. The need to execute nonoptimal thrusting
arose on many occasionsfor a varietyof reasonsduring the mission,
and the capability to account for that in the overall trajectory opti-
mization proved important. Some trajectory correction maneuvers
were executed during the coasting period to the asteroid, using ei-
ther the IPS or the hydrazine-basedreaction control system (RCS).
The RCS maneuvers were used as a part of the testing of the space-
craft’s experimental autonomous optical navigation system7 and to
save time during the � nal 2 days before the encounter. At closest
approach to Braille, at 04:46 UTC on 29 July 1999, the spacecraft
passed 28 km from the center of the asteroid at a relative speed of
15.5 km/s.
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Once the spacecraft was in-� ight and key subsystem per-
formances were quanti� ed, a second target was added to the
optional extendedmission.An encounterwith comet 107P/Wilson–

Harrington in January 2001 was shown to be achievable with
acceptable margins. Thrusting to accomplish the encounters with
the two comets resumed1.5 days after the encounterwith Braille,al-
though the extended mission had not yet been approved.The thrust-
ing was constrained to occur with the high-gain antenna pointed
to Earth for 10 days to complete the return of data from the aster-
oid encounter and to conduct other spacecraft activities. Trajectory
analysis had shown that thrusting in this attitude was better than
coasting, as measured both by mass margin and mission margin (to
be discussed).

Having met or exceeded all of its success criteria, the primary
mission concluded on 18 September 1999, by which time NASA
had approved the extended mission. In fact, on the chance that the
extension would be approved, IPS thrusting through most of the
primary mission had targeted not only Braille but also the comets.

A periodof optimalcoastingfrom late October to December1999
was used for a variety of spacecraft calibration activities as well as
the acquisition of infrared spectra of Mars. During this hiatus in
thrusting, the spacecraft’s sole star tracker, required for the attitude
control system’s celestial reference, failed. Previous analysis had
shown that thrusting would have to resume by late January 2000 to
retain both comet encounters, but the severity of the loss was too
great to rescue the spacecraft that quickly. Indeed, the loss of the
star tracker had been considereda mission-terminatingfailure; nev-
ertheless, the operations team successfully completed a complex
recovery described by Rayman and Varghese.8 The target of the
original extended mission was retained, and after the recovery was
completed in June 2000, thrusting to comet Borrelly resumed. At
closest approach, at 22:30 UTC on 22 September 2001, the space-
craft passed 2171 km from the comet’s nucleus at a relative speed
of 16.5 km/s.

Part of the recoveryincludedusing the unarticulatedsciencecam-
era as an attitude sensor in place of the star tracker. Except for brief
periods during which the attitude control system (ACS) could rely
on gyros, the camera had to remain pointed at an isolatedbright star.
This new attitude constraint substantially altered the trajectory de-
sign because, instead of an essentially continuouslyvariable thrust
direction, the spacecraft could thrust only in selected discrete iner-
tially � xed directions.For the DS1 trajectory,the penalty formaking
this change was extremely small.

The unplanned long coasting period and the complex operations
during the recovery consumed a signi� cant amount of the space-
craft’s hydrazine.By theend of June2000, the remainingsupplywas
too low for normal operations.The ACS could use the IPS to control
two axes of spacecraftattitudewhenever the IPS was thrusting;thus,
subsequent hydrazine consumption was reduced by thrusting with
the IPS formost of the remainderof the mission.Whendeterministic
thrustingwas not required,the IPS was operatednear its lowest throt-
tle level (a mode referred to here as impulse power) to give the ACS
suf� cient controlauthoritybut to causeminimal, althoughnot negli-
gible, disturbancesto the trajectory.Despite the innovationsdevised
to accountfor the aged and debilitatedspacecraft,most of the funda-
mental trajectorydesign challengesremained the same and were ac-
commodated using the techniquesdevelopedearlier in the mission.

SEP Models and Trajectory Software
One of the reasons that SEP mission design is unique is that,

unlike ballistic trajectories, SEP trajectory optimization is coupled
to the performance of the propulsion system and the availability
of power on the spacecraft. For example, the propulsion system is
designed to be throttled; that is, it operates over a range of input
powers, such that the performance is a function of the power input
to the propulsion system. With 525 W delivered to the IPS, the
thrust is 19 mN and the speci� c impulse is 1900 s; with 2500 W,
the corresponding values are 92 mN and 3100 s. As the spacecraft
recedes from the sun, the power from the solar array is reduced.
For DS1, the throttle levels are stored onboard the spacecraft as
112 discrete settings in a throttle table. Each setting has its own set
of currents, voltages, and xenon � ow rates to produce the desired

conditions in the thruster. The accuracy of the trajectory design
may be limited by the quality of the models of solar array power
production, spacecraft power consumption, and propulsion system
performance.

The trajectory design on DS1 used a computer code named
SEPTOP.9 This programhas beenused formany years to do prelimi-
nary designstudiesat the Jet PropulsionLaboratory(JPL). SEPTOP
usesa calculus-of-variations approachto performa constrainedopti-
mization.The programmaximizesneutralmass (which is equivalent
to minimizingpropellant), optimizingencountertimesand the thrust
direction as a function of time. On DS1, SEPTOP was used for a
variety of planning studies during the mission, as well as providing
the startingconditionsfor a second program,10 NAVTRAJ, that con-
tains higher � delity models of small forces (N -body gravitationand
solar pressure) on the spacecraft. By the use of its superior models
of solar system forces, NAVTRAJ makes adjustments to the thrust
pro� le necessary to retarget the trajectory to the desired encounter
bodies.NAVTRAJ providedtrajectorysolutions that were uploaded
directly to the spacecraft without further processing. The two pro-
grams have essentially the same models of spacecraft power and
propulsionsystems.The primarydifference is that SEPTOP designs
an optimal trajectoryand NAVTRAJ then retargetsthe trajectoryus-
ing the higher � delity small forces models. The combination of the
successfulnavigationof the spacecraftand NAVTRAJ’s inheritance
from previously validated software at JPL allows NAVTRAJ to be
considered the standard of accuracy against which to compare a
SEPTOP trajectory.

It is signi� cant that for this mission it was not necessary to in-
clude a high-� delity solar system model in the design solution, as
is typically done with ballistic trajectories. With SEP, the more ac-
curate gravitational model is not as important at the optimization
stage of design because small errors can be corrected by the retar-
geting program through small changes to the thrust pro� le all along
the trajectory. Figure 2 shows a typical example of the corrections
NAVTRAJ made to a SEPTOP solution. This example begins im-
mediately after the Braille encounter when a Wilson–Harrington
encounter was still planned. NAVTRAJ has the freedom to change
the direction and duration of the thrust vector during periods of
deterministic thrusting (referred to as thrust arcs). Most of the cor-
rections are less than 0.5 deg, and even the largest changes of up to
2.6 deg are still small. The coastingarcs (or gaps) in Fig. 2 are essen-
tially the same as determined by the two programs. The differences
are generally only hours and never more than a few days. Also note
that the total duration of thrusting was changed by only 1.2 out of
466 days. Moreover, for some trajectories, errors of only a few tens
of watts in estimating power available to the IPS can produce larger
propagation errors than the small errors introduced by the simpler
gravitationalmodel.

As the mission developed beyond the stage of a concept study,
newrequirementsarose,whichgenerallyresultedin newcapabilities
beingadded to SEPTOP. One of the new requirementswas the capa-
bility to make regulardiscreteadjustmentsto theneutralmass to sim-
ulate the expenditure of hydrazine. The ability to restrict the thrust
directionwith respectto the sun–spacecraftlinewas addedtoaccom-
modate the requirement to protect sensitive body-mounted instru-
ments and the need to point radiatorsaway from the sun. In addition,
it became necessary to require coasting for different periods during
the mission, as well as to force thrusting in speci� c (nonoptimal)
directions.Indeed, one of the ways DS1 maintainedmission margin
after the failure of the star tracker was by thrusting at high throttle
levels during telecommunicationswhenever that put the spacecraft
within about30 deg of the optimal thrust attitude.This was shown to
be more bene� cial than thrustingat impulsepower in such attitudes.
(Recall that, to conserve hydrazine, coasting was not an option.)

There are a number of importantspacecraftmodels and trajectory
constraintsused in the design of the DS1 trajectory.The solar array
performance is a function both of distance from the sun and time. It
is formulated as a time-independentpart, as shown in Eq. (1), and a
time-dependentpart, as shown in Eq. (2):

PSA.r/ D
³

P0

r 2

´
A1 C A2=r C A3

¯
r 2

1 C A4r C A5r 2
(1)
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Fig. 2 NAVTRAJ corrections to SEPTOP after the Braille encounter.

Fig. 3 Power models.

PSA.r; t/ D PSA.r /
£
B1 C B2e

B3t C B4t
¤

(2)

The solar array performance degrades with time because of phe-
nomena such as the destructiveeffects of radiation on the semicon-
ductor material of the solar cells and decreasedoptical transmission
of concentratorlenses fromsolar ultravioletlight and contamination
from spacecraftoutgassing.The spacecraftpower model represents
power needed for all systems except IPS:

PS/C D D1 C D2

¯
r 2 (3)

Obtaining good estimates of this function for the DS1 spacecraft
proved rather dif� cult, in part because of the complexity of the
spacecraft power consumption’s dependence on attitude (which af-
fects the thermal conditions). Figure 3 shows how power changes
as a functionof time during the mission. In Fig. 3, the highest curve
shows the time-independent solar array performance, which varies
with heliocentric range. The middle curve includes the effect of
time degradation on the array. As expected, these two curves di-
verge as the mission proceeds (time increases). Finally, spacecraft
power consumptionis subtractedfrom the array output to get power
available to the IPS [Eq. (4)], which is shown in the lowest curve in
Fig. 3:

PIPS D PSA.r; t/ ¡ PS/C (4)

Because PIPS is only important during thrusting, it is not computed
during coasting phases, which accounts for the gaps in the lowest
curve in Fig. 3. Note also the discontinuities in several places on
these curves representing in-� ight updates to these models.

The trajectoryoptimizationsoftwarerequiresa modelof the throt-
tle table, expressedas the power dependenceof thrust and mass-� ow
rate, as shown in Figs. 4a and 4b. Each discrete point in the throttle
table is shownas a plus (C). These pointswould providethemost ac-
curate descriptionof propulsion system performance, though using
discrete points was impractical because it greatly slowed software
execution. Selected test cases, however, showed that approximat-
ing the table values with polynomialsproduced very similar results.
The curves in Figs. 4a and 4b are linear regression � ts to data in the
throttle table using fourth-order polynomials:

T D K1 P4
IPS C K2 P3

IPS C K3 P2
IPS C K4 PIPS C K5 (5)

Pm D L1 P4
IPS C L2 P3

IPS C L3 P2
IPS C L4 PIPS C L5 (6)

As the mission progressed, least-squares � ts to the throttle table
of the same functional form were used that weighted more heavily
those throttle states that would be used the most. Because the re-
maining trajectory used smaller segments of the throttle table, the
weighted � ts, such as the ones in Figs. 4a and 4b, provided a good
representationof only a portion of the table.
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Fig. 4a Thrust model.

Fig. 4b Mass-� ow rate model.

There are two other models that affect the trajectory:mass drops
and duty cycle. As the trajectory is propagated into the future, it
is important to have a reasonably accurate estimate of the total
mass because this will affect the acceleration produced by the IPS.
Hydrazine and small amounts of xenon are intermittentlyexpended
for attitudecontrol and other purposes.This mass loss is modeled in
the design software as periodic discrete reductions throughout the
mission. Occasionallyduring the mission, more accurate hydrazine
andxenonmasses werededucedfromspacecrafttelemetry,con� rm-
ing that our discrete estimates were maintaining values accurate to
about 1 kg. The duty cycle is de� ned here to be the fraction of time
duringdeterministicthrustperiods that the IPS is thrusting.On DS1,
the thruster was turned off for short periods (on the order of hours)
each week, primarily for telecommunicationsand autonomous op-
tical navigation data acquisition. Duty cycle is an approximation
used to simplify the trajectory optimization approach. DS1 main-
tained a duty cycle of 92% before the loss of the star tracker. It
would have been possible to model 13 h of coasting each week, but
that would have been impracticalbecause it would have requiredan
unwieldy number of constraints for the optimizer. Instead, the ap-
propriate thrust and mass-� ow rate values were multiplied by 0.92
during the deterministicthrust arcs. In otherwords, to streamlinethe
analysis, 100% of the thrust (and mass-� ow rate) 92% of the time is

approximated in the software as 92% of the thrust (and mass-� ow
rate) 100% of the time. This approach was validated by compari-
son with NAVTRAJ results;NAVTRAJ does use a speci� c coasting
period each week. Figure 2 shows that the corrections imposed by
NAVTRAJ are small.

Measuring Mission Margin
In conventionalinterplanetarymissions,themost common way of

measuring margin is with mass, or 1v (which is equivalent to mass
throughthe rocket equation). For low-thrustmissions,positivemass
margin is necessary but not suf� cient. Also, there are uncertainties
in the mass margin due to uncertainties in the models, as described
earlier. Figure 5 shows the DS1 mass margin sensitivity to various
modelsshortlyafter launch,when themass marginwas about9.4 kg.
Note that the abscissa is different for each curve. Cone angle is
de� ned to be the angle between the sun–spacecraft line and the
IPS exhaust vector. The curve for the duration of the coasting arc
before Braille illustrates an interesting feature: the duration of this
coasting cannot be increased until the mass margin reaches zero.
The baseline trajectory requires 90 days of preencounter coasting.
When this is increased by an additional 66 days, the IPS can no
longer provide enough impulse to reach Braille and satisfy the other
constraints. For this case, the 9.4-kg mass margin clearly does not
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Fig. 5 Mass margin sensitivities.

Fig. 6 Mission margin.

adequately describe the margin the mission has for reaching its
target. This clearly demonstrates the need for a metric other than
mass margin; the metric for the availabilityof thrust time is referred
to here as mission margin. In general, the failure of mass margin to
be a suf� cient metric can occur if the nominal mission is interrupted
for some reason and thrustingis missed. A new analysis is described
here thatprovidesa muchbetterpredictionofmarginbut is alsomore
dif� cult and time consuming.

Figure 6 shows mission margin expressed as susceptibility to
missed thrust at various times in the mission. Each line represents a
timeline of thrusting and coasting. A reference trajectory is shown
schematically at the top of the plot as a series of thrusting (solid
lines) and coasting (dashed lines) phases. Note that the reference
mission included a nonoptimal coasting period of 90 days before
Braille and 60 days before Wilson–Harrington. These constraints
could be relaxed in an emergency. The coasting before Borrelly is
optimal. Each of the trajectoriesA–H begins with a state (position,
velocity, and mass) from the reference trajectory.An unplanned in-
terruptionof thrusting at the initial point on each trajectory timeline
is assumed,and then thequestionis posed:“How long can the space-
craft coast and still accomplishthe plannedencountersif the 90- and
60-day constraints are relaxed to 10 days?” When the less stringent
constraints are used before each � yby, a new optimum trajectory is
then found, making the initial coasting arc as long as possible. In

each case, the length of this arc (given at the beginningof each line)
represents the missionmargin at the time in the mission at which the
interruption occurred. Of course, in reality one also would have to
consider dropping one or more of the encounters, which is exactly
what DS1 did when the star tracker failed. A less drastic (and, in
general, less effective) alternative would be to increase duty cycle
(perhaps at the expenseof telecommunications); DS1 accomplished
this by thrusting while communicating.

Figure 6 shows that the spacecraft could have gone 61 days after
launchwithout thrusting,caseA, and still reachedthe targets.Notice
that, if some of the early thrusting were accomplished, case B, that
margin would grow to 89.5 days. Part of the reason this margin is so
large is that much of the 89.5 days encompassesan optimal coasting
arc from the reference trajectory in early 1999. If thrusting could
not resume in March 1999, case C, only 27 days would be available
to solve the problem before more substantive changes would be
required. After the Braille encounter, case D, the margin jumps to
almost three months, and then declines, cases E–G, until late in the
mission, case H, when it increases again. The margin climbs late
in the mission because, in the reference mission, by April 2001 the
spacecraft is on a ballistic trajectory to intercept Borrelly. If thrust
were interrupted shortly before this date, only a small additional
impulse would be required to reach the target, and this could be
performed later if necessary.
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Fig. 7 Prelaunch mass margin estimate for the extended launch opportunity.

These resultsare not always intuitive,and they can be rather labor
intensive to produce. This type of analysis was conducted both in
prelaunch mission planning and several times during the mission,
when new navigation information was incorporated or when new
power models were received from subsystem engineers. If one of
these times comes up unacceptably small, indicating inadequate
mission margin, there may be ways to alleviate the problem. This
mightbedoneby strategicallyinsertingcoastingarcsin the reference
trajectory;this can improvethe margin in certainpartsof themission
but reduce it in places where ample margin already exists. This
strategy always reduces mass margin but may be a desirable trade
in many instances and was used on DS1.

Of course,missionsusingchemicalpropulsionalso have sensitiv-
ity to unexpectedloss of thrust. In general, such missions have large
impulsivemaneuvers, and the result of missing such a maneuver, as
has occurred on several interplanetary missions, can be extremely
expensive.SEP missions tend not to have these short periodsof high
vulnerability.

SEP Mission Flexibility
One of the interesting features that occur sometimes in missions

using SEP is shown in Fig. 7. DS1 was launched in October 1998,
but Fig. 7 shows that there is positive mass margin for reaching all
three targets with a launch on any date as early as January of that
year or evenbefore that. (Figure7 is basedon prelaunchanalysisand
does not re� ect actual injectionerrors and other postlaunchresults.)
Note that the launch energy C3 is � xed over this entire period (to
match the launch vehicle performance and DS1 injected mass), al-
though the declinationand right ascensionof the launch asymptotes
are allowed to vary. (For convenience, to avoid incurring a launch
vehicle performancepenalty for this analysis, the declinationof the
launch asymptote was constrained to vary only between ¡28.5 and
C28.5 deg.) Certainly allowing a variable C3 would increase the
mass performance. Launch periods for conventional interplanetary
missions are typically only a few weeks long.

Conclusions
The capability offered by SEP, with its remarkably high speci� c

impulse, clearly is important for future missions. The veri� cation
on DS1 that the system operatedas predictedmeans that future mis-
sions can considerusing this technologywithout increasingthe cost
and risk that the � rst user otherwisewould face. The extensiveanal-
yses performed for DS1 should provide guidance to these projects
in how to design and analyze their trajectories. The differences be-
tween ballistic and low-thrust trajectories amount to much more
than simply the difference in mission performance:different meth-
ods must be applied to design and evaluate SEP missions. Because
the trajectorydesign and spacecraftperformanceare coupled,a new
set of models is needed for mission design.An understandingof the

sensitivity to these models is an important element of the designand
operation of the mission. The concept of mission margin has been
introduced, and it may prove to be a useful metric for evaluating
and improving the robustness of missions that use SEP.
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