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Abstract 

The Escape, Plasma and Acceleration Dynamics Explorers (ESCAPADE) mission will provide a comprehensive 

picture of how solar wind energy flows through Mars’ unique hybrid magnetosphere to drive ion and sputtering escape. 

This paper provides a fresh examination into ESCAPADE’s mission design, surveying each phase of the transfer from 

launch through the end of the primary science mission at Mars.  The two ESCAPADE spacecraft launch as secondaries 

on a launch in 2024 and traverse a complex mission design to arrive into the same science orbit about Mars, establishing 

the first formation in orbit about Mars.  ESCAPADE’s science includes two campaigns: the first involves both space-

craft being in the same orbit in a string-of-pearls configuration; the second involves both spacecraft traversing very 

different plasma regions about Mars. 
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Acronyms/Abbreviations 

The following acronyms/abbreviations are used in 

this paper: 

Escape, Plasma and Acceleration Dynamics Explor-

ers (ESCAPADE) 

Science Mission Directorate (SMD) 

Deep Space Network (DSN) 

Mars Orbit Insertion (MOI) 

Multiple Spacecraft per Aperture (MSPA) 

National Aeronautics and Space Administration 

(NASA)  

Orbit Determination (OD) 

Reaction Control System (RCS) 

Small Innovative Missions for Planetary Exploration 

(SIMPLEx) 

Solar Radiation Pressure (SRP) 

Stationkeeping Maneuver (SKM) 

Trajectory Correction Maneuver (TCM) 

Trajectory Interface Point (TIP) 

Trans-Mars Injection (TMI) 

Transition to Science Formation (TSF) 

 

1. Introduction 

The Escape, Plasma and Acceleration Dynamics Ex-

plorers (ESCAPADE) mission is supported by NASA’s 

Science Mission Directorate (SMD) within an oppor-

tunity under the Small Innovative Missions for Planetary 

Exploration (SIMPLEx) program. The ESCAPADE mis-

sion includes two identical spacecraft, Blue and Gold, 

whose maximum expected mass are each 525 kg pres-

ently. They will each enter the same elliptical orbit about 

Mars, collecting in situ atmospheric data in formation 

over six months. The spacecraft will then transition to 

different science orbits and collect spatially different, 

simultaneous observations of the atmosphere over the 

next five months, with opportunities for extensions. This 

paper describes the mission design that enables two 

spacecraft to launch via a low-cost rideshare launch, 

transfer to Mars, and establish the Martian formation.  

The ESCAPADE mission design has been described in 

the past with variations in launch as a rideshare aboard 

Psyche;1,2,3 that launch opportunity shifted beyond ES-

CAPADE’s capabilities and a substantial change has 

been implemented. The two spacecraft are now built by 

Rocket Lab with very different capabilities from previous 

descriptions. The spacecraft propulsion is now all-chem-

ical and substantial enough to support rideshare opportu-

nities to Mars, starting from orbits such as Sun Synchro-

nous. The resulting mission design arrives at Mars 

relatively quickly, and descends far quicker than previous 

designs; ultimately providing the opportunity to start sci-

ence April 1, 2026, several months sooner than previous 

designs. 

 

2. Scientific Background: Atmospheric Escape at 

Mars 

 

The scientific exploration that ESCAPADE will pro-

vide has not changed since previous descriptions1,2,3 and 

will be rephrased here. ESCAPADE enhances and sup-

plements the investigations conducted by the Mars At-

mosphere Volatile and EvolutioN (MAVEN) mission for 
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a small fraction of MAVEN’s cost. The MAVEN mission 

was designed to characterize atmospheric escape and its 

dependence on solar energetic drivers, and hence to ena-

ble reliable estimates of atmospheric escape over Martian 

history.4   MAVEN measures escape through four pri-

mary channels or processes.5 

Two of the escape processes, photochemical escape6,7 

of O, C and N and Jeans escape8,9 of H, are driven mostly 

by solar extreme ultraviolet (EUV) and Martian season 

(including dust activity). They can be constrained with 

remote sensing measurements and are reasonably sym-

metric with respect to solar zenith angle.10,11,12,13  MA-

VEN is continuing to characterize these processes11,14. 

In contrast, the other two processes (which ESCA-

PADE addresses), are governed mostly by the motion of 

ions in near-Mars space, and hence by the global patterns 

of electric and magnetic fields resulting from the interac-

tion of Mars’ upper atmosphere and ionosphere with the 

highly variable solar wind and interplanetary magnetic 

field (IMF),15,16 as shown in Error! Reference source 

not found.. These processes are a) ion escape, where 

neutrals from the thermosphere or exosphere are ionized, 

then energized and accelerated away from Mars by these 

fields,17 and b) sputtering (or sputtered) escape, where 

neutrals are ionized but then accelerated back into the at-

mosphere, giving sufficient energy to thermospheric 

(< 200 km) neutrals to allow them to escape, essentially 

‘splashing’ them out.18  As the sputtered neutrals cannot 

be directly detected by any existing instrument, 

straightforward calculations (based on detailed simula-

tions) are used to convert precipitating ion spectra into 

sputtered escape rates.19  Both processes have complex 

global structure,20 are dependent on EUV,21 and vary sig-

nificantly with solar wind density and velocity and the 

strength and direction of the IMF.22,23  

 

3. Mission Team 

 

The ESCAPADE leadership is located at the Univer-

sity of California Berkeley, including the Principal Inves-

tigator, Lead Scientist, Program Manager, and Systems 

Engineering team. Mission design is provided by Ad-

vanced Space. The navigation will be performed by UC 

Berkeley and Advanced Space. The spacecraft buses are 

Photon buses with Mars modifications, constructed and 

integrated by Rocket Lab. The ground tracking network 

and communications are conducted by the Deep Space 

Network (DSN). 

 

4. Mission Design 

 

The objective of the ESCAPADE mission design is 

to transfer the two spacecraft from their launch, which is 

baselined presently to be a Sun Synchronous Orbit 

rideshare, to a formation in orbit about Mars. The initial 

scientific orbit is an elliptical orbit with a periapse in the 

upper atmosphere of Mars, approximately 160 km alti-

tude, an apoapse altitude of 8400 km, and an inclination 

of 65 degrees. The two spacecraft will form a string-of-

pearls formation with a leader-follow duration that oscil-

lates between 0 and 30 minutes, sampling the same re-

gion of Martian environment at different temporal sepa-

rations. The two spacecraft must cooperate throughout 

the mission and yet never endanger each other from an 

impact or other interference. This mission design is very 

complex and will be described here. 

The ESCAPADE mission has seven phases with sev-

eral key events as illustrated in Figure 2. These phases 

are introduced here with details in the sections to follow. 

1. Launch and Orbit Raise. The first phase is the 

Launch and Orbit Raise Phase, which is designed to 

systematically raise both spacecraft orbits such that 

the Blue spacecraft performs its Trans-Mars Injec-

tion (TMI) maneuver to depart Earth on October 1, 

2024 and the Gold spacecraft performs its TMI 48 

 
Figure 1. Simulation of ion escape from Mars.  Yel-

low, magenta and blue arrows represent solar wind 

velocity, IMF direction and convection electric field 

respectively. Colors represent log energy, increasing 

from blue to red. 

Figure 2.  ESCAPADE’s baseline mission timeline, showing the launch period for a Sun Synchronous rideshare 

through the end of Primary Science at Mars. 
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hours later on October 3, 2024. NASA is selecting a 

launch for ESCAPADE presently, which may be a 

rideshare from many different orbits or even a direct-

to-Mars. Assuming an Earth orbit rideshare, each of 

the two ESCAPADE spacecraft will conduct a series 

of maneuvers to raise the orbit and change the plane 

to target the proper Trans-Mars Injection (TMI) con-

ditions and depart Earth. 

2. Interplanetary Cruise. The two spacecraft traverse 

Type II transfers to Mars. One third of the way 

through the interplanetary cruise, the two spacecraft 

are close enough in the sky to permit MSPA (multi-

ple spacecraft per aperture) with the Deep Space 

Network (DSN), and the two spacecraft continue to 

benefit from MSPA for the remainder of the mission. 

This feature helps reduce operational costs of com-

municating with two spacecraft at Mars. 

3. MOI. MOI-G (Gold’s Mars Orbit Insertion maneu-

ver) is nominally conducted on 9/1/2025 and MOI-

B follows 48 hours later. This order of MOI maneu-

vers reduces the interplanetary cruise maneuver cost 

needed to establish MSPA earlier in the mission. The 

MOI maneuvers are each inertially fixed maneuvers 

and each target capture orbits with orbital periods of 

~60 hours each. 

4. Orbit Reduction. The two spacecraft each reduce 

their apoapse and periapse to remove orbit insertion 

errors and enter safe orbits about Mars. This phase 

extends through a four-month quiescent period dur-

ing which the planets phase prior to initiating the sci-

ence investigation. ESCAPADE also coasts through 

solar conjunction during this time period in a safe 

and stable orbit.  

5. Transition to Science Formation. Each spacecraft 

performs four maneuvers in a choreographed fashion 

to reduce its orbit and to target the science formation 

without incurring any close approaches between the 

spacecraft and between the Martian moons. 

6. Primary Science. The ESCAPADE mission con-

ducts an 11-month primary science phase, including 

six months in Campaign A and five months in Cam-

paign B. 

o Science Campaign A.  The two spacecraft orbit 

Mars in approximately the same orbit in order to 

measure time-varying properties of the same re-

gions of space about the planet.  The duration 

within which one spacecraft chases the other os-

cillates between 0 and 30 min. 

o Orbit Adjustment.  The two spacecraft change 

their apoapse altitudes: one rising and one fall-

ing to establish the Science Campaign B. 

o Science Campaign B.  The two spacecraft orbit 

Mars in different orbits with different preces-

sion profiles in order to measure spatially-vary-

ing properties of the space about the planet. 

7. Decommissioning. The spacecraft conduct opera-

tions to conclude the mission and dispose of the 

spacecraft. 

Details of each phase are provided in the sections be-

low. 

 

5. Spacecraft Modeling 

 

The details of the spacecraft are outside of the scope 

of this paper, except to describe several key elements. 

First, the spacecraft bus is a modified Photon bus, con-

structed and integrated at Rocket Lab. The wet mass of 

each spacecraft as modeled here is 525 kg each, including 

a maximum expected dry mass of 201 kg, 310 kg of pro-

pellant, 1.5 kg of helium, and 12 kg of cold nitrogen gas. 

The main propulsion system is a bipropellant system 

from Arianespace. The analysis presented here uses low 

estimates for the thrust and efficiency of each system. 

The main engine is modeled here with a thrust of 397.1 

N and Isp of 318.4 sec; the nitrogen translational maneu-

vers are modeled with a thrust of 3.2 N and Isp of 70 sec. 

The nitrogen system is not balanced, though and requires 

35% more nitrogen for angular momentum management 

during translation events. 

 

6. Launch and Orbit Raise Phase 

 

The Launch and Orbit Raise (LOR) Phase includes 

the launch, commissioning of the vehicles, and any/all 

maneuvers needed to depart Earth onto the interplanetary 

cruise. 

 

6.1 Launch 

ESCAPADE has established a very flexible posture 

for rideshares to launch. The mission may be launched in 

any of four rideshare configurations, including (1) Di-

rect-to-Mars rideshares, (2) Sun Synchronous Orbit 

rideshares with an additional boost, (3) General Earth or-

bit rideshares with a potential boost, and (4) other 

rideshare opportunities, such as lunar flybys. 

 To support many potential launch opportunities, ES-

CAPADE has opted to design towards a general-purpose 

orbit raise and plane change strategy to achieve desired 

interplanetary trajectory targets from many different 

starting orbits. This strategy expects the primary mission 

be launched into an Earth orbit prior to August 15, 2024 

within a specified range of orbit orientations and sizes. 

Additionally, the design assumes the launch vehicle can 

boost both ESCAPADE spacecraft into a large orbit with 

period greater than or equal to 1.6 days. The orbit raise 

strategy includes several revolutions in large Earth orbits 

(between 3-day and 10-day periods) which culminates in 

one large (25-day or higher orbit) in which necessary 

plane change adjustments are made to align the space-

craft trajectory with outbound targets. Finally, the 
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spacecraft perform their trans-Mars injection burn (TMI) 

to depart Earth and begin the interplanetary trajectory. 

 

6.2 Spacecraft Checkout 

The ESCAPADE mission expects that the spacecraft 

checkout will be very quick, given that the Photon bus is 

designed to be the upper stage of a launch vehicle.  The 

mission plan calls for one spacecraft to execute its first 

burn 4-5 days after launch and the other spacecraft to fol-

low ~2 days later.  Every scenario permits many more 

days in case the checkout discovers an off-nominal con-

dition on one or both of the spacecraft. 

The reference mission places both spacecraft in a 1.6-

day orbit about the Earth.  The Blue spacecraft executes 

its first orbit raise maneuver after three revolutions, ap-

proximately 4.8 days after launch.  The Gold spacecraft 

follows on the next revolution, approximately 6.4 days 

after launch.  Either may be delayed up to six days if 

needed and be considered nominal. 

 

6.3 Orbit Raise 

The orbit raise component of the reference mission 

serves several important purposes. The foremost reason 

is to increase the spacecraft orbit sizes to accommodate 

large changes in plane and to decrease the necessary ΔV 

required to execute the TMI burn. Additionally, the orbit 

raise provides a means of phasing the spacecraft such that 

they execute TMI on the correct dates given a variable 

injection date from the launch vehicle. Finally, spending 

time in larger orbits incurs fewer passages through 

Earth’s Van Allen belts. 

 

6.4 Plane Change 

It is crucial that the spacecraft arrive at their TMI 

dates with proper orbit orientation so that the TMI burns 

are as efficient as possible. To allow this, the final, largest 

orbit in the sequence between launch and TMI is very 

large, with apogee altitude greater than 1 million kilome-

ters. This allows for very efficient plane changes near ap-

ogee. This final orbit can look very different depending 

on the orientation of the initial orbit. However, in general 

the plane change maneuvers taking place near apogee of 

the final orbit cost between 0 and 100 m/s. 

 

6.5 Trans-Mars Injection 

The TMI maneuvers are designed to be approxi-

mately centered about perigee and boost the velocities of 

each spacecraft by approximately 600 m/s, depending on 

the launch scenario.  They are inertially-fixed maneuvers 

and target the hyperbolic state vectors summarized in Ta-

ble 1. These vectors are represented in the Earth-centered 

EME2000 coordinate frame. The time of day of each 

TMI will be updated with DSN involvement as ESCA-

PADE gets closer to launch, with the expectation that the 

time of day will permit a rapid acquisition by the DSN 

shortly after the maneuver. 

 

 

 

Table 1: ESCAPADE post-TMI targeted States 

 

 

7. Interplanetary Cruise Phase 

 

The interplanetary cruise phase begins after both 

spacecraft have executed their TMI maneuvers and are 

on hyperbolic escapes from the Earth. The Blue space-

craft performs TMI first (TMI-B), but arrives at Mars 

second, creating trajectories such that the MSPA con-

straint and Mars B-Plane targets are satisfied for a low 

total trajectory correction maneuver (TCM) budget. 

 

7.1 Interplanetary Cruise with Multiple Spacecraft Per 

Aperture 

Figure 2 illustrates ESCAPADE’s interplanetary 

cruise. The two spacecraft depart Earth toward the bot-

tom-right and arrive at Mars on the left-hand side of the 

figure. MSPA is achieved about a month before the time 

of TCM-3 and is satisfied for the rest of the flight until 

Mars. 

Figure 3 illustrates the Blue-Earth-Gold angle over 

time during the interplanetary cruise to show when the 

DSN can use MSPA to communicate with both space-

craft in the same aperture.  The threshold within which 

MSPA closes the link budget is higher earlier in the trans-

fer and smaller later in the transfer, but the 0.08 deg is a 

good first estimate for when MSPA may be achieved.  

One can see that the interplanetary cruise achieves MSPA 

shortly after three months into the cruise and retains it 

until MOI.  Once at Mars the angular separation of the 

spacecraft shrinks and MSPA is available. 

 

 

Parameter Blue Gold 

Epoch (ET) 
10/1/24 

12:00:00 

10/3/24 

12:00:00 

V∞, km/s 3.34498 3.34464 

Right Ascension of the 

Launch Asymptote, deg 
102.885 102.332 

Declination of the 

Launch Asymptote, deg 
16.367 16.482 

Clock Angle, deg -100.955 -100.807 

Radius of Periapse, km 7000 7000 

True Anomaly, deg 30 30 
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Figure 2. ESCAPADE’s Interplanetary Cruise 

 

 

 
Figure 3. The angle between each ESCAPADE 

spacecraft and the Earth, to evaluate the timeline 

when MSPA is available with the DSN. 

 

 

7.2 Trajectory Correction Maneuvers 

 

Seven TCMs are scheduled for each spacecraft during 

the cruise. TCM-1 is conducted nine days after the corre-

sponding TMI; it will target the same TMI targets and 

therefore remove most of the TMI maneuver execution 

error.  TCM-2 will be conducted approximately 3 weeks 

later, but such that both TCM-2B and TCM-2G are con-

ducted two hours apart. This is desirable for the mission 

operators so that they may support both maneuvers in the 

same shift. In the same way, the two TCM-3s and the two 

TCM-4s are performed two hours apart. TCM-2 is per-

formed if necessary to achieve MSPA early in the cruise. 

TCM-3 is the only large deterministic maneuver in the 

cruise; its purpose is to bring the two spacecraft together 

in an MSPA perspective until MOI. TCM-3 nominally 

transfers both spacecraft 96% of the way to the MOI tar-

gets; it holds back those final 4% in order to efficiently 

accommodate maneuver execution errors and to avoid in-

tersecting the delivery covariance with Mars’ impact disk. 

TCM-4 completes the shift to the MOI targets and cleans 

up the delivery dispersions from TCM-3.  TCMs 5, 6, and 

7 are stochastic maneuvers that are used to refine the tra-

jectory and target the MOI corridor. 

 

 

Table 2: ESCAPADE TCM Strategy 

 
Mars B-Plane 

Target 

Burn Epoch Delta-

V, m/s 

TCM-1 TMI TMI + 9 days ~23 

TCM-2 TMI TMI + 30 days ~5 

TCM-3 96% of MOI 
Blue: 2/25/25 

Gold: 2/25/25 

22.0 

23.0 

TCM-4 MOI 
TCM-3 + 30 

days 

1.4 

1.3 

TCM-5 MOI MOI – 40 days ~0.1 

TCM-6 MOI MOI – 14 days ~0.05 

TCM-7 MOI MOI – 4 days ~0.05 

 

7.3 Arrival at Mars 

Figure 4 illustrates the B-Plane targets for each TMI 

and each TCM, relative to Mars’ Sphere of Influence 

(SOI) and impact disk. The initial TMI targets are well 

outside the Mars SOI due to the geometry needed to 

achieve MSPA with respect to ground stations on Earth. 

TCM-3 targets 96% of the burn needed for the desired 

MOI B-Plane parameters and TCM-4 aims precisely at 

the desired MOI B-Plane targets. TCMs 5 and 6 are avail-

able for any final cleanup maneuvers needed before MOI. 

The Gold spacecraft arrives at Mars first, with an antici-

pated first close approach and MOI maneuver on 1-Sep-

2025. Next, the Blue spacecraft makes its first close ap-

proach and MOI maneuver on 3-Sep-2025. 

 

8. Mars Orbit Insertion 

 

The Mars Orbit Insertion (MOI) Phase begins ap-

proximately one month before arrival at Mars.  The two 

spacecraft enter a moratorium such that all attention is 

focused on executing the MOI safely. The Gold space-

craft arrives at Mars 48 hours before the Blue spacecraft 

and each target an MOI Corridor that is centered about a 

nominal aimpoint 450 km above the surface. A thrust arc 

centered around this passage is used to capture into an 

elliptical orbit, aiming for a period of ~60 hours, with 

variation due to maneuver execution. This insertion orbit 

is much smaller than it was in previous versions of ES-

CAPADE’s design, given that the maneuver is now con-

ducted with a chemical propulsion system. The maneuver 

is modeled and executed as an inertially pointed burn. 

The capture orbit is designed to accommodate all maneu-

ver execution errors and also retain a large apoapse radius. 

The large apoapse radius permits early instrument check-

out as the instruments pass into the pristine solar wind 

each apoapse and the Mars magnetosphere each periapse. 

The MOI Phase is complete when the spacecraft are in 

stable, safe orbits about Mars. 
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Table 3.  ESCAPADE Mars Orbit Insertion Burns 

and Capture Orbits (IAU Mars Pole Frame) 

Parameter Blue Gold 

Burn Start Epoch, ET 
9/3/25 

11:55:16.8 

9/1/25 

11:55:16.1 

Duration (s) 282.75 283.76 

Longitude, α (deg) -0.69 5.21 

Latitude, β (deg) -76.66 -75.79 

Period (hours) 60.0 60.0 

Radius of Periapse (km) 3845.5 3847.1 

Radius of Apoapse (km) 90,653.6 90,702.9 

Eccentricity 0.919 0.919 

Inclination (deg) 63.60 63.85 

Longitude of Node (deg) 75.12 75.06 

Argument of Periapse 

(deg) 
319.28 318.81 

 

 

9. Orbit Reduction Phase 

 

Once in orbit about Mars, the ESCAPADE spacecraft 

execute several maneuvers to reduce their orbits and es-

tablish safe and stable orbits.   

Following the completion of the orbit insertion ma-

neuvers, the spacecraft coast in orbit around Mars for two 

weeks. Each spacecraft then performs an apoapse reduc-

tion maneuver (ARM) at the following periapse, coast for 

two additional weeks, then perform a periapse reduction 

maneuver (PRM) at apoapse.  

Each ESCAPADE spacecraft has its own associated 

targets for ARM and PRM. As with the orbits targeted 

during the orbit insertion phase, these targets are in prep-

aration for downstream operations. Table 4 provides the 

targets for each maneuver on each spacecraft, as well as 

the reference burns used to achieve these targets. The 

ARMs target an orbital period while the PRMs target a 

periapse altitude, assuming the radius of Mars is 3396.19 

km at all points. For each of these maneuvers, the burn is 

performed in an inertially fixed direction.  

 

Table 4.  ESCAPADE PRM & ARM Targets with 

Reference Thrust Arcs 

Burn Burn Start   

(Ephemeris 

Time) 

Burn 

Dura-

tion 

Delta-

V 

(m/s) 

Target    

ARM-B 9/18/25 

07:59:46.8078 

18.19 s 50.926 Period 

50 hours 

ARM-G 9/19/25 

07:13:21.4533 

24.92 s 70.039 Period 

40 hours 

PRM-B 10/2/25 

00:06:48.4297 

3.31 s 9.372 Ha:  

165 km 

PRM-G 10/2/25 

16:20:07.6382 

3.71 s 10.604 Ha:  

155 km 

 

This sequence’s design is motivated by three influ-

encing factors. First, the orbits must not intersect so that 

the spacecraft have no chance of collision. This is 

achieved by ensuring that Gold’s orbit is fully encapsu-

lated by Blue’s orbit, in periapse and apoapse, sufficient 

to support expected maneuver execution errors. Second, 

the orbits must be safe in the presence of gravitational 

perturbations; the orbits shown here do experience grav-

itational perturbations such that the periapses rise over 

time during the quiescent coasting period. This achieves 

safety in a successful manner. Third, the orbits pass 

through the lower ionosphere and extend into the pristine 

solar wind during this coast period. This is important to 

test out and calibrate the instruments and to collect early 

scientific observations from this orbit. 

 

10. Transition to Science Formation Phase 

 

Figure 4. ESCAPADE Blue and Gold B-Plane targets for TMI and TCMs, relative to the IAU Mars 

Pole coordinate frame. 
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Following the end of the solar conjunction, the space-

craft enter the Transition to Science Formation (TSF) 

phase. The TSF phase involves lowering the apoapse and 

periapse (which will have risen during the solar conjunc-

tion due to perturbations) to the level of the science orbit 

(nominally 8,400 km and 160 km of altitude, respec-

tively), inserting the spacecraft into matching orbital 

planes and targeting a desirable leader-follow profile. 

Following the completion of the TSF phase, the orbital 

period of the spacecraft must be nearly identical to main-

tain a near-constant following duration. The spacecraft 

must also have very similar periapsis altitudes (within 10 

km) so that they are sampling similar spaces above Mars, 

which also necessitates that they have very similar eccen-

tricities. The orbital planes must be identical to within 1 

degree following the completion of the TSF phase. Fi-

nally, it is desirable for the spacecraft to be approxi-

mately 30 minutes apart in their leader-follower arrange-

ment initially, with Blue as the lead. The TSF phase is 

composed of either 8 or 9 burns, with each being depend-

ent upon the results of prior burns as the spacecraft work 

towards both the target orbit and the leader-follower ar-

rangement.  

 

10.1 TSF-G1, TSF-B1 and TSF-B2 

The first maneuver of the TSF phase is performed by 

the spacecraft with the larger longitude of node, includ-

ing an offset for the Gold spacecraft; the reasoning for 

this offset is given below. For the nominal case, and thus 

the case discussed herein, it is therefore determined that 

the first Gold TSF burn (TSF-G1) come before the first 

Blue TSF burn (TSF-B1). 

TSF-G1 is performed near the first periapse following 

the completion of the coasting period which covers the 

solar conjunction. This burn reduces the apoapse by 75% 

of the difference between the apoapse altitude before the 

burn and the nominal science apoapse altitude. Only 75% 

of the difference is targeted to avoid reducing past the 

science apoapse while accounting for maneuver execu-

tion error. Following the burn, the remaining change nec-

essary to reach the target will be determined and covered 

by a later burn. The burn is also set to reduce the differ-

ence in argument of periapse (AoP) between the space-

craft by 80% and to bring the inclination of the orbit 80% 

closer to a target value between 65 and 75 degrees. These 

changes are only made fractionally to prevent over-cor-

rection and to provide opportunities to continue modify-

ing the parameters in later maneuvers, thus being more 

efficient with fuel overall especially in the presence of 

maneuver execution errors. 

Following the lowering of the Gold apoapse altitude, 

a negative rate of change is introduced to the longitude of 

node due to spherical harmonic perturbations. It is for this 

reason that Blue occupied the lower altitude of apoapse 

prior to the start of the TSF phase, and that the order of 

burns in this segment of the phase is determined in the 

manner described above. TSF-B1, which aims to lower 

the apoapse altitude by 96% of the difference to the tar-

get, introduces a negative rate of change to the longitude 

of node with greater magnitude than that introduced to 

the Gold orbit by TSF-G1, as the resulting apoapse alti-

tude is lower. It is therefore necessary that the Gold lon-

gitude of node be lower than the corresponding value for 

Blue by some margin when TSF-B1 is performed, so that 

each spacecraft will soon have the same longitude of 

node value; this matching time will be the execution time 

of a later maneuver within this phase. 

TSF-B1 also aims to reduce the difference in AoP be-

tween the spacecraft by 60%, and to move the Blue or-

bital plane 70% towards the target inclination. 

The second burn in the TSF phase performed by the 

Blue spacecraft, TSF-B2, is performed at the first 

apoapse passage at least 8 days following TSF-B1 and 

aims to lower the Blue spacecraft periapse to the target 

altitude. It also continues to adjust the orbital plane, aim-

ing to reduce the difference in AoP between the space-

craft by 20% and to move the Blue inclination 94% to-

wards the target inclination. 

 

10.2 Lead Time Targeting 

The remaining burns work to target the desired 

leader-follower arrangement while inserting the space-

craft into the desired orbit. The first burn in this section, 

TSF-G2, is designed to match the rate of change of the 

longitude of node between the two spacecraft when the 

longitude of node values are within 0.37 degrees. This is 

accomplished by lowering the Gold apoapse altitude so 

the semi-major axes (the factor which determines the rate 

of change imparted upon the longitude of node by spher-

ical harmonic perturbations) of the two spacecraft are the 

same. It must be assumed that TSF-B2 accomplished the 

periapse reduction perfectly, as it is likely to be necessary 

to perform TSF-G2 too soon after to retrieve data on the 

performance of that burn. 

TSF-G2 is performed when the Blue lead time is be-

tween 130 and 270 minutes, and continues adjusting the 

AoP and inclination, targeting a 50% reduction in AoP 

difference and 30% towards the target inclination. Fur-

ther changes in the semi-major axis of each spacecraft 

following the completion of this burn will be small 

enough that the rate of change of the longitude of node 

will not change significantly.  

TSF-B3 and TSF-G3 continue to lower the apoapse 

altitudes of the spacecraft; these maneuvers do not ac-

count for lead times. TSF-B3 is performed at the first 

Blue periapse to occur at least 5 days after TSF-G2. It 

aims reduces the apoapse altitude 70% to the science tar-

get, reducing the difference in AoP between the space-

craft by 100% and bringing the inclination 100% to the 

target. Following TSF-B3, the lead time will rise slowly 

as the Blue orbit is slightly smaller. TSF-G3 is performed 

at the first Gold periapse at least 1 full day after TSF-B3 
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and reduces apoapse altitude approximately to the sci-

ence target. It also seeks to completely eliminate any re-

maining difference between the spacecraft AoP and to 

bring Gold to the target inclination. 

Following the completion of TSF-G3, Blue has a per-

iapse altitude approximately at the science target while 

Gold has an apoapse altitude approximately at the science 

target. The Gold periapse altitude and Blue apoapse alti-

tude are both very close to the respective science targets. 

There should be a small positive rate of change in the lead 

time. 

TSF-G4 is performed at the first apoapse at least 5 

days after TSF-G3 with the lead time no more than 400 

minutes. This maneuver drops the Gold periapse altitude 

to the science target (and cleans up any errors remaining 

in AoP and inclination).  

Following TSF-G4, the lead time rate of change 

should be negative (as the Gold satellite has a smaller 

semi-major axis) with a large enough magnitude to meet 

the requirements for TSF-B4 described below within a 

couple of weeks, before the epoch intended for the start 

of the science phase. However, some simulations with er-

ror introduced to burn performance have produced results 

in which this magnitude is small, meaning it would take 

a long time to meet these requirements. In these cases, it 

would be necessary to insert a burn between TSF-G4 and 

TSF-B4, which would bring the maneuver count to 9 for 

that scenario. This additional maneuver uses the nitrogen 

gas RCS system and works to increase Blue’s orbit to in-

crease the rate of change of the lead time. 

Changes in Blue lead time are dictated by the orbital 

periods of the spacecraft. Following TSF-G4, both space-

craft should have periapse altitude at the science target, 

the Blue apoapse altitude should be higher than the sci-

ence target, and the Gold apoapse altitude should be at 

the science target. Blue should therefore have the larger 

semi-major axis and larger period, causing the lead time 

to shrink. In cases where the lead time does not shrink or 

shrinks at a very slow pace, it must be the case that, due 

to maneuver errors, one of the three apsis altitudes which 

should be at the science target has missed its mark, or the 

Blue apoapse altitude reached the science target earlier 

than intended. This error causes the spacecraft to have 

similar periods, and the lead time remains relatively con-

stant. 

An extra burn inserted to correct this issue before 

TSF-B4 to ensure the spacecraft reach the science orbit 

prior to the intended start of the science phase can there-

fore be on either satellite, depending upon which of the 

above-described errors is causing the issue. If one of the 

Gold apses has an altitude significantly above the science 

target, a small burn could be performed to correct that 

issue. If the Blue periapse altitude is significantly below 

the science target, a correction burn could be performed 

to correct that issue. Finally, if all three of those apsis al-

titudes are within some tolerance of the science target, a 

burn could be performed to raise the Blue apoapse alti-

tude by some amount, increasing the Blue period and 

causing the lead time to shrink. After collecting infor-

mation on the results of TSF-G4, if the lead time is not 

decreasing at a rapid enough rate, the performance of one 

of these correction burns should clean things up so that 

TSF-B4 can be performed before the science phase is 

slated to start. 

TSF-B4 is performed at the first Blue periapse follow-

ing TSF-G4 (or TSF-G5) at which the lead time is be-

tween 24 and 40 minutes. This maneuver lowers the Blue 

apoapse to the science target (and completes cleanup of 

AoP differences and inclination targeting). Following the 

completion of this final maneuver, both spacecraft should 

have the same orbit shape and plane. Being in the same 

orbit, the spacecraft should have the same orbital period 

and the lead time should be constant. Time profiles of the 

orbital shape and plane specifications for each spacecraft 

and the lead time during a nominal run through the TSF 

phase are shown in Figures 5 – 7. 

 
Figure 5. The TSF Phase’s nominal timeline for peri-

apse and apoapse radii. The red lines are the science 

orbit targets; blue and gold correspond with the ap-

propriate spacecraft. 

 
Figure 6. The TSF Phase’s nominal time profile for 

the argument of periapse, inclination, and longitude 

of node, all in the IAU Mars Pole coordinate frame, 
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achieving the same orbital geometry at the start of sci-

ence. 

 
Figure 7. The TSF Phase’s nominal timeline for the 

duration that Blue leads Gold in orbit about Mars. 

 

 

11. Primary Science Phase 

 

Once the two spacecraft are in their leader-follow ar-

rangement then Science Campaign A may begin. This 

continues for six months, followed by a transition to 

Campaign B, and five months for Campaign B. The nom-

inal campaign orbits are illustrated in Figure 8 and lead 

duration profile in Error! Reference source not 

found.9. 

 

 
Figure 8.  The nominal science orbits for Campaigns 

A and B 

 

 

 
Figure 9. The relative spacing between Blue and Gold 

during Science Campaign A. 

 

One notices that the relative spacing between Blue 

and Gold drifts past zero several times. Substantial effort 

has been made to ensure that the two spacecraft will not 

collide as they pass one another. Their orbital planes are 

intentionally different in their longitude of ascending 

node by 0.4 degrees +/- 0.3 deg, which permits separation 

in their paths in space. If a prediction shows that they will 

get close then a small maneuver will be executed to add 

more difference in their nodes, which may be performed 

at any time. 

 

11.1 Campaign A 

The two spacecraft will be in approximately the same 

orbit during Campaign A, with Blue leading Gold by an 

amount of time that varies between 0 and 30 minutes. The 

spacecraft each maintain their periapse passages to pass 

through a maximum density between 0.06 and 0.20 

kg/km3 as predicted by MarsGRAM 2010. The density 

observed may be higher or lower than that, but the corri-

dor is defined by the density model. Campaign A contin-

ues for six months in the reference mission. 

 

11.2 Transition to Campaign B 

The transition from Campaign A to Campaign B in-

volves one spacecraft raising its apoapse and the other 

spacecraft lowering its apoapse. Both spacecraft execute 
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a maneuver at periapse in the velocity or anti-velocity di-

rection to raise or lower their apoapsis with Gold’s tran-

sition occurring two days after Blue’s. From this point 

forward, the spacecraft are managed independently. 

 

11.3 Campaign B 

Mars’ J2 effect will influence the two spacecraft orbits 

differently, once they have different semi-major axes and 

eccentricities. Thus, the relative node of the two orbits 

will grow, as will the relative location of their periapses. 

As they drift apart, they will be able to sample spatially 

different regions of the Mars state space simultaneously. 

Their periapse altitudes will continue to be maintained 

via bi-weekly stationkeeping maneuvers to achieve the 

desired density corridor. They will continue to sample 

ionosphere states, but the relative local solar time of those 

samples will vary. Campaign B lasts for five months 

nominally. 

Figure 10 illustrates the Primary Science Phase in-

cluding both Campaign A and B. 

 

12. Decommissioning 

 

At the end of the mission both spacecraft will be de-

commissioned according to NASA policy.  This involves 

communicating their final states to the NASA planetary 

protection office as well as the Mars community.  Their 

orbits will naturally degrade over time and will eventu-

ally enter the Martian atmosphere.  The ESCAPADE 

planetary protection plan does not require prevention of 

this; rather, it involves maintaining a sufficiently low 

number of spores and ensuring that the probability of any 

of them surviving the Mars atmospheric entry, break-up, 

burn-up, impact, and subsequent life on the surface of 

Mars is sufficiently low. 

 

13. Maneuver Summary and DV Budget 

 

The details of the DV budget require far too much de-

scription to fit within the scope of this paper, yet a sum-

mary description is provided here. 

The baseline launch involves seven maneuvers for 

each spacecraft. The Earth Burn Number 1 (EBN-1) is 

performed by the launch vehicle upper stage, placing the 

spacecraft in a 1.6-day orbit or higher. The remainder of 

the burns include: 

• EBN-2 (Earth Burn Number 2): raises the apogee, 

targeting an orbital period near 6 days.  

• EBN-3 (Earth Burn Number 3): raises the apogee, 

targeting a large orbit of 25 or more days.  

• OCM-1 (Orbit Correction Maneuver 1): cleans up 

navigation errors after EBN-3. 

Figure 10.  ESCAPADE’s orbit profile for the primary science mission. 
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• EBN-4 (Earth Burn Number 4): first of two oppor-

tunities to change the plane. 

• EBN-5 (Earth Burn Number 5): second of two op-

portunities to change the plane. 

• OCM-2 (Orbit Correction Maneuver 2): cleans up 

navigation errors and targets the TMI state. 

• OCM-3 (Orbit Correction Maneuver 3): cleans up 

navigation errors and targets the TMI state. 

• TMI (Trans-Mars Injection): targets the interplane-

tary cruise 

The OCM-3 maneuver uses the RCS system; the oth-

ers are main engine burns for a total of at most 7 main 

engine burns. If the launch is better suited then fewer ma-

neuvers are required, down to even zero for aa direct-to-

Mars rideshare. 

The interplanetary cruise involves six TCMs per 

spacecraft.  TCM-1 and TCM-3 are expected to be main 

engine burns; the others are RCS maneuvers. TCM-3 is 

the deterministic maneuver that is used to bring the two 

spacecraft into MSPA early in the cruise.  It is small 

enough to permit RCS to clean up maneuver execution 

errors. 

The Mars Orbit Insertion is the 10th allocated main 

engine maneuver. 

The Orbit Reduction Phase uses two main engine 

burns for each spacecraft, ARM and PRM. 

The Transition to Science Formation Phase involves 

four main engine burns on each spacecraft and a contin-

gency RCS maneuver if necessary: TSF-1 through TSF-

4. 

The Science Phase involves one main engine burn to 

transition from Campaign A to Campaign B, as well as 

many RCS stationkeeping maneuvers.  

The DV allocations for each phase are summarized in 

Table 5, including contingency allocations. The contin-

gency allocations have been developed from a worst-case 

contingency in each phase. The worst-case contingency 

for the Launch and Orbit Raise Phase involves missing 

EBN-3 and executing it six days later. The worst-case 

contingency for the Interplanetary Cruise Phase involves 

recovering from a 5-minute restart during one of the 

TMIs (not both). The worst-case contingency for the Or-

bit Reduction and Transition to Science Phase involves 

recovering from a 5-minute restart during one of the 

MOIs (not both).  One can see that there is substantial 

propellant and N2 margin aboard the spacecraft, even 

with a worst-case launch scenario, in the presence of all 

contingencies. This is good because most extended sci-

ence missions require N2 for operations. 

 

 

 

 

 

 

 

 

Table 5.  ESCAPADE DV Budget 

Phase 
DV 

(m/s) 

Initial 

Mass 

(kg) 

Prop 

Mass 

(kg) 

N2 

Mass 

(kg) 

Orbit Raise 466.24 524.50 72.862 0.408 

Obit Raise 

Contingency 
40.00 461.87 5.879 0.000 

TMI 600.00 448.50 78.406 0.000 

TCMs 86.49 370.09 9.884 1.457 

TCM Contin-

gency 
15.00 363.06 1.740 0.000 

MOI 731.38 357.01 74.551 0.000 

Orbit Reduc-

tion 
598.62 282.46 49.275 0.189 

Reduction 

Contingency 
10.00 233.17 0.746 0.000 

Science A 17.75 232.25 0.967 2.648 

A-->B 65 228.64 4.710 0.000 

Science B 1.136 223.92 0.000 1.185 

Margin   2.370 4.770 

Total 2631.61  310.000 12.000 

 

 

14. Summary 

 

The ESCAPADE mission design described here 

demonstrates the sequence of design phases that are 

needed to accept two independent spacecraft from a 

rideshare launch that could be as inconvenient as a Sun 

Synchronous orbit and yet transfer both spacecraft to two 

different science campaigns at Mars. The design pre-

sented here minimizes operational complexity where 

possible given the needs of the mission. The choreo-

graphed sequence of maneuvers needed to safely and ro-

bustly place the two vehicles into the same science orbit 

without risk of collision is designed to be supported by 

one navigation team with efficient timetables between 

each navigation design. ESCAPADE’s science will be 

the first dedicated multi-point scientific investigation 

conducted about another planet. 
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