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Mars Oracle is a sample return mission plan utilizing several untried technologies in Martian exploration: 
the acquisition of indigenous water vapor and carbon dioxide, the vortex rocket, and the drilling micro-
rover with an extremely high instrumentation-to-mass ratio. The idea is to deploy said rover so it drills 
below the surface in multiple sites in a 50-meter radius around the return vehicle. The samples are then 
brought back to the return vehicle, which then blasts off from the surface on a direct-return Type 1 
trajectory to Earth. 
 
The mission architecture is primarily derived from the work done by Pioneer Astronautics on the reverse 
water-gas shift (RWGS) and ethylene reactions, and by the University of Washington on the Water Vapor 
Adsorption Reactor (WAVAR). In this ISRU scheme, some of the Martian atmosphere is cooled in a 
freezing chamber and all dust and other gases filtered out. The remaining pure CO2 is then reacted with 
hydrogen generated from atmospheric water vapor to produce ethylene and oxygen. Both propellants are 
then combusted in a vortex-cooled rocket engine to produce thrust for the ascent. The Isp of this 
propellant combination in this specific engine type is 376 seconds.  
 
Mars Oracle uses two vehicles: a return vehicle (Delphi) and a tracked micro-rover (Socrates). The latter 
is small enough to be carried on the former, and both are launched together on one booster and cruise 
stage. Socrates is based upon design studies done for the European Space Agency which gave birth to 
the Nanokhod and MRoSA2 rover concepts. Like the latter, Socrates is capable of reconfiguring itself 
from a roving position to a drilling position. It gets its extremely high instrumentation-to-mass ratio from a 
tether that transfers electrical power and telemetry from the return vehicle, thus cutting out the need for 
separate solar panels, batteries, and antennas.  
 
The mission will use proven technologies and off the shelf or derived hardware throughout to keep 
development and qualification costs to a minimum. However, some technologies do need to be 
developed and/or qualified as flight hardware, such as the WAVAR, the RWGS and ethylene reactors, the 
drilling micro-rover, and the vortex rocket. The author is convinced that the mission can be done with a 
$613 million budget and a four-year development schedule. 
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Introduction 
 
Sample return from any planetary body is particularly attractive because of the expense required to 
launch any mass from Earth, which limits available payloads to small-scale laboratories such as the one 
planned for the Mars Science Laboratory rover. Robotic laboratories can only do so much, due to design 
limitations imposed by the lack of space and the long wait between command cycles (it takes 20-40 
minutes for radio waves to complete a round trip between Earth and Mars). Instead, if a rover can gather 
samples and discern the ones most worthy of taking back to Earth, a battery of tests can be run on these 
samples in a super-clean laboratory that would exceed the capabilities of any Mars rover alone, as long 
as the samples are kept as pristine as possible. 
 
The NASA-ESA baseline sample return mission consists of an ascent vehicle touching down on the 
surface with a rover on board. After taking its fill of samples, the rover deposits them into the ascent 
vehicle, which then blasts off to a rendezvous with an Earth-return spacecraft in Mars orbit. There are 
many undesirable characteristics of this plan, not least of which is the choice of orbital rendezvous over 
direct return. Even in alternative plans employing direct return, methane/LOX is envisioned as the ascent 
propellants, which would require the use of liquid hydrogen feedstock. In contrast, the Mars Oracle 
mission aims for a radical reduction in cost by the use of several cheap and effective technologies, which 
are listed here in no particular order: 
 
Tethered Drilling Micro-Rover: Based on design studies done for the European Space Agency, it was 
selected because a rover that moves under its own power would be too heavy and cost-ineffective for a 
certain sample-gathering radius. It carries a drill that can burrow up to two meters into regolith and a few 
centimeters into rock, along with sample-analyzing instrumentation. 
 
Pistonless Pump: Traditional propellant management methods leave much to be desired. Turbo-pumps 
are heavy, costly, and hard to design, while pressure-fed systems are just as heavy and complex and 
prone to catastrophic failure. The pistonless pump costs one-tenth as much as an equivalent turbopump, 
is half the weight, and has roughly equal performance. It enables the use of high-pressure combustion 
chambers with low-pressure tanks.  
 
Vortex-Cooled Chamber Rocket Engine: This rocket engine injects oxidizer into the combustion 
chamber in such a way as to create an outer vortex that travels to the head of the chamber, where the 
fuel is injected. This results in a hot inner vortex of the ignited fuel-oxidizer mixture, which is contained by 
the cool outer vortex. Because the outer vortex prevents the ignited mixture from eroding the chamber 
wall, the engine can be built with materials cheaper than what would be possible in a conventional rocket 
engine. 
 
Water Vapor Adsorption Reactor (WAVAR): The inclusion of the WAVAR removes the need for liquid 
hydrogen brought from Earth, at least for sufficiently-humid areas on Mars.  
 
RWGS & Ethylene Reactors: The combination of liquid ethylene and oxygen produces a maximum 
specific impulse of 376 seconds at an oxidizer/fuel ratio of 2.6. Ethylene makes a better fuel than 
methane because its Isp with oxygen is slightly higher, the O/F ratio is lower, and it can be stored on Mars 
without refrigeration. In addition, ethylene has lower hydrogen content than methane, which reduces the 
amount of water vapor that must be extracted from the atmosphere with the WAVAR. 
 
Parachute-less Earth Landing: The presence of a parachute or parafoil increases mass and complexity, 
which could be allotted for other uses on the return vehicle. Instead, the sample return capsule relies on 
the natural deceleration provided by Earth’s atmosphere to reach subsonic velocities before surface 
impact. The canister is shielded from structural damage by a hard hemispherical shell filled with low-mass 
collapsible foam. 
 
All these design points combined makes Mars Oracle, in the author’s opinion, a relatively light and simple 
sample return mission that can be implemented with a minimum of research and development. 
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Nomenclature 
 
β: Hypersonic ballistic coefficient, Greek letter Beta 
∆V: Also written as delta-V. The change in velocity required to move from one orbit to another 
AEXS: Atmospheric Electron X-Ray Spectrometer 
AIAA: American Institute of Aeronautics and Astronautics 
APXS: Alpha Proton X-Ray Spectrometer 
CCD: Charge Coupled Device, used as “film” in modern digital cameras 
CHAMP: Camera, Hand Lens, And Microscope Probe 
DIAL: Differential Absorption LIDAR 
DSN: Deep Space Network 
DSS: Drilling & Sampling Subsystem 
EDL: Entry, Descent & Landing 
EPR: Electron Paramagnetic Resonance 
ESA: European Space Agency 
Isp: Specific impulse, or how many seconds 1 kg of propellant can cause 1 kg of thrust 
ISPP: In-Situ Propellant Production 
ISRU: In-Situ Resource Utilization 
JPL: Jet Propulsion Laboratory 
LED: Light-Emitting Diode 
LEO: Low Earth Orbit 
LEth: Liquid ethylene, Delphi’s ascent fuel 
LIDAR: Light Detection and Ranging 
LMC: Life-Marker Chip 
LMO: Low Mars Orbit 
LOX: liquid oxygen, Delphi’s ascent oxidizer 
MACDOF: Mars Carbon Dioxide Freezer, concept by Pioneer Astronautics 
MARDI: Mars Descent Imager, built by Malin Space Science Systems 
MER: Mars Exploration Rover (Spirit and Opportunity) 
MIDP: Mars Instrument Development Program 
MJD: Modified Julian Date 
MLI: Multi-Layer Insulation 
MOD: Mars Organics Detector 
MOI: Mars Oxidant Instrument 
MOLA: Mars Orbital Laser Altimeter 
MSL: Mars Science Laboratory 
mT: Metric Ton, equal to 1,000 kg 
NASA: National Aeronautics & Space Administration 
NOOLMR: Nitrous Oxide-Organic Liquid Monopropellant Rocket, concept by Pioneer Astronautics 
NOP: Nitrous Oxide & Propane, bipropellant for descent and landing 
PICA: Phenolic Impregnated Carbon Ablator 
RAT: Rock Abrasion Tool, built by Honeybee Robotics for Sojourner, Spirit, and Opportunity 
RCS: Reaction Control System 
RHU: Radioisotope Heater Unit 
ROXI: Radicals and Oxidants Instrument 
RWGS: Reverse Water Gas Shift 
SAIU: Sample Analysis & Integration Unit 
SHERPA: Strap-on High-altitude Entry Reconnaissance & Precision Aeromaneuver 
Sol: Martian day, 24 hours and 37 minutes long 
TCM: Trajectory Correction Maneuver 
TEI: Trans-Earth Injection 
TMI: Trans-Mars Injection 
WAVAR: Water Vapor Adsorption Reactor 
WEB: Warm Electronics Box 
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1: Mars Oracle Design Process 
 
1.1: Overview 
 
The specific design process that was used for Mars Oracle is shown here. Per the criteria that the MSR 
contest laid out, the emphasis is on robustness and cost-effectiveness. Cost-effectiveness means, in the 
author’s mind, not just simple, relatively low-mass solutions, but also a minimum of research and 
development. The more cost-effective the mission is, the less time it will take to build and execute it. This 
chapter covers several factors that went into the final design, which are: 
 

• The difficulties of getting a payload safely onto the Martian surface, and the choice of EDL system 
• Choice of rover type and size. This greatly impacts the cost-effectiveness of the mission, as well 

as its radius of activity. 
• The decision to use propellants wholly derived from Martian indigenous materials so the vehicle 

does not have to use any terrestrial feedstock or fuel whatsoever. 
• The decision to use a direct-return trajectory over the comparatively complex and failure-prone 

orbital rendezvous strategy. 
 
These factors pushed the overall paradigm towards a considerably lighter and simpler design than the 
NASA-ESA baseline. A lighter vehicle would be much easier to land on Mars, and require less 
manufactured propellant to return to Earth. Because it is difficult to extract water vapor and thus hydrogen 
from the atmosphere, this makes ISPP easier. 
 
1.2: EDL Parameters 
 
From a systems engineering perspective, entry, descent, and landing on Mars is fraught with significant 
challenges. These stem from Mars’s thin atmosphere, which prevents a straightforward solution. For 
instance, a spacecraft can land on any low-gravity, airless body such as the Moon, Mercury, and the 
asteroids with only retro-rockets. On the other end of the spectrum, the atmosphere of Venus is so thick 
that no parachutes are even needed. Mars falls in the unfortunate middle ground, where its tenuous 
atmosphere and considerable gravity prevent the easy use of retro-rockets (the behavior of an engine 
plume moving into an atmosphere at supersonic speeds is currently unknown). Therefore, an entering 
spacecraft must employ a number of technologies within a short time frame in order to touch down safely, 
thus restricting the available onboard volume for a payload. 
 
Compared to Earth’s, Mars’s atmosphere is about 1 percent. As a result, Mars entry vehicles decelerate 
at much lower altitudes (due to a sharper gradient), leaving much less time to prepare for landing. Mars 
has what geologists call a “bi-modal” surface, meaning that there is a sharp difference in mean elevation 
between two halves of the surface. The northern lowlands, Valles Marineris, and the basins of Argyre, 
Hellas, and Isidis are several kilometers lower than the datum. Landing a payload is much easier in these 
areas because of the extra vertical distance and increased atmospheric density. For this reason, no Mars 
mission to date has landed above -1.3 km MOLA.  
 

Table 1.1: Approximate Aeroshell β and Mass Constraints as a Function of Landed Site Elevation 
 

Surface Elevation 
(km MOLA) 

Maximum β (kg/m2) Landed mass for 2.65 
diameter aeroshell (kg) 

-2.0 160 350 
0.0 135 300 

+2.0 115 250 
(Reproduced from Braun, Manning, [ ]) 
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As shown in Table 1.1, the lower the elevation, the higher the mass that can be landed with an aeroshell 
of any size. These numbers are for one-way missions, so the EDL system for a two-way mission could be 
lighter than that for a one-way mission, depending on whether its components are reused. A lighter EDL 
system allows a larger landed mass. 
 
The Martian surface is covered with “chaotic” terrain not found on Earth, and is strewn in some places 
with sharp boulders and pebbles, which further complicates landing operations. As Delphi is a legged 
vehicle with a significant ground clearance, rocks and slopes pose the greatest hazards to its safe 
landing. Descent imagery and multi-canted radar are set to address these problems.  
 
1.3: Choice of Rover Type 
 
One constant of planetary rover engineering has been the ratio of the rover’s payload mass to its total 
mass. Due to the amount of engineering support that must be provided (such as wheels, suspension, 
thermal control, communications, etc), that ratio is necessarily low. Large rovers maximize the payload 
mass that is carried, enabling the maximum science return for any given mission. In a sample return 
context, that can mean deeper analysis of the samples to be loaded into the return capsule. Perhaps the 
biggest benefit a large (MER-class) rover would bring is its ability to cover a much larger distance, 
increasing the number and diversity of samples. It will be best employed when made to explore and 
gather samples from a large area. The ability to drill below the surface is crucial for astrobiological 
investigations, so a large rover would be an ideal vehicle on which to mount such a drill. However, the 
rover’s large mass (140-180 kg) will drive up Delphi’s ballistic coefficient (not to mention costs!), forcing it 
to land at lower elevations. 
 
A small (Sojourner-class) rover would help minimize Delphi’s ballistic coefficient, enabling it to land at 
higher altitudes. However, because of its low payload ratio, such a rover would have room for only a few 
small contact instruments. As a result, the rover is self-limited to a certain radius around the return vehicle 
because the latter has to carry all the analytical instruments. Because of the need for subsurface 
investigation, a Sojourner-class rover is the worst option, unless a way to pack a 2-meter drill inside this 
rover is found. 
 
A Finnish-Russian design and testing group has come up with a new paradigm for how to conduct a 
lander-rover system for the European Space Agency’s Aurora program. Since the low payload mass-total 
mass ratio seems to be an unavoidable constant for any self-powered Mars rover, their design chose to 
eschew self-powering in favor of a lander-powered rover. Such a rover would have an extremely high 
instrumentation-to-mass ratio, including the ability to carry a 2-meter drill system. It receives its electrical 
power and communications through a rewinding tether from the lander (in Mars Oracle’s case, the return 
vehicle), though this comes at the price of limiting its activity to within a certain distance from its parent 
vehicle. A tethered micro-rover would be the perfect way to conduct a sample return mission within a 
limited radius, since it offers in-depth exploration and analysis of the parent vehicle’s surroundings that 
only a large rover can deliver without the cost/risk/mass burden that such a system would incur. Further 
detail on this rover type and its control interface is found in Chapter 5. 
 
1.4: Choice of ISPP System 
 
Past conceptions of the typical sample return mission have used methane/oxygen as the ascent 
propellants, due to the possibility of manufacturing them from indigenous CO2 and liquid hydrogen 
feedstock. It goes without saying that the presence of seed hydrogen makes implementation all the more 
difficult. Although only a small feedstock amount is needed (5% of the finished propellant weight for the 
Sabatier/Electrolysis ISPP scheme), liquid hydrogen is an extreme cryogen and must be heavily insulated 
and refrigerated, which adds to launch mass. Even with active cooling, liquid hydrogen will boil off by a 
perceptible amount before operations begin on the Martian surface. This happens even faster in 
atmosphere, so an excess amount must be brought along on the mission. That, combined with liquid 
hydrogen’s low density (about 70 kg/m3), means that its storage tanks must be large for the amount that 
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is carried, which will take up space that could be discarded to keep mass down or used for other systems. 
 
The problems of hard cryogenic storage, coupled with the necessities of processing and quality control, 
makes a terrestrial hydrogen-based ISRU solution unappealingly heavy and complex for an initial 
mission. A hydrogen-free alternative would be to electrolyze carbon dioxide into carbon monoxide and 
oxygen, but this offers a best-case Isp of 280-290 seconds, much lower than that for methane/oxygen (374 
seconds). In addition, the power needed to electrolyze carbon dioxide is much greater than what the 
Sabatier/water electrolysis process needs, even if plutonium-238 is used to heat the high-temperature 
cells. Carbon monoxide is liquid at 80 K, so its cryocooler power requirements would be much greater 
compared to that of methane. 
 
The WAVAR makes possible the extraction of water vapor from the atmosphere, albeit in small amounts 
and a significant expenditure of power. To minimize the amount of hydrogen used, Mars Oracle will use a 
combined RWGS and iron-catalyzed reactor to produce ethylene and oxygen for the ascent. Ethylene has 
half the hydrogen content of methane, and is storable at Martian temperatures under some pressure, so 
the cryocooling requirement is half that of methane/oxygen.  
 
The percentage of water vapor in the atmosphere is extremely low (0.03% by volume), so the Delphi 
ascender has been designed with as little dry mass as is practical to keep the required amounts of 
produced propellant down. This approach has enormous benefits for other aspects of the mission; a 
lighter vehicle has a much greater selection of landing sites than a heavier one, and the problems of 
transporting liquid hydrogen across deep space and through the heating regime of atmospheric entry are 
eliminated. To further reduce the amount of propellants that must be produced, the Delphi ascender will 
be a two-staged vehicle. 
 
1.5: Orbital Rendezvous vs. Direct Return 
 
This is a no-brainer, since orbital rendezvous will be virtually impossible to test beforehand. To make 
matters worse, prolonged exposure to space can embrittle metals, making a rendezvous after years in 
Mars orbit a potential failure. The command & control problems associated with guiding two satellites 
together from millions of kilometers away, while feasible, are completely unnecessary. In order to avoid 
the embrittlement issue, some plans have suggested that the earth-return orbiter be launched so it 
passes by Mars just as the ascent vehicle blasts off from the surface. This not only unnecessarily adds a 
second launch to the manifest (doubling mission risk); it also would compel the mission controllers to 
send the ascent vehicle up through possibly unfavorable conditions in order to ensure a rendezvous in 
orbit. 
 
In opposition to this “hurrying up to catch the bus” approach, the direct return scenario has the entire 
mission launched on a single medium or heavy booster, depending on the trajectory. This not only offers 
better economics of scale for a multiple-mission campaign (no more than one launch per mission), it also 
is less risky than a double launch. The return vehicle would have to be bigger in order to hold all the fuel 
for a complete trip to Earth, but the booster’s payload fairing will be able to accommodate its larger size. 
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2: Launch and Cruise 
 
2.1: Overview 
 
The Mars Oracle mission is initiated on a single launch vehicle using the most energy-efficient transfer 
orbit possible from Earth to Mars, given the payload mass. A Type 1 trajectory was selected to minimize 
trip time and maximize the mission’s stay time on the surface.  
 
2.2: Choice of Launch Vehicle 
 
The author ultimately selected SpaceX’s Falcon 9 as Mars Oracle’s launch vehicle, which can be 
launched with an interior payload fairing diameter of 3.4 meters (which allows for some mass growth from 
the 2.65m entry capsule). The Falcon 9 is capable of lofting up to 4900 kg to geostationary orbit from 
Cape Canaveral and 5070 kg from Kwajalein Atoll. Therefore, it can impart a high departure velocity to a 
1000-kg payload, allowing for a short trip time. Cost was also a factor in this decision, as the Falcon 9 has 
a projected price tag of $36.75 million for a <3500 kg payload to GTO, and $46.75 million for a trans-lunar 
injection. Based on these numbers, a 1000-kg trans-Mars injection might cost about $50-60 million. 
 

 
(image courtesy of SpaceX) 

 
There is a concern, however, that the Falcon 9 might end up being too powerful for Mars Oracle’s mass. 
Trajectory analyses using the Ballistic Trajectory Planner program showed that a departure C3 of 25 
km2/sec2 resulted in a very high C3 at arrival (see section 2.4), which might cause difficulties with safely 
entering the Martian atmosphere. The BTP software does not seem to take injection stages into account, 
so a less powerful stage could be designed to lower the departure energy. 
 
If the Falcon 9 is not ready in time, the Boeing Delta II, 7000 series can be used instead. It is less 
powerful (900 to 2170 kg to GTO), but has a proven track record for low-cost Mars missions. Pathfinder, 
Spirit, Opportunity, and Phoenix were all launched with the Delta II. Because of its lesser capability, this 
comes at a cost of extending the trip time to Mars, which in turn reduces surface stay time. 
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2.3: Trans-Mars Cruise Stage 
 
The trans-Mars cruise stage, by use of sun sensors and star trackers, keeps the payload on course and 
guides it through the approach corridor prior to detachment. Its design is akin to that of the cruise stages 
that guided Phoenix and the MERs to Mars, with a mass of 193 kg. The cruise configuration is shown 
here in Figure 3.2. 
 

Fig. 3.2: Trans-Mars Cruise Configuration 
(Delphi visible as light gray outline) 

 
(image from the public domain, modified by author) 

 
Like its predecessors, its structure consists of a disk/ring attached to the aeroshell’s narrowest point, with 
ten aluminum ribs/spars holding it together. Two propellant tanks are included for trajectory correction 
and precession maneuvers. The spacecraft is spin-stabilized at 2 rpm during transit, with periodic updates 
to keep the antennas pointed to Earth and the solar panels to the Sun. 
 
2.3.1: Propellant 
 
Hydrazine (N2H4) has been used as a monopropellant in spacecraft RCS systems for a long time, but in 
light of other substances, it is undesirable for any future missions because it is toxic, explosive, and 
expensive to integrate into spacecraft. One such substance is nitrous oxide (N2O), which is a benign or 
“green” space-storable propellant. Its specific impulse is about 180 seconds, which compares unfavorably 
with hydrazine (220 seconds), but with the inclusion of an alcohol or hydrocarbon fuel it can achieve 
higher specific impulses. Pioneer Astronautics has explored this concept for one of its SBIRs with NASA, 
and it appears feasible. The secret lies in N2O’s chemical makeup – each molecule has two nitrogen 
atoms and one oxygen atom. The nitrogen keeps the oxygen unreactive, so it can coexist with other 
substances within the same tank. Once burned, the oxygen dissociates from the nitrogen and reacts with 
the other compound, resulting in an Isp of 300 seconds or more. This monopropellant is also used in the 
spin-stabilization motors inside the backshell (see subsection 3.2.3: Landing). 
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2.3.2: Cruise Solar Power 
 
The Mars Oracle TMCS is similar to these used for Phoenix, Pathfinder, and the MERs, so it is assumed 
to use the same solar panel design. The cells are body-mounted on the face of the cruise stage opposite 
the entry capsule. During transit, the cruise stage is oriented so the solar panels point directly at the Sun. 
Assuming gallium-arsenide cells (the most efficient available) are used, the cruise stage will generate 600 
W of power around Earth, and 300 W once in the Martian system (based on the numbers for the MERs). 
 
2.4: Trajectory & Launch Schedule 
 
As shown on SpaceX’s official Falcon 9 datasheet, the maximum departure energy (C3) of a Falcon 9 
booster carrying a 1000-kg payload (Delphi, entry capsule, cruise stage) is about 25 km2/sec2 when 
launched from Cape Canaveral. This is within the bracket needed for a high-energy Type 1 trajectory to 
Mars. A Type 1 trajectory was chosen to minimize trip time and to maximize stay time on Mars, thus 
making the most efficient use of total mission time. 
 
Trajectory calculations were performed with the Ballistic Trajectory Planner program, which can be 
downloaded for free from www.astrojava.com. This program generates a number of “pork-chop” plots for 
the Earth-Mars transfer windows of opportunity from 2009 and all the following years. Pork-chop plots 
measure the total trip time of any given mission as a function of the modified Julian date (MJD). Each plot 
is split into Type 1 and 2 regions by a line that corresponds to 180 degrees (Type 1 trajectories go less 
than 180 degrees around the Sun while Type 2 trajectories go more than that). Energy-efficient 
trajectories are represented by warm colors (yellow-orange being the best), descending to cooler ones 
(red-violet being the worst).  
 
To calculate a Type 1 trajectory, the user simply clicks anywhere inside the plot below the 180-degree 
line (shown in Figure 2.3a), and the program will automatically compute a visual map of the desired 
trajectory along with the dates and C3 energies of departure and arrival (b). 
 

Figure 2.3: Earth-Mars Trajectory 
 

(a) Pork-Chop Plot   (b) Trajectory Results 
 

 
 

(generated by Ballistic Trajectory Planner) 
 

Assuming the trajectory is optimized for the needed departure energy, a rough estimate of the 
departure/arrival dates was generated. Assuming a C3 of approximately 25 km2/sec2, the Mars Oracle 
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mission could be launched in December 2013 or January 2014. It will arrive at Mars in May 2014 with a 
C3 of 113 km2/sec2. The total trip time is approximately 150 days. A 2013 launch date allows a four-year 
development schedule, assuming it begins in 2009. 
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3: Delphi Return Vehicle 
 
3.1: Overview 
 
Delphi is split in two sections, the lander and the ascender. To avoid confusion, we will refer to the “return 
vehicle” as Delphi in its entirety, and the “ascender” as the section that blasts off from the Martian surface 
once it has received all of the samples. 
 
The return vehicle is patterned after the design of the Viking landers. The ground struts are in a tripod 
configuration for maximum stability on the surface. For the best stability during descent and landing, the 
first-stage propellant tanks are arranged in a row bifurcating the triangular shape of the lander, much like 
the Viking RTGs did. The result is that every component having to do with collecting and analyzing 
samples is on one side of the vehicle, and everything else on the other. Figure 3.1 shows the isometric 
view. 
 

Figure 3.1: Delphi Return Vehicle 

 
(rendering by the author) 

 
3.2: EDL Operations 
 
There are no known factors in Delphi that would push the records set by previous missions. The return 
vehicle operates within performance envelopes made familiar by the Viking qualification program and so 
research into bigger aeroshells and parachutes is likely to be unnecessary. In this way, this mission 
design sidesteps the problems associated with landing a ≥1-mT payload on Mars by using a (relatively) 
lightweight vehicle. 
 
3.2.1: Entry 
 
Delphi can, at the very least, fit inside the 2.65-meter Viking-heritage aeroshell, with its attendant SLA-
561V thermal protection material. Figure 3.2 shows Delphi as it would look like embedded within this 
aeroshell.  
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Figure 3.2: Delphi Return Vehicle inside 2.65m Aeroshell 
 

 
(renderings by the author) 

 
Table 3.1: Entry Capsule Mass Breakdown 

 
Component Mass (kg) Quantity Total 

Payload (Delphi and Socrates) 402 1 402 

NOP Bipropellant 20 n/a 40 

Heatshield 78 1 78 

Backshell 80 1 80 

Supersonic Parachute 90 1 90 

Subsonic Parachute 39 1 19 

  Total: 709 kg 

  Contingency: 10% 

  Grand Total: 779.9 kg 

 
This capsule is capable of hypersonic aeromaneuvering, so unguided landing accuracy will be improved 
to an ellipse of 10 km; an order of magnitude better than the landing ellipses of Pathfinder and the 
Exploration Rovers. A guidance mechanism is needed to achieve error ellipses of 5 km or less. Bob 
Balaram of the Jet Propulsion Laboratory has proposed such a system. The SHERPA (Strap-on High-
altitude Entry Reconnaissance & Precision Aeromaneuver) system employs two moving ballast masses 
on an annular ring mounted inside the heatshield’s nose.  
 
To change the capsule’s trim; the ballast masses shift their positions relative to each other, creating an 
asymmetrical distribution of mass that pulls the capsule into a new orientation. By constantly shifting 
these masses relative to each other over the span of a few minutes, the entry capsule can be kept in an 
orientation that gives it much-needed lift to reach the target site. Both masses can be set 180 degrees 
from each other to give the capsule a trim angle of zero, facilitating supersonic parachute deployment. If 
one mass gets stuck on the ring, its twin is simply moved to the opposite position for safe unguided entry. 
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3.2.2: Descent 
 
The descent phase begins at supersonic parachute deployment. The parachute in question is an 8.9-m 
disk-gap-band, which has already been successfully tested as part of the Viking qualification program and 
has been used in the Exploration Rover EDL system. The graph in Figure 3.3 illustrates the relationship 
between ballistic coefficient (β) and entry performance. Chute-less terminal trajectories are represented 
by the dashed black lines. Mars Science Laboratory’s projected entry trajectory is represented by the 
solid black line. As this graph demonstrates, vehicles with a β of 25 kg/m2 or less do not need supersonic 
parachutes at all while those over 175 kg/m2 or so cannot be landed with existing EDL technologies.  
 

Figure 3.3: Effects of Increasing β 
 

 
(graph courtesy of R. Braun and R. Manning) 

 
Following analysis of the entry regime as a relationship between mass and reference area, the entry 
capsule is expected to have a ballistic coefficient of 91 kg/m2. With this performance, the capsule should 
be able to deploy its supersonic parachute at Mach 2.1 at an altitude of 10 to 12 km MOLA. In the interval 
between deployment and release, the capsule slows by about 300 m/s in a few kilometers. 
 
At about 9 km MOLA and 200 m/s, the supersonic parachute is jettisoned, and the subsonic parachute 
deployed. The heatshield is then jettisoned; at this point radar and image acquisition of the surface 
begins. In the interest of landing accuracy – a critical requirement for sample return – Delphi uses G-band 
multi-canted radar, which is a tenfold improvement over the Ka-band radar chosen for MSL. This 
approach is made feasible by recent advances in amplifier technology, and will result in smaller and 
lighter antennas for the same (or higher) resolutions. 
 
This scheme consists of imaging radar on a swiveling antenna on the lander’s underside and at least 
three radar altimeters/velocimeters mounted at different positions and angles around the vehicle. This 
solves the problem of slope determination, and allows for hazard detection at twice the resolution of Ka-
band sensors.  
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3.2.3: Landing 
 
At subsonic parachute release, Delphi goes into a terminal ballistic trajectory, uncontrolled by any lifting 
surfaces. Radar and MARDI imagery, combined with terrain-avoidance software, are used to detect and 
avoid areas of high contrast and rocks above a certain concentration. 
 
To touch down safely on the Martian surface, Delphi carries 40 kg of nitrous oxide-propane (NOP) 
bipropellant inside its first-stage tanks, which would be otherwise empty. The same tanks, pumps, and 
engine are used for landing as well as for ascent to save on the total capsule mass. Because of the 
nature of its first-stage engine (see subsection 3.4.1), it has to be throttled and gimbaled to control the 
vehicle’s downward motion, instead of using a pulsed engine. In this sense, Delphi is closer to the Viking 
landers than to Phoenix. However, it is also like Phoenix in that it can orient itself in the seconds before 
touchdown so its solar arrays deploy along the north-south axis. Small monopropellant thrusters on the 
deck are included to serve this purpose. 
 
3.3: Delphi Lander 
 
The lander keeps the ascender above the ground (to provide a good “blast clearance” for the ascent) and 
directly supports its launch by procuring the needed amount of carbon dioxide and water vapor, 
monitoring the upper atmosphere, and transferring the canister to the sample return module.  
 

Figure 3.4: Delphi Lander Top View 

 
(rendering by the author) 
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Table 3.2: Delphi Lander Mass Breakdown 
 

Component Estimated Mass (kg) Quantity Total 

Equipment Deck 50 1 50 

Landing Leg 10 2 30 

Arm/Mast 15 1 15 

Solar Fanfold Array 12.4 2 24.8 

Batteries 5 4 20 

Egress Ramp 1 2 2 

Sample Analysis & Integration Unit 
(SAIU) 8 1 8 

Socrates Rover 16 1 16 

CO2 Freezer 20 1 20 

Water Vapor Adsorption Reactor 
(WAVAR) 10 1 10 

Water Electrolysis Cell 0.5 3 1.5 

Reverse Water Gas Shift (RWGS) 
Reactor 1 1 1 

Ethylene Iron Fischer-Tropsch 
Catalyst Reactor 1 1 1 

Cryocooler 15 3 45 

Liquefaction Pump 2 1 2 

Radiator 1 2 2 

  Total: 248.3 kg 

  Contingency: 20% 

  Grand Total: 298 kg 
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3.3.1: Lander Structure  
 
The lander is a flat deck shaped like a beveled triangle as seen from above. It has a wide hole in the 
center to allow the first-stage engine to fire through (see Figure 3.4 for top view). The engine has a wide 
clearance to avoid damage from blowback at launch. The underdeck serves as a mounting plate for the 
radar and MARDI systems, which are situated near the rim, away from the center hole.  
 
Each landing leg consists of three titanium struts each, two stiff and one actuated, which all meet at the 
pad. Each pad is made of crushable aluminum honeycomb to better cushion the impact of landing. The 
actuated struts (driven by worm-gears) enable the lander to make small adjustments so the ascender is 
as close to the vertical as possible, to facilitate launch from the surface. During propellant generation, the 
wormgears will be periodically checked and tweaked to ensure that the vehicle stays in its vertical 
position. Delphi will gain roughly two hundred and eighty kilograms of mass over its ISPP period, so the 
legs are thicker than they strictly need to be at landing. This adds some robustness to the design, so 
some landing errors can be more easily tolerated. 
 
The solar arrays (see subsection 3.3.2) are situated completely off the ground, to prevent blowback 
damage from the ascent. There are no objects drooping down around the lander’s rim except for the legs 
themselves, which are arranged equidistantly from each other. The lack of asymmetric blocks under the 
lander ensures more or less equal room for the rocket exhaust to expand in all directions, eliminating any 
danger of horizontally displacing the lander as the ascender blasts off. With this design, no flame 
deflector is needed. 
 
3.3.2: Power Sources 
 
Because of the enormous electrical power requirements that Mars Oracle has, any solution that relies on 
solar power alone will come in the form of a large array, especially given the lower solar flux on the 
Martian surface and the great abundance of rocks and boulders in many regions there. The latter is a 
potential impediment to the successful automated deployment of a solar array above a certain size. For 
this reason, any solar arrays that Delphi uses on Mars will have to be suspended well above the ground, 
like these on Phoenix. This limits the array’s maximum size, since it can support itself only to a certain 
extent.  
 
The author picked a much larger version of the accordion fanfold solar array being used on the Phoenix 
lander, due to the strength, stiffness, and ease of deployment attributed to its unique design. As shown in 
Figure 3.5, the fanfold array is a flexible blanket comprised of ten triangular substrates. Its deployment is 
actuated by a stepper motor/ lanyard system. Each triangular substrate unfolds as part of a rotational fan. 
At completion, the array is tensioned into a rigid shallow umbrella-shaped structure. Radial composite 
spars provide support for the substrates during deployment and in the final state. 
 

Figure 3.5: Fanfold Deployment Sequence 
 

 
 
As shown in Figure 3.6 below, the Delphi lander carries two fanfold arrays 3.4 meters in diameter, each 
one stowed on the lander deck, parallel to one of its long sides. Each array is made of a number of triple-
junction gallium-arsenide solar cells, so they should have a peak capacity of about 2.164 kW of electrical 
power on Mars, making for a total of 4,327.3 W. 
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Figure 3.6: Solar Arrays Deployed 

 
(rendering by author) 

 
The fanfold arrays are stiff yet remarkably plastic compared to conventional solar arrays, so it might be 
possible for them to “shake off” accumulated dust by a combination of natural vibration and sweeping 
induced by a fairly strong wind. In any case, the Phoenix mission will tell us more about the behavior of 
fanfold arrays in wind. If there is insufficient wind to clean the arrays, a servo at the base of each strut will 
rotate, tilting the array so it spills its accumulated dust. This should be more energy-efficient than a CO2 
blower, and is another advantage bestowed by the arrays’ above-ground position. For peak power levels 
and to back up the solar arrays, 4 kg of lithium-ion batteries are included. 
 
3.3.3: Robotic Arm/Mast 
 
Unlike previous designs, the Delphi lander attempts to combine the functions of the manipulator arm and 
remote-sensing mast into a single multipurpose appendage to save mass. This is especially justified in 
light of the lack of space aboard the lander deck brought about by the ascender’s large propellant tanks. 
Such a device will be erected vertically, with all its segments locked at 180 degrees to each other, to 
serve as a mast for panoramic and stereo imaging. In this position, it maps out any prospective sites and 
Socrates’ routes to them. In its other role as an arm, it scoops up regolith from the surrounding surface 
and deposits them into the SAIU’s transfer funnel. Once the samples are integrated into the canister 
within the SAIU, the arm then picks it up and places it inside the return capsule at the top of the ascender.  
 
The arm/mast also performs a very important function as the anchor point and “crane” for Socrates’ tether 
(see Chapter 5). Devices that are needed on the head at the very least: 
 

• Camera, Hand lens, And Microscopic Probe (CHAMP): This is a new imager design from JPL that 
is capable of taking pictures in a wide range of focus distances from microscopic to macroscopic 
scales. It can function as a camera for wide-angle views and change its focus distance to function 
as a hand lens and microscope. This all-in-one ability greatly simplifies operations and eliminates 
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the need for two separate imager types (such as the PanCams and Mars Hand Lens Imager, 
which the author previously considered). For stereo images, it is possible to move the head side 
to side or add another CHAMP (which simplifies operations but increases the required power and 
mass). Socrates carries a second CHAMP for its own investigations. More information on the 
CHAMP is found in subsection 6.4.1. 

 
• Scoop: This is necessary for the taking of surface regolith samples.  

 
• Gripping Pincers: Included so the arm/mast can grasp the sample canister by its rim and hoist it 

up to the return capsule. They can also be used to remove the propellant feed lines leading to the 
tanks prior to ascent. 

 
3.4: Delphi Ascender 
 
The ascender’s singular purpose is to launch the sample return module into Martian orbit and guide it on 
an Earth-bound Type I trajectory. Due to the substitution of relatively heavy bipropellant engines for the 
vortex rocket (see subsection 3.4.1), the Delphi ascender should be much lighter and less complex than 
what baseline studies have come up with. This entails enormous propellant savings for the return launch. 
The first subsection describes certain components needed to reduce the ascender’s mass without 
sacrificing performance, such as the pistonless pump. 
 
Following discovery of the estimated manufactured propellant mass (see Appendix B), each amount of 
ethylene and LOX is stored in two spherical tanks in each stage, each of which has an interior bulkhead 
to separate the two fluids. Upon analysis of the tank volumes (based on density of both liquids and some 
added volume for contingency), each first-stage tank was found to be 64.3 centimeters in diameter and 
each second-stage tank 32.1 centimeters in diameter. 
 

Figure 3.8: Delphi Ascender  
(some components excluded for clarity) 

 

 
(renderings by author) 

 
 
 
 

 21



Table 3.3: Delphi Ascender Mass Breakdown 
 

Component Quantity Estimated Mass (kg) Total 

First-Stage Common Bulkhead Tank 
(pumps & insulation included) 2 20 40 

First-Stage Vortex-Cooled Rocket 
Engine 1 2 2 

First-Stage Struts variable 5 5 

Second-Stage Common-Bulkhead 
Tanks (pumps & insulation included) 2 6 12 

Second-Stage Vortex-Cooled Rocket 
Engine 1 0.6 0.6 

Second-Stage Struts variable 3 3 

NOX-Organic Tank & Thruster Array 
(4 thruster nozzles each) 2 2.5 5 

Trans-Earth Cruise Stage 1 10 10 

TCM Propellant Tanks (NOX-
Organic, full at landing) 2 5.5 11 

Sample Return Capsule 1 6 6 

  Total: 94.6 kg 

  Contingency: 10% 

  Grand Total: 104.06 kg 
 
3.4.1: Key Components 
 

• Nonburnite Tank Material: In lieu of metal (which is heavy with undesirable thermal properties) 
and existing composites (which are flammable), Delphi will use a proprietary material called 
Nonburnite in its propellant tanks, which has been synthesized and patented by XCOR 
Aerospace for use in its suborbital launch vehicles. It is a thermoplastic fluoropolymer resin 
which, unlike graphite-epoxy, is non-flammable. Compared to aluminum, it has higher strength, 
lower density, and a lower coefficient of thermal expansion, which all combine to reduce tank 
mass. The Nonburnite is set up as a skin-foam-skin sandwich, which gives it built-in insulation 
against atmosphere. For insulation against vacuum, integrated multi-layer insulation (IMLI) is 
used instead of conventional MLI because of its lower thermal conductivity. 

 
• Pistonless Pump: Turbopumps were highly undesirable, because they are heavy and very hard to 

design and scale down to Delphi’s specifications. Pressure-fed systems are conceptually simpler, 
but require very heavy tanks because of the extremely high pressure at which the propellants 
must be stored. The design called for a light, reliable, and low-cost pump that could handle 
cryogenic propellants and which could be started after nearly two years in the harsh Martian 
environment. Such a pump would allow high combustion-chamber pressures with low pressures 
in the tanks without the hassle of turbopumps. This is critical to the propellant management setup, 
since the tubes leading from the ISPP unit can be detached from the tanks much more easily. 
The tanks themselves will be more robust, with the hazards of overpressurization and 
catastrophic failure removed.  
 
Flometrics has come up with such a design that has the additional benefit of performance 
comparable to that of gas-powered turbopumps. The pistonless pump is much more damage- 
and fault-tolerant than piston types because it does not use high-pressure sliding seals, which 
can wear out after a certain number of cycles. It eliminates the need for propellant management 
devices for use in zero-gravity, because there is no slosh, cavitation, or whirling as the pump 
operates. In addition, the pump can be placed inside the propellant tank to reduce the vehicle’s 
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profile. 
 

Each pump (one for each propellant tank section) has two chambers, an outer chamber and an 
inner chamber about a quarter of the size of the former. Each pump starts with both chambers 
full. The outer chamber is pressurized, and flow established from this chamber. Once the level 
gets low in this chamber, the inner chamber is pressurized and flow from both sides established 
during a transient period. Then the nearly empty outer chamber is vented and refilled, and the 
cycle starts all over again. A diagram of this pump is shown in Figure 3.9. 

 
Figure 3.9: Optimized Pump Design 

 
(images courtesy of Steve Harrington, Flometrics) 

 
With a properly optimized pistonless pump, the pressurant mass is about 1% of the propellant 
mass, compared to 2-3% for turbopumps. This is because the pressurant (assumed to be helium) 
is heated at the engine by use of a heat exchanger. The next two subsections will describe how 
the pistonless pump is integrated into the ascender’s first and second stages. 

 
• Vortex-Cooled Chamber Wall Engine: Conventional rocket engines suffer from a number of 

liabilities, the worst one being the need to line the chamber wall with a heavy and exotic material 
to protect it from high combustion temperatures. The propellants must be atomized before they 
enter the combustion chamber, which requires heavy machinery to accomplish. These factors 
preclude the easy adoption of a conventional rocket engine for a Mars sample return mission. 

 
Orbital Technologies Corporation (Orbitec) has invented the vortex-cooled rocket engine to 
address these shortcomings. In this engine design, the oxidizer is injected tangentially at the 
chamber bottom so it swirls upwards to the top where the fuel is injected so it combusts with the 
oxidizer in an inner vortex that travels downward to the nozzle throat. Because of the outer 
vortex, the chamber wall is kept cool without the need for ablative materials (which otherwise 
would be included in the exhaust with the possibility of clogging the nozzle throat). Figure 3.10 
shows the process. 
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Figure 3.10: VCCC Engine Diagram 
 

 
(image courtesy of Orbitec) 

 
This drastically reduces the engine mass because cheap materials can be used to build it, and 
the vortices handle all atomizing of the propellants. Propane and ethylene both have high carbon 
contents, so they burn hot when combusted with either oxygen or nitrous oxide. Cold-wall 
operation allows both pairs of bipropellants to run in the same engine at different phases of the 
mission without damaging the chamber wall. Because of that and the fact that no ablative 
material is needed, the first-stage engine can be used for both the landing and for the ascent. 

 
3.4.2: First Stage 
 
The first stage serves as a dual-purpose stage for both the landing and the ascent. During Earth-to-Mars 
transit and atmospheric entry, the first-stage tanks carry propane and nitrous oxide, which are storables 
and thus do not require cooling. A pistonless pump is housed in each tank section for a total of four. The 
engine is gimbaled to allow Delphi to steer itself in the final moments before landing and to allow the 
ascender to pitch during ascent. The helium pressurant tanks are nested inside the LOX tank sections so 
they are directly cooled by the liquid oxygen. Ignition of the engine is handled from the lander, which has 
batteries to supply the needed electricity. 
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Figure 3.11: First Stage  
(plumbing and gimbals excluded for clarity) 

 
(rendering by author) 

3.4.3: Second Stage 
 
The second stage is similar to the first, except that it is significantly smaller and carries two arrays of 
lateral thrusters instead of gimbals, to orient itself for the trans-earth injection. Owing to the lower amount 
of thrust for injection, its main engine is proportionally smaller. Ignition of its engine is handled by the 
batteries on the trans-earth cruise stage. 
 

Figure 3.12: Second Stage, with Trans-Earth Cruise Stage 
(plumbing and lateral thrusters not visible) 

 
(rendering by author) 
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3.4.4: Trans-Earth Cruise Stage 
 
Because of the miniaturization of components necessary to make it viable, the TECS would be a true 
micro-spacecraft. As seen in Figure 3.13, the trans-earth cruise stage is set at the top of the ascender, 
atop the second stage. It is in the shape of a thin disk, with a raised rim along the edge. One face houses 
the sample capsule, TCM propellant tanks, thruster arrays, and most of the electronics. The opposite face 
is covered almost completely by body-mounted gallium arsenide solar cells, with some allowances made 
for some of the sun-sensors and the medium-gain antenna. Since this face points down on the surface 
when on Mars, the cruise stage is turned around after trans-earth injection so the solar panels face the 
Sun. This has the additional effect of protecting the capsule and propellant tanks from undue heating.  
 

Figure 3.13: Return Cruise Configuration  
(some components excluded for clarity) 

 
(rendering by the author) 

 
A flight computer is included, along with batteries that back up the solar array. This computer is used for 
all phases of the mission (a backup computer on the lander deck would make little sense unless the 
primary computer is not up to the task of controlling all operations). Standard instrumentation should 
include at least star trackers and sun sensors. Any description of cruise-stage astrionics in this document 
is redundant, as their operating principles are well known. 
 
3.4.5: Sample Return Capsule 
 
In light of the Genesis mishap, where the sample capsule augured into the ground after its parafoil failed 
to deploy, it will be necessary to employ a passive reentry system to remove a major failure mode. Para-
chute deployment increases mass and complexity in the system and therefore increases its susceptibility 
to Murphy’s Law (it was recently found that Genesis’s parafoil deployment failure came from an electrical 
switch installed in reverse). The capsule will have to be designed to withstand a terminal-velocity impact 
in any case, and an undeployed parachute prevents it from having the low ballistic coefficient needed to 
survive landing. 
 
The sample return capsule is situated on top of the cruise stage, so its heatshield points skyward. Its 
heatshield is a 70 deg. sphere-cone made of Phenolic Impregnated Carbon Ablator (PICA) material, 
chosen because of its low mass and efficient ablation at high heat-fluxes. PICA was the aeroshell 
material used in the Stardust capsule, which was the fastest man-made object to survive reentry into 
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Earth’s atmosphere (46,000 mph). Inside it is a cavity filled with shock-absorbing layers of balsa wood 
and Styrofoam. The other cavity (where the canister is inserted) is positioned as far from the heatshield 
nose as possible, to put the largest amount of shock-absorbing material in between. Figure 3.14 depicts 
the setup. 
 

Figure 3.14: Diagram of Sample Return Capsule 

 
(rendering by author) 

 
A beacon is mounted on the backshell. It is supplied with a few hours’ worth of battery power, to allow the 
pickup team sufficient time to zero in on the impact location. 
 
3.5: Return to Earth 
 
The ascender is a two-staged vehicle, so ascent and injection are fairly straightforward. The first stage 
handles the ascent, and the second stage handles the injection, while the cruise stage keeps the return 
capsule on course until atmospheric reentry. 
 
3.5.1: Ascent & Injection 
 
Below is a tentative list of how ascent and injection operations are handled, in chronological order. 
 
1) After samples are sealed into the return capsule and the propellant tanks are full, ground controllers 
run a health check on Delphi 
 
2) Socrates is moved to a safe viewing position where she will capture Delphi’s ascent 
 
3) All fuel and oxidizer lines are detached from the tanks, presumably with the help of the arm/mast to 
drag them to safe positions 
 
4) The arm/mast is deployed as close to the horizontal as possible, to limit damage from the ascent. 
 
5) Ascent is then scheduled to begin the following dawn, to minimize any weather changes that may 
come with sunrise. Due to the communications delay between Mars and Earth, the ascent must take 
place automatically. A packet of instructions is sent to Delphi to be executed the following dawn. It is 
described in steps 6 through 11 
 
6) Remote cooling lines to the tanks are cut 
 
7) Pistonless pumps in first stage begin operation 
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8) As soon as ethylene and oxygen mix in the first stage engine, ignition commences 
 
9) Thrust is ramped up until it reaches the prescribed amount. At this point, pyros are fired to detach the 
ascender from the lander. This also cuts the power and communication lines between both sections. 
Ascender begins its rise 
 
10) The first stage engine is tilted on its gimbals so the ascender pitches a little to the side on its way up 
 
11) As soon as the ascender achieves orbit, the first stage is jettisoned and a signal sent from the 
medium- or low-gain antenna that the ascender awaits further instructions 
 
The ascender then remains in LMO for up to a few days, while the ground controllers compile another set 
of instructions for the trans-earth injection. Boil-off of the oxygen might be a significant concern, 
depending on how long the craft stays in LMO and the amount of insulation on the tanks. 
 
12) Lateral thrusters fire as necessary, orienting the ascender before engine ignition 
 
13) At the set time, pistonless pumps in the second stage begin operation 
 
14) As soon as ethylene and oxygen mix in the second stage engine, ignition commences 
 
15) Thrust is ramped up until it reaches the prescribed amount. This continues until the second stage is 
completely depleted 
 
16) Cruise stage separates from the second stage via pyros and coasts along 
 
17) Thrusters on the cruise stage fire, flipping it so its body-mounted solar panel faces the Sun 
 
3.5.2: Return Trajectory 
 
Because atmospheric reentry is easier over Earth than over Mars, the ascender will travel on a Type 1 
return trajectory. It is optimized for the lowest departure energy because the author is unsure about how 
the arrival speed will affect the capsule’s speed at impact. A future update will be able to analyze this in 
more detail. As shown in Figure 3.15, the Delphi ascender will leave Mars in December 2015 with a C3 of 
5-6 km2/sec2. After a trip time of approximately 230 days, the ascender will arrive at Earth in July 2016 
with a C3 of 28 km2/sec2. The mission thus has a surface stay time of approximately 537 sols. Four 
trajectory-correction maneuvers (TCMs) are planned for the return leg, for a total ∆V of 1400 m/s. 
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Figure 3.15: Mars-Earth Trajectory 
 

(a) Pork-Chop Plot    (b) Trajectory Results 
 
 

 
 

(generated by Ballistic Trajectory Planner) 
 
3.5.3: Earth Arrival & Reentry 
 
Prior to Earth approach, the cruise stage is instructed to reorient itself via its thrusters so the heatshield 
points in the Earth-ward direction. The ground controllers will then instruct the cruise stage to spin up, to 
stabilize the capsule during its descent into the atmosphere. Seconds before entry, the cruise stage 
detaches itself from the capsule. These explosions provide a small propulsive force to the capsule, so 
both bodies enter the atmosphere at different times. Any Martian organisms (unlikely as this is) that may 
be on the cruise stage will be destroyed in the heat of reentry, breaking the chain of contact with Mars for 
that part. The PICA heatshield is sufficient to decelerate the capsule through the hypersonic, supersonic, 
transonic, and high subsonic regimes. Because of the shallow angle of reentry and its low ballistic 
coefficient, the capsule should hit the ground at about terminal velocity. 
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4: In-Situ Propellant Production 
 
4.1: Overview 
 
In the absence of liquid hydrogen, ethylene/oxygen production is made possible by the procurement of 
Martian water. Water is found in the polar caps, the permafrost, and in the atmosphere, but the latter is 
the only source that can possibly be exploited by an advanced unmanned mission. A polar landing would 
preclude solar power generation for much of the year, and permafrost drilling and processing takes up a 
lot of infrastructure and power. The Water Vapor Adsorption Reactor (WAVAR) has been developed at 
the University of Washington for the sole purpose of water vapor extraction from the atmosphere, and 
prototype testing so far has produced promising results. 
 
Ethylene/oxygen is advantageous compared to methane/oxygen because of its slightly better Isp, lower 
hydrogen content, and ethylene’s storability at Martian ambient temperatures. Its production is done with 
a RWGS reactor that turns carbon dioxide and hydrogen into carbon monoxide and water, and then with 
another reactor that turns the carbon monoxide and hydrogen into ethylene and water. Combined with the 
WAVAR and water electrolysis, this scheme offers 100% of the return propellants manufactured from the 
Martian atmosphere. The WAVAR obtains water vapor from the atmosphere in small amounts and at high 
energy cost, so it limits the amount of propellant that can be reasonably produced in the mission’s 
timeline. 
 
4.2: Propellant Acquisition 
 
Mars’ atmosphere is roughly 96% carbon dioxide, with water vapor present in trace amounts (0.03% by 
volume). The absolute humidity is extremely low, but variable with respect to season, latitude, and 
topography. For example, the water vapor concentration is significantly greater at higher latitudes in the 
summer. Other possible sites may be on the equator with higher-than-normal concentrations of 
permafrost beneath the surface, such as Isidis Planitia. 
 
The Viking 1 orbiter, with its Mars Atmospheric Water Detector (MAWD) instrument, has mapped out 
abundance columns of water vapor in the Martian atmosphere. In spite of this, the exact seasonal 
distribution of atmospheric water vapor over the entire planet is not yet known. Otherwise, we would be 
able to accurately determine the best landing sites for a mission that generates its return propellant with 
the WAVAR.  
 
4.2.1: CO2 Acquisition 
 
Delphi’s ascent depends on the availability of relatively pure CO2 and H2. The acquisition system must 
therefore suck in dust-free atmosphere, separate and vent the nitrogen, argon, and other trace gases, 
and compress the remaining CO2 and H2O. Since the concept of ISRU was invented, the main acquisition 
system under consideration has been the sorption bed. However, an alternate system based on cyclic 
batch freezing has begun to gain favor, exemplified by Pioneer Astronautics’ Mars Carbon Dioxide 
Freezer (MACDOF) and a team led by Larry Clark. Both systems have similar operating principles. 
 
The Clark team’s prototyping work (see Figure 4.4) has resulted in an estimate that freezers will require 
less energy, less mass, and less volume than equivalent sorption pumps. In this system, some of the 
Martian atmosphere naturally flows through the inlet filter, which traps the incoming dust. The dust-free 
atmosphere is then blown into the freezing chamber. The pulse-tube cryocooler provides the drop in 
temperature needed to solidify the CO2. More air is continuously blown into the chamber until a critical 
mass of solid CO2 builds up. All other atmospheric gases will stay in their current phase at this 
temperature, so they can be vented out in the freezer effluent. 
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Figure 4.1: Diagram of CO2 Acquisition Freezer 

 
(diagram by the author) 

 
Warming the CO2 is done passively by turning off the cryocooler in the daytime and exposing the 
chamber to Martian ambient temperatures, although electrical heaters may need to be included for 
contingency purposes. This will result in a pressure of 1 atm and a temperature of about 650 K (since 
temperature rises linearly with pressure in a closed volume). Once this pressure is reached, the outlet 
valve is opened to allow the high-purity CO2 to flow into the pipe leading to the RWGS reactor. 
 
420 sols have been set aside for propellant generation, which leaves a margin of about 10 sols before the 
ascender lifts off. To generate the needed amount of propellants in the allotted time, the freezer must 
have an output of 0.36 kg of purified CO2 per eight-hour sol. As the density of gaseous CO2 is 1.98 kg/m3 

at 1 atm, this translates into a chamber volume of 0.182 m3. Analysis of this volume based on a cylindrical 
chamber yielded radiuses and heights that were much too great for it to fit on the lander, so the freezer 
will have to operate in batches in order to have a smaller chamber (which rules out night operation 
because of the lack of heat needed to outgas the dry ice). Assuming eight batches (one per hour) of 45 
grams each and a power requirement of 0.871 W-hr/gram, each batch will require 39.2 watts for a total of 
313.56 W per sol. This might be higher, because the author used the freezer’s ideal power requirement 
for this estimate. 
 
4.2.2: H2O Acquisition 
 
Delphi needs roughly 11.12 kg of hydrogen to create 77.81 kg of ethylene and 202.3 kg of oxygen. If this 
amount is to be brought from Earth, it would result in a net propellant leverage of 25.2. However, since 
Delphi gets its hydrogen directly from the atmosphere, the leverage is essentially infinite. The downside is 
that since the water vapor concentration is so low, it takes a considerable amount of power to extract 
small quantities of it over a given span of time, but the author judges it to be more desirable than 
importing liquid hydrogen from Earth. 
 
The WAVAR used on Delphi is somewhat altered from the original design shown in Figure 4.2, because it 
is integrated with the CO2 freezer’s purge valve. This is advantageous because the pressure inside the 
freezer chamber is built up over time as more air filters in, so the trace gases will be more substantial 
going into the WAVAR. In this case, the trace gases are passed over an absorbent bed, which traps 
water vapor. The material used for the bed is zeolite 3A, so named because it has an aperture of 3 
angstroms, making it highly specific to water vapor. The absorbent bed is disk-shaped, and divided into 
sectors by several insulating separators. One sector is exposed to the trace-gas flow and, once saturated, 
rotated into another chamber and sealed off from the outside. This sector is then subjected to microwave 
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radiation to drive off the water vapor, which is then driven into a condenser. Figure 4.2 displays the 
prototype’s setup. 
 

Figure 4.2: WAVAR Prototype Schematic 
 

 
(images courtesy of Bruckner, Coons, Williams, U. of Washington) 

 
Bruckner, Coons, and Williams at the University of Washington have tested breadboard models of the 
WAVAR in Viking 1 atmospheric conditions, where the absolute humidity was found to be lower than the 
global average. Over a production run of 250 sols, the prototypes extracted 20 to 41 kg of water at power 
levels of 100 to 400 W, respectively. This is not a lot of hydrogen – only 2.2 to 4.5 kg – but this is almost 
half the amount needed to procure ethylene and oxygen in the specified amounts. Given a more humid 
landing site, a longer collection period, and a power level of at least 500 W, the water yield can only 
increase. 
 
4.3: Processing 
 
The in-situ propellant production process chosen for Mars Oracle is a combination of water electrolysis, 
the reverse water-gas shift reaction, and an iron-catalyzed reaction to produce ethylene. The combined 
RWGS-ethylene reactions cost less power than an equivalent Sabatier reaction, and ethylene requires no 
cryocooling power at all. 
 
4.3.1: Chemical Reactions 
 
Water electrolysis is a very mature technology, requiring only compact sandwiched wafer stacks. Space-
qualified units have been built by Hamilton Standard for use on the International Space Station.  

 
Water Electrolysis: 

2H2O → 2H2 + O2 (57 kcal/mole) 
 
Once split, the oxygen is liquefied and piped into the tanks and the hydrogen sent to the RWGS reactor. 
As shown by the high input energy compared to that for the RWGS reaction, water electrolysis will likely 
dominate the system power requirements.  
 

RWGS reaction: 
H2 + CO2 → H2O + CO (9 kcal/mole) 

 
The RWGS reaction is mildly endothermic and occurs rapidly at 400o C (673 K) in a simple steel pipe 
filled with catalyst. It has a low equilibrium constant (>0.1), making it difficult to force to completion, 
although this can be rectified by overloading the reactor with excess H2, which will force the complete 
consumption of all the CO2. Since the amount of H2 procured from the WAVAR per cycle is very low, a 
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sizable amount of water vapor must be built up first. It is also possible to overload the reactor with excess 
CO2, thus forcing the consumption of all the H2, but the excess CO2 would have to be separated from the 
exhaust and recycled back into the reactor. In the excess-H2 scheme, the exhaust gases consist of 
carbon monoxide, water vapor, and hydrogen (plus some carbon dioxide due to catalyst inefficiencies), so 
the water vapor can simply be condensed out and sent to an electrolysis cell, while the rest is fed directly 
into the ethylene reactor. Any leftover CO2 is separated from the effluent gases using a membrane 
separation device and recycled back into the RWGS reactor. In case more oxygen is needed to achieve 
the optimum O/F ratio, the RWGS can be used as an infinite-leverage process using only a few grams of 
hydrogen. 
 

Figure 4.3: Simplified Schematic of ISPP Process 
 

 
(drawing by author) 

 
Ethylene reaction with iron Fischer-Tropsch catalyst: 

2CO + 4H2 → C2H4 + 2H2O (-49 kcal/mole) 
 
For its 1997 SBIR with NASA, Pioneer Astronautics experimented with different catalysts for the RWGS 
reaction. They found that copper-on-alumina catalyst causes no side-reactions at all, with exclusive 
selectivity to CO. The carbon monoxide-hydrogen mixture, called syngas, is then fed directly into the iron 
catalyst reactor. High ethylene yields are possible because of the above reaction’s high equilibrium 
constant, so the only separation mechanism needed is for the water vapor that is produced alongside the 
ethylene. The reaction will produce on the side small amounts of propylene (which is a superior fuel to 
ethylene) and, if it is not catalyzed narrowly enough, methanol. Because methanol has a hydrogen/carbon 
ratio of 4, excess amounts must be kept as low as possible to avoid inefficient usage of the hydrogen 
feedstock. This system has yet to be optimized for minimum power usage and on-and-off operation, but 
this can be addressed in a future update. 
 
4.3.2: Liquefaction & Cooling 
 
Ethylene, being a storable on Mars, does not need refrigeration at all. Therefore, only a pump is needed 
to increase its pressure so it becomes a liquid. Oxygen is a different story, since it must be kept below 90 
K for the rest of the mission’s duration. A total of 202.3 kg of oxygen must be liquefied and maintained at 
that temperature, so this has a significant impact on Delphi’s power requirements. 
 
Once freed from the collected water vapor, the oxygen is routed into a dewar, where it is liquefied by a 
pulse-tube cryocooler. A low flow rate will keep the dewar and cryocooler size down, along with day-to-
day power requirements. A pump then pushes the liquid oxygen through several tubes into all four tank 
sections. Both stages are remotely cooled from two deck-mounted cryocoolers to reduce boil-off and 
thermal stratification effects, and to reduce the ascender’s mass further (it does not have to carry its own 
cryocoolers). Each LOX tank section has a cooling loop of gaseous helium which runs in a spiral on the 
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inside wall, removing all parasitic heat loads on the LOX, and exiting the tank to pass through a cold-
head, which in turn returns the helium to its original temperature for recirculation. Each helium tube is 
very thin, so they can easily be severed by pyros prior to ascent. 
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5: Robotic Sample Extraction & Handling 
 
5.1: Overview 
 
In order to best fulfill Mars Oracle’s goals, it was necessary to have a rover small and light enough to be 
safely landed with the return vehicle without pushing it beyond its EDL limitations and yet have it serve as 
a mobile drilling rig to reach below Mars’s sterile topsoil. Keeping these design drivers in mind, the result 
was a rover that can venture onto the surface in a 50-m radius around the parent vehicle, and which is 
capable of reconfiguring its entire body to serve as a small rig that can drill 2 meters into the ground and 
several centimeters into any rock or stone. By “outsourcing” some of a rover’s necessities to its parent 
vehicle, this rover type has a much higher instrumentation-to-weight ratio than its predecessors. This 
translates into much greater cost-effectiveness over self-powered rovers for a given radius of activity. All 
regolith and rock core samples are contained within the drill bits themselves until they are deposited into 
the SAIU. 
 
5.2: Micro-Rover Design & Execution 

 
Figure 5.1: MRoSA2 Rover, with hands for size reference 

The rover is 40 centimeters long 
 

 
(image courtesy of Matti Anttila) 

 
Having been inspired by the European Space Agency’s Micro Robots for Scientific Applications 2 
(MRoSA2, shown in Figure 6.1) – which was in turn a derivative of the Nanokhod rover – Socrates’s 
design is a study in minimalism. It has no antennas, solar panels, nor batteries to speak of, so it receives 
all its power and communications from a rewinding tether attached to its rear. All subsystems are tucked 
within the track bodies on either side. The idea is to keep the mass of the vehicle-rover system as low as 
possible without sacrificing the necessities of a Mars sample return mission. 
 
5.2.1: Chassis & Design 
 
Socrates is about a third larger than its MRoSA2 predecessor, to accommodate the CHAMP, AEX, and 
Mossbauer spectrometers and to provide more mass to stabilize the rover during drilling operations. 
Instead of wheels and a rocker-bogie suspension, it moves on two caterpillar tracks driven by worm-
gears. These “tank-treads” can turn the rover on the spot just by running in opposite directions. This 
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simplicity reduces the needed amount of computing power to steer the rover compared to the front and 
back wheels of all preceding Mars rovers. In addition, the treads will spread the rover’s weight over a 
larger area than a six- or even eight-wheeled drive can, leading to lower ground pressure. As a result, the 
rover will be able to transverse areas of loose, deep sand and much rougher terrain that would otherwise 
trap its wheeled equivalent.  
 

Figure 5.2: Socrates Rover 
 

  a) Roving Position     b) Drilling Position 

 
(rendering by author) 

 
Table 5.1: Socrates Rover Mass Breakdown 

 
Component Quantity Estimated Mass (kg) Total 
Track Body 2 2 4 

Lever (Thick) 2 0.5 1 
Lever (Thin) 2 0.25 0.5 

RHU 1 0.1 0.1 
CHAMP 1 0.8 0.8 
AEXS 1 0.4 0.4 

Mossbauer 
Spectrometer 1 0.6 0.6 

Bridge 1 2 2 
Drill & Sampling 

Subsystem 1 5 5 

Drill/Corer Bit 10 0.01  0.1 

  Total: 14.5 kg 

  Contingency: 10% 

  Grand Total: 15.95 kg 
 

 
The payload cab lies between the two track systems. It is raised and lowered by a pair of levers (see 
Figure 5.2) that pivot around one end of the track assembly as needed. If the rover encounters an 
obstacle of a certain size, it can simply raise its payload cab and drive over it. Likewise, the levers can 
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depress below the horizon, giving the rover negative clearance. This will come in useful in case the rover 
tips over on its way to a target; it can use its payload cab and levers to right itself or continue on its way 
uninterrupted.  
 
The payload cab consists of two sections, one of which serves as one of two warm electronics boxes. It 
contains the computer, RHUs, and the tether terminus. The other section is the payload cab, containing 
the Drilling and Sampling Subsystem and the second warm electronics box. As shown in Figure 5.2, it 
can rotate up to 90 degrees on its pivots to allow investigation/coring of rocks and drilling into the surface 
regolith. For the former purpose, the CHAMP, AEX, and Mossbauer spectrometers are placed on the 
same end of the cab as the drill bit. The CHAMP serves not only as a microscope and hand lens, but also 
as a camera in its own right. It will be able to help guide the rover back to the sample retrieving terminal. 
 
5.2.2: Drilling & Sampling Subsystem 
 

Figure 5.3: DSS Diagram 
 

 
(a) (b) 

View w/o pipe carousel  DSS components 
 

Images courtesy of VTT Automation 
 
The Drilling & Sampling Subsystem is designed and built within the dimensions of 15 by 20 by 45 cm 
(above the MRoSA2 baseline), including the sensory instruments. Despite this small size, it must be able 
to drill to a depth of 2 meters under the surface. It accomplishes this feat by use of an extendable drill 
string which consists of up to ten pipes rotated in place with a carousel. Another carousel is used for the 
tool bits. This mechanism is well-understood and similar to this used by automated terrestrial drilling 
machinery, and so should be easy enough to transfer to a space environment. Two CAD drawings of the 
interior mechanism are shown in Figure 5.3. 5.3a is the view without the pipe carousel. 5.3b shows all the 
components. 
 
Drilling is performed by two independent actuators, one for rotation and one for thrusting. The rotation 
actuator is mounted on a sledge which is in turn propelled by the thrust actuator. At the beginning of 
drilling, the sledge is above the initial pipe (5.4a). The sledge is then driven down so it mates with the 
pipe, which in turn connects with the tool bit in its carousel slot (b). The completed drill string is pulled 
back up to allow the tool carousel to rotate to its empty position (c) to allow the string to descend until the 
sledge is in its lowest position (d). When the sledge reaches its bottom limit, it is detached from the pipe 
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and retracted to its upper position (e). A new pipe can be attached from the pipe carousel to extend the 
string (f) and the cycle repeats itself until the carousel runs out of pipes. The disassembly of a drill string 
during retraction works in the very reverse. 
 

Figure 5.4: DSS String Extension Steps 
 

 
Images courtesy of Matti Anttila 

 
There are two separate types of bits used in Socrates’s DSS: drilling bits for soft regolith and permafrost, 
and bits to take core samples of rocks. They are interchangeable, due to the DSS’s tool-bit carousel. It 
might also be possible to include a Rock Abrasion Tool in this mechanism. Honeybee Robotics has 
already come up with a RAT-corer hybrid which operating mechanism is similar to that of Socrates’s DSS. 
This can be addressed in a future update. 
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Figure 5.5: Drill Bit and Pipe Connection 

 
 
5.2.3: Protection & Deployment 
 
The rover is secured over the SAIU during transit, by way of pegs driven into holes on its track bodies on 
both sides (see Figure 5.6). After the ramps are deployed, the pegs are withdrawn from the rover’s track 
assemblies. There are four pegs in total, 2 for each side. Before the rover is released, both ramps are 
cantilevered out from the deck and dropped to the ground. Each ramp consists of a few thin metal planks 
attached to a composite backing. It is currently unclear, based on the available deck space, whether the 
ramps will be stored on the deck itself or inside it. 
 

Figure 5.6: Rover on Deck, over SAIU (front view) 

 
(rendering by author) 

 
The MRoSA2 prototype had the tether box inside the rover itself. Because of the small space in which the 
tether had to be packed, it could only reach 15 meters in length. In Socrates’s case, the tether box is 
instead placed on Delphi where there is more space available for a larger and better shielded unit. This 
frees up mass and space for the contact instruments that must be placed on the rover. The tether itself 
runs from the base of Delphi’s arm/mast to a certain height so when the latter is deployed, the tether is 
raised at its end. This keeps it from being abraded by rocks on the surface. 
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Because of the CHAMP’s focus mechanism, it is possible to extend the tether length beyond the original 
15 meters for increased sample return. Assuming the tether density is 20 grams per meter, a 50-meter 
tether will weigh 1000 grams minus its winding and storage mechanism. Thus the total tether system 
could weigh in at about 1-2 kilograms, an incredibly low number when compared with a self-powered 
rover with a payload equivalent to that of Socrates. 
 
Socrates is deployed from one side of the lander, but its tether is deployed from a high point on the 
arm/mast, which allows it maximum freedom of operation in a nearly perfect circle. From Figure 5.7, we 
see that even if the tether starts from the top of the lower segment, it will still clear the return capsule. The 
area of a perfect circle with a radius of 50 meters is close to 7,854 square meters, which is more than 
enough space for several sorties. 
 

Figure 5.7: Arm/Mast Deployed in Vertical Configuration, with Resultant Sample Gathering Area 
(arm/mast head not shown) 

 

 
(rendering and drawing by the author) 

 
5.2.4: Guidance, Navigation, & Control 
 
As part of their design direction, the MRoSA2 team conceived of a way to control the rover from the 
lander, figuring that the tether used to supply power and communications to the rover would also limit it to 
within the lander’s camera range. Mars Oracle improves on that concept. The sensory instrument used for 
this purpose is the CHAMP on Delphi’s arm/mast (see Section 6.4.6). The CHAMP is capable of much 
greater range and resolving power compared to what the MRoSA2 team had to work with, so it can 
significantly extend Socrates’s range over the original concept (by improved overwatch) and also 
investigate surface terrain characteristics in its own right. 
 
After the arm/mast is deployed in its vertical configuration as shown in Figure 5.7, it begins taking stereo 
images in overlapping segments, much like the Viking and Pathfinder landers did. Due to the camera’s 
limited field of view (FOV), the environment is broken up into several circular rings, one at each elevation. 
The first ring covers the return vehicle’s immediate surroundings; the second ring covers the next 
elevation level with a minimum of overlap, and so on. The CHAMP’s built-in focus allows the inclusion of 
many more rings than what was probably envisioned for the original concept. For higher accuracy, the 
environment can be divided up into more overlapping segments, which also increases the needed 
amount of memory and downlink time. 
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The images are then sent back to Earth where they are used to build a 3D model of the surrounding 
terrain. Calibration of the CHAMP will aid in the process, in that the relative transformation between the 
left and right cameras is computed. The output of this modeling is the Digital Elevation Map (DEM) and 
Triangulated Mesh Model (TMM) as well as some texture and thematic maps. It should be noted that 
building the terrain map will be a very time-consuming task, perhaps to the point of significantly delaying 
rover operations. 
 
Using this 3D model, routes and intermediate waypoints can be planned based on power consumption 
and number and severity of inclinations along the path. The route is then executed with a single 
command sent to the return vehicle. The rover should be able to transverse the defined path without 
further input from the ground operators. Upon arrival at the waypoint or endpoint, the results are sent 
back at the next communications window. 
 
Although Socrates has its own CHAMP, it points in the same direction as the drill bit and tether terminal 
(they point backwards) and is therefore incapable of affecting the rover’s forward motion. That was a 
necessary result of the compromises forced by the MRoSA2 design heritage. However, Socrates’s 
CHAMP can image the terrain in its wake, including Delphi. In this way, it can look at the far sides of rocks 
that Delphi’s CHAMP is unable to reach. 
 
5.2.5: Rover Operations 
 
Because the mission includes instruments for both non-destructive and destructive analysis of the 
samples (per the MDC criteria), a strategy for gathering and analysis must be established, balancing the 
need for in-situ analysis and for sending pristine specimens back to Earth to serve as “ground truth” for 
these findings. At the same time, the sample-gathering phase of the mission must be distinct and 
separate from the propellant production phase in order to keep power usage down. Since the cryocooling 
of liquid oxygen costs power even if propellant production is complete, the sample-gathering phase 
therefore must begin first. Below is a rough list of how rover operations would play out after landing, solar 
array deployment, and health checks. 
 
1) Delphi lands, deploys solar arrays, and sends health diagnostics back to ground controllers 
 
2) After they verify that Delphi is in nominal condition and ready for operations, the ground controllers 
send instructions for the arm/mast to deploy to its vertical position 
 
3) The CHAMP(s) on the arm/mast start panoramic imaging of elevation rings, storing the images for the 
next transmission window 
 
4) The ground controllers use the panoramic and stereo images to construct a detailed digital map of 
Delphi’s surroundings up to 50 meters away. Interesting sites are picked out. Routes are mapped out 
based on safety and power usage 
 
5) Ramps are deployed on Delphi. Socrates is detached from its moorings and makes first transverse off 
the deck and onto the surface 
 
6) An initial sortie is made across the entire accessible area (more sorties may be necessary to cover 
this) for the purpose of collecting samples for in-situ analysis. The findings will guide the controllers on the 
next, more focused sorties 
 
7) Socrates returns and deposits up to 10 samples for both non-destructive and destructive analysis. 
These samples are documented and referenced so the controllers know where each one came from 
 
8) Based on the findings from the initial sortie(s), the controllers plan several focused sorties to get 
samples for the return launch 
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9) Socrates is sent out on these sorties. With each return, she brings back 5 to 7 samples per site for 
non-destructive analysis and sealing in the canister 
 
5.3: Sample Handling & Quarantine 
 
5.3.1: Sample Deposition 
 
Upon its return to Delphi, Socrates will park over the Sample Analysis and Integration Unit (SAIU) and 
deliver its sample load to the transfer funnel at one end of the SAIU. The SAIU is an integrated suite of 
mechanisms and instruments contained within a clean box that fits under Socrates near its maximum 
clearance.  
 

Figure 5.8: Sample Analysis & Integration Unit 

 
(rendering by author) 

 
The payload cab rotates so the drill or corer bit dips into the funnel. The funnel passively complies with 
the bit in order to ensure a tight fit. The bit then releases its contents so they spill down the funnel and 
into a waiting sample sleeve. Figure 5.9 shows how the bit is received. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 42



Figure 5.9: Drill/Corer Bit and Sample Caching Subsystem 

 
(image courtesy of Backes, Collins, JPL, modified by author) 

 
The operations process is shown below: 
 
1) The sleeve-arm rotates into place under the sample container, which in turn rotates to ensure 
alignment of an empty sleeve with the sleeve-rod. 
 
2) The sleeve-rod is pushed upwards so a latch at its top grasps an empty sleeve. This sleeve is then 
pulled down and out of the container. 
 
3) The sleeve-arm rotates again, so the sleeve is placed under the transfer funnel 
 
4) The sleeve is pushed up into the transfer funnel, which passively complies 
 
5) When the sleeve is pushed all the way into the funnel, it is held in place by friction 
 
6) The sleeve-rod latch releases the sleeve and retracts from the funnel. A lip is rotated under the sleeve 
to passively lock it in place, so it won’t slip when the sample is pushed into it 
 
7) The drill/corer bit moves down and pushes against the chamfer of the funnel and the funnel passively 
complies to align with the bit 
 
8) The bit pushes the sample into the sleeve, which is held in place by the funnel 
 
9) As the bit retracts, the funnel returns to its nominal position 
 
10) As the sleeve-rod moves up, it pushes the lock out of the way 
 
11) The latch on the sleeve-rod grasps the sleeve and pulls it down out of the funnel 
 
12) The sleeve-arm rotates into place under the container, which rotates so an empty holding cylinder is 
directly over the sleeve 
 
13) The sleeve is pushed into the holding cylinder, all the way up to the top where the seals between the 
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sleeve and the cylinder are passively engaged 
 
14) The sleeve-rod latch releases the sleeve and the sleeve rod retracts from the cylinder. The sleeve is 
now secured inside the container 
 
15) The empty drill bit is replaced with a full one (see subsection 5.2.2) and process is repeated until all 
bits are emptied 
 
Each sleeve is 10 millimeters in diameter, with a length of 35 millimeters. They are sealed with a sealing 
mechanism that places an airtight plug on each sleeve in succession. The plug itself is of the exact same 
diameter as the sleeve, so it fits snugly inside the container. The sleeve material must be a transparent, 
non-shedding plastic, so the sample is not contaminated by this material and so it can be photographed 
with an on-board microscope. 
 
The funnel is coated with Teflon, so no particulate matter will stick to its walls and mix with any of the next 
samples. Teflon does not shed, so the samples will not get contaminated. Once all samples are inside the 
container, they are transported through the SAIU for either the full spectrum of analyses or just non-
destructive analysis, depending on whether they are initial samples or these meant for the return launch. 
Section 6 contains descriptions of all the instruments used in the SAIU. 
 
5.3.2: Sample Canister 
 
The canister integration assembly is located at the opposite end of the SAIU from the sample transfer 
funnel (see Figure 5.9 above). It consists of a stepper motor to rotate the canister, a retractable sleeve 
arm to insert each sleeve into its hole, and two rolling electrodes to perform resistance seam welding on 
the canister’s rim.  
 
The canister (shown in Figure 5.10) is shaped like a shallow cylinder with two hemispheres at each end, 
each having different radiuses of curvature to save volume. The hemispheres allow for all-around impact 
resistance, while the cylinder section gives more vertical space to the sleeve holes than a purely spherical 
volume would otherwise have. The canister is 120 mm wide (not including the rim) and 125 mm in height. 
Its rim is 25 mm deep and 5 mm thick after both halves are welded together. Each hemisphere has 
additional shock-absorbing foam to complement the foam just behind the heatshield’s nose.  
 

Figure 5.10: Sample Canister 

 
(renderings by author) 

 
 

 44



Within this 120 mm diameter, there is room for 35 soil/rock samples and 1 atmospheric sample for a total 
of 36 holes, assuming each hole is 11 mm in diameter. The atmospheric sample is probably procured 
from the freezer, as this allows for a higher storage pressure than what would be possible with direct 
collection. The canister is initially two separate pieces stored in their own containers inside the SAIU, with 
the sample-holding body inside the main clean box. The grooves along the rim allow the canister to be 
gripped by the teeth of the stepper motor, which rotates it in intervals to ensure precise placement of the 
sleeve into its hole. The motor has several settings to ensure that all holes are filled. 
 
Once sample loading is complete, the arm/mast then retrieves the lid section of the canister from its clean 
box, and places it on top of the sample-holding section. After precise alignment is verified, two rolling 
electrodes are pressed against both sides of the rim and an electric current passed between them. The 
heat that arises from the metal’s resistance naturally welds both sections together. The canister is rotated 
with a gear to make a continuous seam weld around its rim. The result is shown in Figure 5.11 at left. 
 
Both sections can be made from steel or either an aluminum or titanium alloy, although the author prefers 
aluminum for its lightness and ease of machining. A trade study will need to be made of various alloys 
covering the following qualities: weight, thickness needed to withstand impact, minimum thickness for 
ease of welding, and resistance to electric current.  
 
5.3.3: Integration into the Capsule 
 
As the canister is welded, the arm/mast rises up to the return capsule’s level and lifts the heatshield off 
the backshell. The heatshield is attached to the backshell by a hinge, so it stays in place as the arm/mast 
descends to the SAIU. After the continuous seam weld is checked and verified complete at all points 
(perhaps with ultrasound or X-rays), the arm/mast lifts the canister out of the SAIU, flips it over, and raises 
it to the return capsule’s level. With the aid of sensors on the arm/mast, the canister is maneuvered in 
place and dropped into the backshell (shown in Figure 5.11). 
 

Figure 5.11: Return Capsule, Closed and Open 

 
(renderings by author) 

 
The canister is dropped with its shallower hemisphere pointing down, so the thicker hemisphere (the one 
with a lower radius of curvature) is aligned with the heatshield. The capsule is virtually guaranteed to hit 
the ground with its heatshield down, so this position allows the canister to withstand the maximum force 
from contact. 
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5.4: Planetary Forward Protection Procedures 
 
Interplanetary landers are subject to considerable restrictions on forward contamination of the celestial 
body in question. For any two-way mission, another requirement has been made to protect against “back-
contamination” or the introduction of extraterrestrial organisms into Earth’s biosphere. While the forward-
contamination requirement is laudable (as it prevents terrestrial organisms from disrupting scientific 
results), the need for back-contamination prevention is dubious. As Dr. Robert Zubrin and others have 
shown, thousands of Martian meteorites have impacted the Earth over the last few billion years without 
any noticeable effect on the biosphere, so if some of these did carry extraterrestrial organisms, they will 
have evolved in an environment that is profoundly alien from ours and so would be unable to infect 
humans or the terrestrial biosphere. 
 
Hence, sterilization of the samples prior to return is useless and would defeat the entire purpose of such a 
mission. The geological/mineralogical content of these samples would be irrevocably altered and, if some 
of them contain living Martian microorganisms, a great opportunity to analyze these would be lost. Thus, 
the only back-contamination safeguards built into Mars Oracle should be extensions of its forward-
contamination protections; the goal being to prevent terrestrial organisms from entering the returned 
samples on Earth as well as to prevent these organisms from entering the Martian environment. These 
safeguards are already described in the previous sections and have no bearing here.  
 
In the interest of forward protection, the Curation and Analysis Planning Team for Extraterrestrial 
Materials (CAPTEM) has recommended that the spacecraft be cleaned to at least Pathfinder standards 
(12 spores/m-2 and <2.4 × 104 total), with the components that interact with the samples having a higher 
degree of cleanliness. Bio-barriers similar to those used for Phoenix and Mars Science Laboratory are 
used to isolate these components from the rest of the system. 
 
5.4.1: Cleaning Solutions 
 
A JPL team did a study to identify the best cleaning agents and which is the most suitable for spacecraft 
components in an effort to simplify sterilization operations for future missions. Potassium fluoride diluted 
in high-purity water was found to render all test materials completely devoid of viable endospores, but its 
extremely caustic nature makes it unsuitable for spacecraft hardware. Hydrogen peroxide (again, diluted 
in high-purity water) made an excellent second choice, but its oxidative nature might make it a danger to 
electronics and certain components. It is compatible with all materials except for black anodized 
aluminum. A combination of these two solutions might work best, although the KF solution would have to 
be applied very selectively. 
 
5.4.2: Bio-Barriers 
 
In lieu of the “hard-shell” bio-barrier used for Viking (which encased both landers entirely), Mars Oracle 
will use bio-barriers developed for Phoenix and Science Laboratory that encapsulate only its sample-
handling components. They rely on tear-resistant and ultra-cleanable materials such as Tedlar and Tyvek 
(both from DuPont Corporation) and foolproof sealing and deployment mechanisms. 
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Figure 5.12: Phoenix Robotic Arm Bio-Barrier  
(Similar design to be adopted for Delphi’s arm) 

 
(image courtesy of JPL) 

 
Figure 5.12 shows the bio-barrier that currently protects Phoenix’s robotic arm. A similar design will be 
used for Delphi’s arm/mast. The overwrapping film is Tedlar, with a vacuum-deposited aluminum particle 
coating to dissipate any electrostatic buildup, in turn preventing discharges which could damage sensors 
and electronics. To keep the aluminum coating from shedding (which will happen in extreme 
temperatures), the Tedlar is pre-crinkled before assembly. Several burn-wires laminated in Mylar run 
lengthwise down the bag, and cut it cleanly at deployment. The bag is sealed with male/female aluminum 
flanges. A retractable bio-barrier for Mars Science Laboratory’s corer tool has yet to be designed, but it 
would be put to good use on Socrates’s DSS tool head.  
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6: Geology & Astrobiology 
 
6.1: Overview 
 
As we have learned from the Viking and Pathfinder missions, sampling of surface soil and rocks can only 
gain limited scientific information. Possible organic signatures tend to be erased by surface processes 
such as weathering, oxidation, and exposure to UV radiation from the Sun. Therefore, the Martian 
astrobiology investigation must be primarily performed on pristine samples that have never been exposed 
to the surface environment. Two types of samples have this characteristic: 
 

• Samples extracted from surface stones/rocks by coring at a depth of a few centimeters 
• Deep regolith samples acquired vertically from a depth of more than one meter 

 
The evaluation and return of surface samples is warranted as well, because of the uncertainty of the 
Viking astrobiology results. The scientific instruments of both landers did not detect any biomarkers in the 
topsoil of their landing sites, but a recent test of Viking’s gas chromatograph/mass spectrometer in Chile’s 
Atacama Desert did not detect life there either. This is a sore limitation, especially given that even this 
desert should have some bacterial life in its topsoil. 
 
6.2: Precursors & Signs of Martian Life 
 
The study of extremophiles on Earth has shown us that life as we know it is capable of surviving and 
thriving in conditions of extreme heat and/or cold, provided with a liquid water source and an energy 
source other than sunlight. This has enormous implications for our hypothetical Martian organisms; it is 
possible that they can be found below the surface or deep within rock fissures where little or no ultraviolet 
radiation can reach. How they would deal with oxidation is another matter to be investigated. 
 
6.2.1: Signs of Water 
 
This section focuses on the general presence of water within 2 meters of the surface, which is the 
maximum depth Socrates can drill to. There may be large subterranean reservoirs on Mars, but they are 
currently inaccessible with Mars Oracle’s technology and will have to wait for a human presence, which 
can support drilling of much greater depth. The relative abundance of water in any landing site might also 
imply its atmospheric humidity, so the location should be considered for ease of water vapor acquisition. 
 
Delphi will land at sites that are known to have deposits of hydrated, claylike minerals that could only 
have formed in the presence of water, as detected by the visible and infrared spectrometer on Mars 
Express. Phyllosilicates form when molten rock is chemically altered by long-term contact with water. 
They are found as dark deposits mainly in the Arabia Terra, Terra Meridiani, Syrtis Major, Nili Fossae, 
and Mawrth Vallis regions. The existence of these rocks, because of the long time they require to form, 
imply the possibility of a hydrological system on Mars about 3.8 billion years ago. 
 
Several Mars orbiters such as Mars Express and Mars Odyssey have mapped out hydrogen 
concentrations across the globe with their neutron spectrometers. Hydrogen concentration is typically 
indicative of ground water, but it could also show the existence of other hydrogen-bearing compounds 
such as methane. 
 
6.2.2: Oxidants and Radicals 
 
The Viking GCMS results implied that any organic material deposited in the top few centimeters of 
regolith would be destroyed by oxidizing agents. The nature of these agents has not yet been determined, 
but hydrogen peroxide is a possible contender. Hydrogen peroxide breaks organic compounds down very 
readily, but it decomposes into oxygen radicals in the presence of transition metal oxides (which are 
common on the surface). If they exist, these radicals can be found on the surface of mineral grains. 
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6.2.3: Organic Compounds 
 
Assuming we know the nature of those oxidants (see previous subsection), we might be able to detect 
Martian organics under the surface or in rock cores. The best compounds to look for are amino acids, 
because they are readily synthesized under a variety of plausible prebiotic conditions. 
 
All life on Earth use chains of amino acids to synthesize proteins, but amino acids by themselves are not 
necessarily a sign of life. They can be made from either biological or abiotic means, so it is possible that 
Mars has amino acids and other chemical precursors of life but never had life. Most types of amino acids 
exist in two different forms. A roughly 50-50 distribution of both left- and right-handed forms (this property 
of “handed-ness” is called chirality) would strongly indicate either a non-biological origin, namely that life 
never existed in where the samples were extracted, owing to the fact that these mixtures would severely 
complicate biological processes as we know them. Following from this logic, a moderate distribution of 
chirality (say, 60-40 or 70-30 either way) might mean that this life was present but has been extinct for 
quite some time. The prevalence of left-handed acids would indicate an origin similar to that of terrestrial 
life, while that of right-handed acids could show a completely alien origin. 
 
Polycyclic aromatic hydrocarbons (PAHs) are not good biomarkers but are very good indicators of abiotic 
chemistry because they usually are formed by combustions and geochemical reactions that take place on 
a scale of millions of years. They have been identified in carbonaceous chondrite meteorites, so the 
detection of PAHs in Martian regolith would indicate that organic materials have been falling on the 
surface for much of the planet’s history. 
 
6.3: Landing Sites 
 
Two landing sites have been selected based on elevation (for ease of descent and CO2 acquisition), 
amount of sunlight that they receive (for solar panel performance), scientific interest, and abundance of 
water. They lie between -1 and -4 km MOLA and between -15 and 10 degrees in latitude. Terra Meridiani 
is the primary landing site, and Isidis Planitia the backup. Both regions are shown below within the red 
circles. 

 
Figure 6.1: MOLA Elevation Map of Mars 

(landing sites marked in red circles) 
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6.3.1: Terra Meridiani 
 
Terra Meridiani makes an excellent candidate landing (and launch) site because of its mineralogical 
richness, equatorial location, low wind shear, few boulders, and relatively low slopes. It is located at -1600 
meters elevation, which should be reachable with Delphi’s EDL performance. The author has chosen this 
as the primary landing site because of an opinion from the Mars 2005 Sample Return Workshop that 
already-visited sites take precedence over those not yet visited, in order to establish ground truth for our 
findings.  
 

Figure 6.2: Hydrogen Distribution in Terra Meridiani 
 

 
(Source: Mars Odyssey, NASA, JPL) 

 
The Opportunity rover has found an abundance of hydrated minerals on the surface, such as gypsum, 
hematite, jarosite, kieserite, and olivine. The overall water content of this region is estimated to be at 5% 
by weight, with up to 15% in a few spots. The Mars Odyssey orbiter has found high concentrations of 
hydrogen in this area with its neutron spectrometer, which raises the possibility of permafrost and/or ice 
near the surface (see Figure 6.2). MOLA measurements have uncovered a slight dip in elevation over a 
significant area, exactly where the largest concentrations of hematite are clustered. This basin is likely the 
remnant of an ancient shallow lake or pool, which makes it a high-priority spot to search for life as well as 
for phyllosilicates. 
 
6.3.2: Isidis Planitia 
 
Isidis Planitia is the third-largest impact basin on Mars after Hellas and Argyre, lying between 5o and 20o 
N, right at the boundary between the northern lowlands and the ancient southern highlands. For that 
reason, it might have been a lake or bay at the edge of a vast hemispheric ocean. The Beagle 2 probe 
landed there but failed to deploy, so to this date we have no ground knowledge of this region. There does 
not seem to be much dust there, and the elevation is low enough (≈ -3600 meters MOLA) to permit 
prolonged deployment of parachutes and faster acquisition of carbon dioxide. 
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Figure 6.3: MOLA Elevation Map of Isidis Planitia 
 

 
 
The plain is 1500 kilometers in diameter, and deduced to have a top layer of hard-packed dust. 15% of 
the area is covered by rock fragments, most of them smaller than house bricks. This is possibly the result 
of sedimentation from the nearby highlands. The highest-resolution images from previous orbiter missions 
show details a couple of meters across at the smallest, revealing a few ridges and numerous cones a few 
hundred meters across each that may have been produced by small volcanic eruptions. They might 
indicate the presence of ice deeper down. This makes Isidis Planitia a good place to search for life. 
 
If this site is chosen, Delphi will land in the southernmost part of the basin, delineated by the 0o and 10o 
lines shown in Figure 6.3. This guarantees the maximum benefit from solar power, and puts it in the 
vicinity of possible mineral deposits from the highlands. 
 
6.4: Scientific Payload 
 
Mars Oracle’s scientific payload is a mixture of tried-and-true instruments and those fresh out of the Mars 
Instrument Development Program (MIDP).  
 
6.4.1: Sensory Instruments 
 

• Mars Descent Imager (MARDI): The instrument, built by Malin Space Science Systems for 
Phoenix, consists of a camera head mounted on the underside of the lander and an electronics 
box in a temperature-controlled area. It is characterized by its small size (7 by 7 by 10 cm, 600 
grams) and low power consumption (10W operating, 4W standby). Its ultimate resolution is better 
than 1 cm/pixel, with each image 1600 by 1200 pixels in size, with the ability to acquire low-noise 
images every 0.2 seconds. During descent, MARDI will also acquire 5-fps high definition color 
digital video. 

 
• Modular Autonomous Meteorology Station (MarMet): Needed to monitor climate and wind 

patterns for the launch. It also carries a vertical LIDAR. 
 

• Camera, Hand Lens, And Microscope Probe (CHAMP): This is found on both Socrates’s payload 
cab and Delphi’s arm/mast. As its name implies, the CHAMP combines the capabilities of a 
camera, hand-lens, and a microscope into a single system, to allow the science team to better 
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identify and characterize the samples before they are collected. On its head is an array of white, 
infrared, and ultraviolet LEDs to prevent shadowing, allow illumination at night, detect carbonate 
and evaporate minerals, and certain mineralogical structures. It has a sophisticated focus 
mechanism for it to switch between field-of-view (FOV) ranges and to simplify operations because 
the rover/arm does not have to move through focus to acquire images at different depths of field. 
Onboard z-stacking and range/depth map generation reduces the number of images per target 
sent to Earth. 

 
6.4.2: Contact Instruments 
 
Those are found on Socrates only.  
 

• Atmospheric Electron X-Ray Spectrometer (AEXS): The AEXS fires a focused electron beam at 
the target sample to excite characteristic X-ray fluorescence (XRF) spectra. It does that through a 
thin electron transmissive membrane which isolates the vacuum inside the electron probe. Unlike 
the older Alpha Proton X-ray Spectrometer (APXS), there is no need for the AEXS to create a 
vacuum between its sensor head and the target sample, which greatly reduces the time required 
to get a full reading. While the AEXS offers faster readings, the author is uncertain on whether it 
is really better than the APXS, so either instrument can be accommodated. 

 
• Mossbauer Spectrometer: An old mainstay of every NASA mission to Mars since Pathfinder. It 

complements the AEXS in the investigation of iron-rich minerals. Because many of the most 
important minerals on Mars contain iron, this instrument is designed to determine with high 
accuracy the composition and abundance of iron-bearing minerals that are difficult to detect, such 
as hematite, jarosite, and kieserite, by the detection of gamma- and X-ray backscattering from the 
impact of 57Co particles on the target. It is also capable of examining the magnetic properties of 
surface materials and identifying hydrologically formed minerals. 

 
• Rock Abrasion Tool (RAT): Another old mainstay of Pathfinder and the MERs. It enhances the 

science return from both the AEX and Mossbauer spectrometers by abrading a shallow circle off 
any weathered rock face, revealing the fresh structure underneath so the spectrometers can get a 
more accurate picture of its mineralogical makeup and how the rock formed.  

 
6.4.3: SAIU Instruments 
 
The SAIU exists for both the destructive and non-destructive analysis of the samples provided by 
Socrates, and to integrate the chosen samples into the return capsule. It occupies a significant volume on 
Delphi’s deck, on Socrates’s docking bay. Because many of the instruments listed below are already 
designed with sample-handling capabilities and ovens, the author has combined them into a single unit, 
where those capabilities are shared by all. In this design, the ovens and sample-handling mechanisms 
make up the unit’s core. The SAIU can be thought of as a hybrid between the Mars Science Laboratory’s 
SAM unit and ExoMars’s Urey Instrument, which both use a similar approach. Below are its constituent 
instruments, of which some are old mainstays and the rest fresh out of the MIDP. 
 

• Tunable Laser Spectrometer (TLS): Detects and measures atmospheric gases in the atmosphere 
and evolved from regolith samples. It is a multi-channel instrument that measures the isotopes of 
water, methane, and carbon dioxide in the sample, along with hydrogen peroxide and nitrous 
oxide. This constitutes the sole non-destructive test instrument for all collected samples. 

 
• CheMin: An X-ray fluorescence/diffraction spectrometer for elemental analysis and mineralogical 

structural data. In operation, a collimated X-ray beam is directed through the sample with a CCD 
on its opposite side. The sample is shaken by a piezoelectric actuator in order to expose all 
orientations of each grain to the beam over time. The CCD detects both diffracted and fluoresced 
X-rays. Analysis times vary from 30 minutes to one hour, depending on the need for sensitivity. 
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• Mars Organic Detector (MOD): This is capable of detecting any amino acids, amines, and PAHs 
found in Martian regolith (see Section 7.2.3) with 100 times the sensitivity of Viking’s instruments. 
It contains a Tunable Diode Laser (TDL) spectrometer for detection of water and carbonates in 
surface samples. 

 
• Mars Oxidant Instrument (MOI): This characterizes and identifies oxidants and their oxidation 

mechanisms by observing the change in reactivity of various thin films when in contact with 
Martian soil. 

 
• Radicals & Oxidants Instrument (ROXI): Built around a narrow-band electron paramagnetic 

resonance (EPR) spectrometer for detecting reactive species, organic radicals, and radiation-
induced defects, and a wide-band spectrometer for paramagnetic cations. The instrument uses a 
250oC oven which is part of the SAIU’s core. ROXI can detect and quantify oxidants in 
concentrations greater than 50 parts per billion either directly or through measurement of the 
reaction products.  
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7: Cost Assessment 
 
7.1: Overview 
 
The author used two cost models from NASA’s Johnson Space Center to estimate the price tag for Mars 
Oracle. Using these methods, the total cost was estimated to be in the ballpark of $693 million (FY04). 
When compared to Pathfinder ($282 million), Phoenix ($385 million), and both MERs ($882 million), this 
is quite a bargain for what has been envisioned as a two-billion dollar mission. This figure is well-founded 
in light of the mission’s likely EDL performance. Because Mars Oracle uses existing aeroshells and 
parachutes, the expense of another Viking-style crash program to validate new EDL technologies is 
disassociated from the total cost. This in no way implies that overhauling our EDL capabilities is 
unnecessary for human landings; rather, the reduced cost makes Mars Oracle much easier to implement 
than other sample return concepts. 
 
7.2: Software Used 
 
These JavaScript tools can be found on the Johnson Space Center website (http://cost.jsc.nasa.gov/ 
models.htm). All costs are in 2004 dollars. 
 
7.2.1: Spacecraft/Vehicle Level Cost Model 
 
This is the simpler tool than the AMCM, and gave a slightly higher estimate than what the author got from 
the latter (see next subsection). Only a few variables are used. 
 

• Type: The type of spacecraft or vehicle to be analyzed. Launch stages, planetary landers, and 
scientific instruments are included here 

• Dry Weight: The total mass of the unit not counting fuel and payload, in pounds and kilograms 
• Quantity: Total number of units to be produced 
• Learning Curve: Assumed to be the estimated difficulty. It seems useless, since manipulating its 

value does not change the total cost at all 
 
Results are expressed as the development cost, the production cost, and the total cost. 
 
7.2.2: Advanced Missions Cost Model 
 
This tool uses a different and larger set of variables to estimate total cost, of which an annotated list is 
shown below. 
 

• Quantity: Total number of units to be produced 
• Dry weight: The total mass of the unit not counting fuel and payload, in pounds only 
• Mission type: Classified by the operating environment and the type of mission to be performed 
• IOC Year: IOC stands for Initial Operating Capability, namely the year in which the spacecraft or 

vehicle is first launched 
• Block Number: Represents the level of design inheritance in the system. Block 1 means that the 

spacecraft is a new design while Block 5 means this is the fifth iteration of an existing design 
• Difficulty: This factor represents the level of programmatic and technical difficulty anticipated 

 
Unlike the SVLCM, the AMCM does not give the development and production costs. Only the total cost is 
shown. The Mission Type box also gives a much wider range of options than what the SVLCM had, 
including unmanned reentry vehicles. 
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7.2.3: Mission Operations Cost Model 
 
The MOCM gives an estimate of the basic mission operations and data analysis (MODA) costs of a given 
spacecraft; in other words the cost of maintaining and upgrading ground systems, mission control, 
tracking, telemetry, command functions, mission planning, and data reduction and analysis. It does not 
include the cost of launch vehicles and services. To get an estimate, the user plugs in the investment cost 
(defined in this paper as the mean between the SVLCM and AMCM estimates) and the mission type 
(planetary spacecraft). The average annual MODA is then multiplied by three years to get the figure seen 
in Table 7.1. 
 
7.2.4: DSN Cost Estimating Model 
 
This estimates the cost of doing projects with the Deep Space Network, which is used to communicate 
with interplanetary spacecraft. The project cost is defined in this paper as the investment cost plus the 
total MODA cost. A definitive estimate type was used to get the cost estimate. 
 
7.3: Cost Model Estimates 
 
Some assumptions had to be made to get the most accurate results, especially from the AMCM tool. 
They are as follows: 
 

• IOC is set to 2013, as this is the year Mars Oracle is supposed to launch 
• Block numbers are set according to perceived newness of design (i.e., Socrates has Block 1 

status and the TE cruise stage has Block 2 status because of its micro-spacecraft nature). 
• Both cost models do not cover certain mission types, such as planetary rovers. In this case, an 

approximation was made using the closest analogue 
 

Table 7.1: SVLCM and AMCM Estimates 
 

Component SVLCM Estimate (in 
millions) 

AMCM Estimate (in 
millions) Mean Estimate 

Earth Reentry Capsule (6 kg) n/a $1 (Block 3) $1 

TE Cruise Stage (10 kg) $29 $4 (Block 2) $16.5 

Second Stage (20 kg) $10 $6 (Block 3) $8 

First Stage (50 kg) $20 $9 (Block 3) $14.5 

Lander (250 kg) n/a $293 (Block 3) $293 

Scientific Instruments (23 kg) $5 n/a (Block 2) $5 

Socrates Rover (16 kg) n/a $46 (Block 1) $46 

Mars Entry Capsule (267 kg) n/a $16 (Block 4) $16 

TM Cruise Stage (193 kg) $150 $98 (Block 5) $124 

    

  Total from SVLCM & 
AMCM $524 million 

  Total MODA (over 3 
years) $51.9 million 

  DSN Operating Cost $1 million 

  Launch Cost (Falcon 
9) $36.75 million 

  Grand Total: $613.65 million 
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Conclusions 
 
1: All technologies featured are either in use or extremely near-term 
 
What the reader sees here is a synthesis of different concepts and technologies produced by the author’s 
own independent research, created by the inclusion of components that fit his design philosophy and the 
exclusion of all others. All new technologies used in this mission, especially the WAVAR, have been 
prototyped so their operating mechanisms are well-understood. 
 
The tethered micro-rover is much more easily landed as part of the return vehicle’s payload than a full-
size rover that moves under its own power, and is capable of doing the same amount of work as the latter 
within a certain radius. There are no fundamental technical barriers to its implementation in Mars Oracle 
and other missions. 
 
The author foresees the cryogenic storage of oxygen during the surface phase of the mission as being 
the most difficult to ensure of succeeding, because of its high power requirements. Still, its potential 
problems pale in comparison with the headaches that liquid hydrogen will bring. In any case, the prospect 
of not having to import fuel or feedstock from Earth, combined with that of an excellent Isp, makes this 
ISPP scheme the best one for sample return. 
 
2: It will be risky but worthwhile 
 
A sample return mission to Mars is the logical predecessor to a human presence there. Not only will this 
give us a tremendously improved scientific understanding of Mars – it will also deepen our knowledge of 
the technical issues that need to be resolved before we send the first crewed mission and, ultimately, set 
up a permanent base there. 
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Appendix A: Compliance Matrix 
 
The author has extracted twenty-seven requirements from the MarsDrive contest document. Below are 
these twenty-seven criteria, and how Mars Oracle meets them.  
 
1. Place a scientific payload on 
the surface of Mars 

The Socrates rover, the SAIU, and the arm/mast all constitute Mars Oracle’s 
scientific payload. Their total mass is estimated at 39 kg. 

2. Collect geologic and 
astrobiological samples 

The tracked micro-rover is the mission’s means of doing that. It will extract 
rock and soil samples from multiple sites in the vicinity and return them to 
Delphi’s deck. The return vehicle will then carry out characterization 
experiments using its onboard instruments. 
 

3. Use local Martian resources 
to produce a quantity of 
propellant to allow the collected 
samples to leave the surface 
and return to LEO 
 

The Delphi return vehicle does not carry liquid hydrogen to use as feedstock, 
unlike the ISPP schemes found in many other sample return plans. Instead, it 
collects atmospheric CO2 and water vapor and processes them into ethylene 
and oxygen, which are reacted together in a vortex-cooled rocket engine to 
produce thrust. Details are provided in Chapter 4. 

4. The mission may be 
accomplished using any variety 
of interplanetary transfer. It 
should also be launched using 
existing or near-term launch 
vehicles 
 

SpaceX’s Falcon 9 is Mars Oracle’s choice launch vehicle, though other, albeit 
more expensive, launchers can also be used. The mission’s maximum 
departure energy (C3) using this booster is estimated to be 25 km2/sec2. 

5. Choices of both trajectories 
and launch vehicles should be 
thoroughly discussed 

This is discussed in Chapter 2. In this case, Mars Oracle is compatible with 
any launch vehicle with a payload fairing diameter of 3 meters. The exclusion 
of liquid hydrogen frees up the launcher selection, because of its special (and 
difficult) handling characteristics, which cannot be carried out on some pads. 
 
On both the outbound and inbound legs, Delphi will be injected into a Type 1 
trajectory, in order to maximize surface stay.  
  

6. The mission must specify a 
target and backup landing 
site… 
 

Terra Meridiani is the primary landing site, because of the need to take 
samples from an already visited site in order to establish ground truth for the 
Opportunity rover’s findings. Both landing sites were selected for their 
equatorial location, water availability, and scientific interest. 
 

7. …and the ability of the 
proposed lander to touchdown 
at both sites must be 
demonstrated 
 

Delphi uses two EDL components from the Mars Exploration Rovers: the 2.65-
meter aeroshell and the 8.9-meter disk-gap-band supersonic parachute. They 
are rated to land a maximum of 350 kg to -2 km MOLA, but because Delphi 
has a dual-purpose stage for both the landing and ascent, the author believes 
that this limit can be pushed. Since Terra Meridiani lies at about -1.6 km MOLA 
and the Isidis Planitia site at -3.6 km, Delphi is more than capable of landing at 
either location. 
 

8. The mission should 
adequately protect against the 
contamination of collected 
Martian samples by terrestrial 
organisms 
 

The return vehicle should be sterilized up to at least Pathfinder standards. 
Socrates, the SAIU, and the arm/mast are sterilized to even more stringent 
levels, and are protected under biobarriers to isolate them from the rest of the 
vehicle until arrival on Mars. Resistance seam welding will be used to seal the 
sample canister prior to integration into the return capsule. 
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9. The mission should be 
equipped with instrumentation 
appropriate for the scientific 
exploration of Mars 
 

All of Mars Oracle’s instruments are in existence. They include sensory 
devices such as the CHAMPs, MARDI, AEXS, and Mossbauer Spectrometer. 
The MOI, MOD, and the ROXI will handle the oxidant and organics aspects of 
the investigation. 
 

10. Equipment mobility The Socrates rover can venture fifty meters from Delphi in any direction, 
limited only by the tether that supplies power to it from the lander and which 
passes telemetry between the two units. 

11. Manipulation equipment Socrates has no manipulation equipment (to keep mass down) but its payload 
cab is capable of pivoting in two degrees of freedom to best place its 
instruments on any target. 
 
Delphi carries a manipulator arm/sensing mast hybrid that is capable of 
imaging the vehicle’s surroundings to support the rover and of gathering 
surface regolith samples from the immediate vicinity. 
 

12. Scientific astrobiology 
measurements 

Delphi carries no instruments capable of directly detecting life, but what it has 
is sufficient to find its signs and to determine its environment, such as organic 
markers, mineralogy, and oxidation layers. 

13. Propellant for Earth return 
must be created using 
indigenous Martian resources, 
in whole or in part 
 

Delphi has only to procure and process a certain amount of CO2 and H2O from 
the atmosphere in order to leave the surface. No liquid hydrogen feedstock is 
needed, with all its tank and cryocooling mass eliminated.  
 

14. Complete Mission Cost This is assessed in Chapter 7. The total cost was inferred using four 
JavaScript modeling tools on the Johnson Space Center website. The total 
cost was estimated to be $613 million (2004 dollars) 

15. Sample Quarantine and 
Containment 

The SAIU carries a number of airtight sleeves to contain the samples that 
Socrates brings in. The chosen samples are then sealed into the canister by 
way of resistance-seam welding. 

16. Sample Grab Mechanism Socrates’s Drilling and Sampling Subsystem has the necessary drilling and 
coring bits to gather samples from regolith and rocks, respectively. Delphi’s 
manipulator arm also has a scoop to gather regolith samples from its 
immediate vicinity. 
 

17. Astrobiology Experiment 
Equipment/Techniques 

The Mars Organic Detector is the closest thing Mars Oracle has to a true 
astrobiology package. It can detect amino acids, amines, and polycyclic 
aromatic hydrocarbons in parts-per-billion quantities. 

18. Mars Ascent Vehicle The Delphi ascender consists of a first stage for the ascent, a second stage for 
the injection, and a cruise stage for trajectory-correction and precession 
maneuvers. It uses ultralightweight, low-pressure tanks made of Nonburnite 
composite and integrated multi-layer insulation. Pistonless pumps are used to 
transfer the propellants from their tanks to the engines. Both stages use 
vortex-cooled rocket engines to reduce mass and increase reliability. 
 

19. In-Situ Propellant 
Production (specifics on 
techniques and amounts 
produced) 
 

ISPP is limited to carbon dioxide and water vapor acquisition; no hydrogen 
feedstock is needed. The O/F ratio used for the ascender is 2.6, so ascent 
from the surface requires the mass of accumulated liquid oxygen to be 2.6 
times that of liquid ethylene. The total propellant mass is estimated at 280 kg, 
split into 77.81 kg LEth and 202 kg LOX. 
 

20. Aerocapture and Landing 
Mechanisms 

The entire mission is landed on Mars via a similar version of the capsule used 
for the MERs. It is 2.65 meters in diameter, and capable of hypersonic 
aeromaneuvering to improve landing accuracy by an order of magnitude. 
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21. Light Element 
Geochemistry 

Socrates’s AEXS and Delphi’s CheMin fulfills this requirement. They are 
capable of discerning the elemental composition of their target objects or 
materials, except for hydrogen.  

22. Weathering History Socrates’s CHAMP can take close-up images of its target at 12.5 µm 
resolution. That capability, combined with its RGB Bayer pattern filter to allow 
true color vision, will give far better images of the target than Spirit’s and 
Opportunity’s Microscopic Imagers ever could. Delphi’s CHAMP and MARDI 
will assist in determining the geological context of each site. 
 
The Rock Abrasion Tool will also serve in that capacity.  
 

23. Residual Organics Socrates’s AEXS can detect carbon-based compounds. The CheMin and the 
Mars Organic Detector will complement and improve upon the AEXS’s 
readings. 
 

24. Iron Redox State The Mossbauer Spectrometer carried on Socrates’s payload cab is designed 
to investigate the magnetism and iron content of any mineral or rock face 
found on Mars. 
 

25. Magnetic Fraction The author is unsure about the nature of magnetic fractions and how to 
determine them, but the Mossbauer Spectrometer is capable of investigating 
the magnetic properties of its target object or material.  
 

26. Interplanetary Dust 
Particles 

This seems rather superfluous for a Mars sample return mission, as it deals 
with material in space, not on the surface. Investigation of interplanetary dust 
particles would be better accomplished by a Stardust-type mission on a free-
return trajectory, or a mission to Mars’s moons. Russia is now planning its 
Phobos-Grunt mission to do exactly that. Any dust particles found around Mars 
would probably be the result of repeated impacts on the surface and/or on the 
moons, and so could be picked up with aerogel panels similar to what Stardust 
used. 
 

27. Oxidants The Mars Oxidant Instrument carried on Delphi can detect oxidants in the parts 
per trillion range, after thorough grinding of selected “experimental” samples. 
The micro-rover will help in the investigation of the nature and concentrations 
of oxidants in the regolith two meters below the surface with its Drilling & 
Sampling Subsystem. The ROXI will complement the MOI, and also look for 
radicals as well. 
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Appendix B: Propellant & Tank Mass Calculations 
 
The author’s calculations on the likely required amounts of imported and in-situ propellant are shown 
here, so the reader can corroborate those results. These calculations are based on estimated masses of 
the Delphi ascender, both of the upper stage alone and that of both stages combined. 
 
The total ∆V for transit from Mars all the way to Earth is 7800 m/s. Of that, 4200 m/s is needed to lift off 
from the Martian surface to LMO, which leaves 2200 m/s for the injection and 1400 m/s for trajectory 
correction maneuvers. For such a vehicle, the cruise stage’s requirements are analyzed first. 
 

Trans-Earth Cruise Stage 
 

Assuming a NOX-alcohol or NOX-hydrocarbon combination is used as the monopropellant, the specific 
impulse is above 300 seconds. The cruise stage’s dry mass (including the sample mass) would be about 
17 kg. 
 
∆V = (Isp*g)ln(m0/m1) 
 
1400 = (300(9.8))ln(m0/17) 
 
0.4762 = ln m0 – ln 17 
 
3.31 = ln m0 
 
m0 = e3.31 
 
m0 = 27.37 kg (total wet mass) 
 
massprop = m0 – mass1 
 
massprop = 27.37 kg – 17 kg 
 
massprop = 10.37 kg 
 
If we use the density of liquid nitrous oxide (1222.8 kg/m3), this translates into 0.0085 m3 of tank volume. 
Split into two tanks, this would be 0.0042 m3. Using the formula for the volume of a sphere, this gives 
each tank a diameter of  
 

Second Stage 
 
Assuming a vacuum Isp of 380 seconds and a dry mass (including the cruise stage with full tanks) of 38 
kg, the ideal rocket equation for the ascender’s upper stage with all values plugged in is: 
 
2200 = (380(9.8))ln(m0/38) 

0.591 = ln m0 – ln 38 

4.229 = ln m0  

mo = e4.229  

mo = 68.62 kg 

68.62 kg – 38 kg = 30.62 kg (propellant mass) 

30.62 kg + 1% ullage = 30.9 kg (total propellant mass) 
With an optimal O/F ratio of 2.6, this is 8.59 kg of LEth and 22.32 kg of LOX. Further divided into two 
dual-tanks, this is 4.3 kg for each LEth tank section and 11.16 kg for each LOX tank section. 
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The volume of a spherical tank is given by the formula V = 4/3πr3. Thus, we can find the volume by 
knowing its density (ρ) and mass (m), and use that to find the likely radius and diameter of our second-
stage tanks. The only caveat is that each tank holds two propellants in separate sections, and these 
propellants have different masses and densities. So the rough volume of a common-bulkhead tank must 
be found by adding the volumes of both propellants together. 
 
VLeth: 568.8 kg/m3 
 
VLOX: 1149 kg/m3 
 
V = m/ρ 

VLeth = (4.3 kg)/ (568.8 kg/m3) 

VLeth = 0.0076 m3 

 

VLOX = (11.16 kg)/ (1149 kg/m3) 

VLOX = .0097 m3 

 

Vtotal = .0097 + .0076 

Vtotal = 0.0173 m3 

Vtotal = 4/3πr3 

0.0173 m3 = 4/3π r3 

0.0041 = r3 

0.16 m = r 

Radius is 0.16 meters 

Diameter is 0.321 meters or 32.1 centimeters 
 

First Stage 
 
Propellant calculations for the first stage follow exactly the same process, with the dry mass of the first 
stage added to the wet masses of the second and cruise stages. Assuming an average Isp of 376 
seconds and a dry mass (plus the wet mass of the cruise and second stages) of 116 kg: 
 
4200 = (376(9.8)ln(mo/116) 

1.14 = ln mo – ln 116 

5.89 = ln mo  

mo = e5.89 

mo = 362.71 kg 

362.71 kg – 116 kg = 246.71 kg (propellant mass) 

246.71 kg + 1% ullage = 249.18 kg (total propellant mass) 
With the O/F ratio of 2.6, this is 69.22 kg of LEth and 179.96 kg of LOX. Further divided into two dual-
tanks, this is 34.61 kg for each LEth tank section and 89.98 kg for each LOX tank section.  
 
So with the known densities and amounts of both propellants, we can find the volume and diameter of 
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their tanks. Starting with LEth, we have: 
 
V = m/ρ 

VLEth = (34.61 kg)/ (568.8 kg/m3) 

VLEth = 0.0608 m3 

 

VLOX = (89.98 kg)/ (1149 kg/m3) 

VLOX = 0.078 m3 

 

Vtotal = 0.0608 + 0.078 

Vtotal = 0.139 m3 

Vtotal = 4/3πr3 

0.139 m3 = 4/3πr3 

0.033 = r3 

0.3214 m = r 

Radius is 0.3214 meters 

Diameter is 0.6429 meters, or 64.29 centimeters 
 
 


