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Executive Summary  
The National Academy of Scienceôs Decadal Survey (New Frontiers in the Solar System: An 

Integrated Exploration Strategy, 2003) recommended that NASA develop a medium-class 

mission to return a comet surface sample to Earth for laboratory analysis. NASA tasked the 

Applied Physics Laboratory to refine the concepts described in the Decadal Survey. As stated in 

the task guidelines,  

 

The study results will include a pre-phase A fidelity plan to implement the mission concept, 

evaluating the cost, schedule and risk. A Science Definition Team (SDT) will be appointed 

by NASA Headquarters to work with mission designers and technologists. The study will 

take recent activities into account, assess opportunity and technological readiness, and 

provide estimated costs. 

 
The study began in July 2007 with the identification of an SDT to guide the concept 

development. The SDT re-examined the scientific justification for a CSSR mission, explicitly 

considering the new knowledge gained during recent spacecraft missions to comets. The results 

from the Deep Impact mission in 2005, in combination with studies of fragmenting comets 

during the past two decades, strongly suggest that sampling the surface of a cometary nucleus 

should be much easier than previously thought. And the bounty of intriguing, new scientific 

results from the Stardust mission justifies taking the next logical step to a CSSR mission that 

would provide a more representative sample of cometary matter. In summary, the SDT reaffirms 

the Decadal Surveyôs statement that 

 

No other class of objects can tell us as much as samples from a selected surface site on the 

nucleus of a comet can about the origin of the solar system and the early history of water 

and biogenic elements and compounds. Only a returned sample will permit the necessary 

elemental, isotopic, organic, and mineralogical measurements to be performed. 

  

The SDT found that a CSSR mission with a single, focused objective to return approximately 

500 cc of material from the nucleus will provide a major scientific advancement and will fulfill 

the intent of the Decadal Surveyôs recommendation for a New Frontiers class mission. However, 

the mission must be designed to prevent aqueous alteration of the sample, which would 

jeopardize the fundamental scientific objectives.  

With guidance from the SDT, the engineering team developed several CSSR mission concept 

options. The SDT determined that the return of a sample from any comet was of sufficient value 

to justify the mission and that the final choice of the target comet should be based on criteria that 

would reduce mission cost and risk. The initial review indicated that all potential targets are 

challenging from a mission design perspective. But some good candidates were identified, and 

we selected comet 67P/Churyumov-Gerasimenko [C-G] for this study, at least in part because 

the nucleus of this comet is expected to be well characterized by the Rosetta mission in the 2014 

time frame, well in advance of the rendezvous and landing discussed here. The primary 

architecture of the mission is driven by the need to navigate in the vicinity of the comet, descend 

to the surface of the nucleus to acquire a sample, and return the sample to the Earth without 

altering the material. Our study found that two propulsion technology options are available to 
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accomplish these objectives: a conventional chemical propulsion option and a solar electric 

propulsion (SEP) option, the latter of which has now been demonstrated by the DS1 and Dawn 

missions. Mission concepts were constructed around these two options. 

The technologies for either mission option are sufficiently mature that the choice between them 

can be based on the difference in cost and risk. 
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Scientific Objectives 

Science Questions and Objectives 

The fundamental (Group 1) CSSR mission scientiýc objectives are as follows:  

 Acquire and return to Earth for laboratory analysis a macroscopic (at least 500 cc) sample 

from the surface of the nucleus of any comet.  

 Collect the sample using a ñsoftò technique that preserves complex organics.  

 Do not allow aqueous alteration of the sample at any time.  

 Characterize the region sampled on the surface of the nucleus to establish its context.  

 Analyze the sample using state-of-the-art laboratory techniques to determine the nature 

and complexity of cometary matter, thereby providing fundamental advances in our 

understanding of the origin of the solar system and the contribution of comets to the 

volatile inventory of the Earth.  

The baseline (Group 2) CSSR mission scientiýc objectives will also provide revolutionary 

advances in cometary science:  

 Capture gases evolved from the sample, maintaining their elemental and molecular 

integrity, and use isotopic abundances of the gases to determine whether comets supplied 

much of the Earthôs volatile inventory, including water.  

 Return material from a depth of at least 10 cm (at least 3 diurnal thermal skin depths), if 

the sampled region has shear strength no greater than 50 kPa, thereby probing 

compositional variation with depth below the surface.  

 Determine whether the sample is from an active region of the nucleus because those areas 

may differ in composition from inactive areas.  
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Science Traceability 

  Science Traceability Matrix 

 

Science Objective Measurement Instruments Functional Requirement 

Floor  Objective #1: Return a 

macroscopic (Ó500 cc) sample from 

the surface of a comet to Earth with 

no aqueous alteration 

 

 (A) Sample Acquisition System 

(SAS) capture, maintain and hold 

sample  

 (B) Temperature and pressure 

sensors together with Sample Monitor 

Cameras (SMCs) monitor sample 

during capture and return to Earth 

(C)Sample Return Vehicle (SRV) 

transports SAS and sample to Earth  

Maintain the sample at Ò263 K  (i.e., 

Òī10°C) in order to prevent aqueous 

alteration and possibly retain some of 

the water ice in the sample 

Floor Objective #2: Determine the 

geomorphological context of the 

sampled region 

Global images of the comet nucleus Geomorphology determined by suite 

of 3 cameras: 

(1) Narrow field-of-view, visible light 

camera (NFV) 

(2) Wide field-of-view, visible light 

camera (WFV) 

(3) Thermal infrared camera (IRC) 

Image the entire sunlit nucleus at a 

resolution better than 1 m and perform 

visible characterization of the sampled 

region with a spatial resolution better 

than 1 cm 

Floor Objective #3: Maintain 

samples in a curation facility without 

degradation for more than 2 years 

 NASA JSCôs existing Curation 

Facility, upgrading astromaterials 

analytical laboratories to handle 

frozen samples 

 

Baseline Objective #1: Capture gases 

evolved from the sample, 

maintaining their elemental and 

molecular integrity 

 

 Separate (flask) chamber incorporated 

in SAS 

 

Baseline Objective #2: Return 

material from a depth of at least 10 

cm ( Ó3 diurnal thermal skin  

depths) if the sampled region has a 

shear strength no greater than   

50 kPa 

 SAS drill & capture design  
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High-Level Mission Concept 

Overview 

MISSION OVERVIEW 

  

 After the mission spacecraft travels to Comet 67P/C-G and collects images to characterize the 

cometôs nucleus, a sample return vehicle (SRV) will return Ó500 cc of material to Earth for 

laboratory analysis. The payload will collect the samples using 4 drills. Samples will be 

maintained during the return trip at Ò ï10°C. After SRV recovery, the samples will be transferred 

to Johnson Space Center astromaterials analytical laboratories that will have been upgraded with 

capabilities to store, analyze and characterize frozen samples. The reliance on heritage spacecraft 

design wherever possible is intended to minimize risk. The following critical technologies will 

require development to Technology Readiness Level (TRL) 6: 

 Ballistic-type sample return vehicle (SRV) 

 UltraFlex solar array 

 Sample Acquisition System (SAS) 

 NASA's Evolutionary Xenon Thruster (NEXT)-based ion propulsion system 

 Height and Motion System (H&MS) 

The two mission options are compatible with EELV-class launch vehicles as follows: 

 Conventional chemical propulsion option: Atlas V 551 (3920 kg)  

 Solar electric propulsion (SEP) option: Atlas V 521 (1865 kg)  

The anticipated duration of Phases AïD for either option is 5 years. Phase E duration is 13ï14 

years, including a 2-year curation activity after return and recovery of the sample return vehicle, 

depending on the option.  

Concept Maturity Level 

The Comet Surface Sample Return (CSSR) Mission Study was conducted in two phases as 

shown in the figure below. During Phase I from July through October 2007, major trades 

affecting mission architectures were identified and evaluated. The two preferred design options 

were examined at a CML-4 level during Phase II which ran from November 2007 through March 

2008. 
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Technology Maturity  

Execution of the CSSR mission requires some system developments that were novel in 2007 for 

NASA space missions and lacked a history of development and qualification within the space 

community. Specific technology development tasks were recommended during the formulation 

phase of a CSSR mission. The four primary components of concern with TRL less than 6 are (1) 

the SAS, (2) the SRV, (3) the NEXT ion-propulsion engine and its ancillary equipment, and (4) 

the H&MS. The requirements and technology development plan for each component are 

described below. 

SAS. The SAS must perform a number of separate individual mechanical operations that are all 

in series with one another. The concerns raised by these requirements are two: 

1. The SAS must engage its sample gathering mechanism with the comet, collect the 

sample, transport the sample to the sample-holding canister cells in the SRV, seal the 

sample cells, seal the SRV door, and ensure that it does not interfere with the release of 

the SRV from the spacecraft at the time of reentry to Earth.  

2. Because of the large range of uncertainty in the physical nature of the surface of the 

cometðwith hypotheses ranging from a loose, unconsolidated material with a 

consistency of powder to a hard surface of solid ice--the sample mechanism must deal 

with these two extremes or anything in between, including a mix of ice and rock, and still 

reliably return a minimum amount of the sample.  

Both concerns can be addressed by a technology maturation and risk reduction project that starts 

early in Phase A. This work will increase the system maturity to a level sufficient to pass review 

at the time of confirmation (i.e., bring the system to a TRL of 6 or better). Also, it will reduce the 

overall developmental risks to ensure that a fully qualified sample acquisition system is ready for 
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the CSSR integration and test phase.   

The following SAS-related development activities carried out during the first 23 months of the 

program will demonstrate that the sample acquisition devices (drills) can collect samples over 

the range of materials, temperatures, and dynamic loads that the system might experience during 

operation at the comet: 

1. Construction of prototype sampling drills with candidate materials, coatings, and 

lubricants. The prototype drills will be subjected to a variety of tests with simulated 

comet surface materials over the full range of expected environmental conditions at the 

comet.  

2. Construction of a prototype sampling mechanism, including the sample drills, prototype 

SRV interior layout with sample holding cells, and the SRV cover. Tests of this assembly 

will demonstrate that the samples from the drills can reliably be transferred to the sample 

cells in the SRV, the cells can be sealed, and the SRV cover assembly locked in place. 

These tests must also be done in the appropriate environment expected at the sampling 

site. 

SRV Development. The CSSR sample return vehicle is a scaled version of the Mars Sample 

Return Earth Entry Vehicle (MSR EEV) that has been under development by LaRC since 1999, 

modified to accommodate the CSSE-specific requirements to receive the samples and to 

maintain thermal control. The MSR EEV design objective is a low-risk, robust, and simple 

operations approach to safely return samples to Earth. Its entry is completely ballistic, relying on 

no parachute or other deployments, which simplifies entry operations and reduces overall 

mission risk. The MSR EEV is passively stable in the forward orientation and passively unstable 

in the backward orientation, making it possible for the vehicle to orient itself to nose-forward 

under all separation and entry contingencies, including tumbles. CSSR intends to leverage 

heavily on the MSR EEV's technology development and key features.  

Unlike the MSR EEV, the SRV's thermal design must keep the samples cold throughout the 

cruise phase of the return as well as reentry and landing. It must also collect volatiles that may 

evolve from the sample after capture and during the return to Earth.  

SRV technology risk can be significantly reduced by an early technology maturation project.  

Phase-A risk reduction activities will concentrate on proving both the basic design of the SRV 

and on the SRV interior's capabilities to accommodate and protect the samples. The design will 

be refined. and the appropriate thermal protection materials will be selected for the re-entry 

conditions of this mission. Interface issues between the spacecraft, sampler, and SRV will also 

be resolved during Phase A. Analyses will also be performed during Phase A to assess design 

robustness. If the analyses and MSR EEV data are insufficient,  additional drop and impact tests 

will be performed during Phase B. 

In addition to the above activities, mission engineers will conduct independent entry analyses 

using state-of-the-art, flight-validated codes (POST, LAURA, DPLR) to ensure an accurate end-

to-end simulation of SRV entry, descent and landing. Entry simulations, ballistic range and wind 

tunnel testing, and computational fluid dynamics (CFD) analyses will evaluate trajectory, 

aerodynamic and aeroheating solutions through all flight regimes.  

NEXT Propulsion System Development. NASA's Glenn Research Center (GRC) and its 

industrial partners have been developing the NEXT engine and ancillary devices required to 
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produce a complete propulsion system within the In-Space Propulsion Technology (ISPT) 

project of the NASA Planetary Science Division. When the CSSR final report was published, 

key components remained to be developed, and significant challenges in such areas as thermal 

design remained. The NEXT program was planning complete technology development to TRL 6 

during 2008, with major system integration test and multi-string testing planned for early 2008.  

The thruster life capability required for the CSSR mission will not be demonstrated by test under 

2010 or later. If thruster capability cannot be validated to the required level, mitigation strategies 

include incorporation of a second thruster operating serially with the first thruster (similar to the 

Dawn mission) and inclusion of a third thruster string. The latter would increase mission 

performance as well.  

Ion propulsion system components must be developed and tested thoroughly prior to delivery. 

Additionally, the system will be tested as an integrate propulsion system prior to spacecraft I&T.  

H&MS Development.  The CSSR spacecraft can use its inertial guidance sensors and algorithms 

to orbit and approach the comet with high accuracy. However, the actual sampling interval 

requires precise control of the height and relative motion of the spacecraft at the comet surface. 

A number of individual components exist and have demonstrated the performance levels 

required for this portion of the mission. However, an integrated system of algorithms, sensors, 

actuators, and controls has not been demonstrated through a full simulation of sampling activity. 

Confidence in this functionality cannot be gained by testing this system piecemeal, meaning that 

a fully integrated test is needed. Since these tests can be complex to set up and run, an early 

technology maturation activity will be important to reduce the overall mission risk. 

Key Trades 

A number of trades were analyzed to ensure that mission objectives could be accomplished 

within the cost cap: 

 Payload composition, including inclusion of non-sample-related instruments 

 Number and depth of comet samples 

 Temperature and pressure at which samples would be maintained 

 Sampling mechanisms 

 Possible comet targets 

 Mission design, including time spent characterizing the target comet prior to sampling 

For the SEP mission option, a key trade is solar array (input power) size versus number of 

operating thrusters. As the mission and science objectives are defined in detail, this trade can be 

performed to balance mission performance and cost. The selected 1+1 system is the NEXT 

system that minimizes cost. Adding a thruster string for a 2+1 system, permitting simultaneous 

operations of two thrusters, would provide for additional payload performance for increased 

propulsion subsystem cost. Array size can then be tailored to further balance performance against 

cost. 

The SAS concept is one of many options. If uncertainty in surface properties can be reduces, the 

SAS may be simplified and other design options considered (e.g., ñstick padsò that could pick up 

surface material).  
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The SRV trade between MSR-EEV and Stardust types depends on a detailed thermal analysis. If 

the existing Stardust design or its Genesis or Hyabusa derivatives can be shown to satisfy 

thermal and other requirements, cost and risk savings might accrue. 

Further detailed analysis of the risks and benefits of inertial landing, could eliminate the 

requirement for a costly and risky Height and Motion System (H&MS). 

Technical Overview 

Payload: Optical Instruments Description 

Intensive monitoring of the nucleus is required to create a detailed shape model, determine its 

rotational properties, map surface features, measure albedo variations, create a thermal map, and 

search for sources of activity. All of these tasks can be accomplished with only three 

instruments: a narrow field-of-view, visible light camera (NFV); a wide field-of-view, visible 

light camera (WFV); and a thermal infrared camera (IRC). 

 

The CSSR sample acquisition system (SAS) is comprised of two pairs of drills, each pair 

containing one short and one long drill. During an acquisition sequence, both the short and long 

drills within a single pair turn slowly, moving material up the shaft while they penetrate the 

surface to a depth of 100 mm and 150 mm, respectively. Assuming each drill is filled to capacity, 

the sampling would yield 250 cc and 380 cc, respectively, of comet surface material and would 

provide the potential for measuring differences between the samples collected from the two 

depths. The second pair of drills provides redundancy in case the first pair fails, as well as an 

opportunity for collecting more samples if the original pair succeeds. A pair of sample 

microcams (SMC1 and SMC2) will be used for optical verification that the drilling operation 

collected the required volume of sample material.  

The figure below lists the key instrument characteristics. The Long-Range Reconnaissance 

Imager (LORRI) on the New Horizons spacecraft [Cheng et al. 2007] was designed for a long-

duration outer solar system mission, and the requirements are very similar to those of CSSR. The 

two primary imagers use LORRI focal plane units (FPUs), i.e., charge coupled device (CCD) 

detectors and their associated electronics boards. These can be built to print.  
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The figure below shows the payload block diagram: 
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Instrument Table, NFV Instrument  

 

Item Value Units 

Type of instrument Imager  

Optics design Reflective Richey-
Chretien design 

Detector type CCD, New Horizions 

Size/dimensions (for each instrument) 10 cm x 10 cm by 25 cm 

Instrument mass contingency NPIR % 

Instrument mass with contingency (CBE+Reserve) 2.5 Kg 

Instrument average payload power contingency NPIR % 

Instrument average payload power with contingency 2 W 

Instrument average science data^ rate contingency NPIR % 

Instrument average science data^ rate with 
contingency (inferred) 

1300 kbps 

Instrument Fields of View (if appropriate) 1.2 degrees 

Pointing requirements (knowledge) NPIR degrees 

Pointing requirements (control) NPIR degrees 

Pointing requirements (stability) NPIR deg/sec 
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Instrument Table, WFV Instrument  

 

Item Value Units 

Type of instrument Imager  

Optics Design Refractive, radiation 
tolerant glass optics 

Size/dimensions (for each instrument) 8cm x 10cm x 20cm 

Instrument mass contingency NPIR % 

Instrument mass with contingency (CBE+Reserve) 2.0 Kg 

Instrument average payload power contingency NPIR % 

Instrument average payload power with contingency 2 W 

Instrument average science data^ rate contingency NPIR % 

Instrument average science data^ rate with 
contingency (inferred) 

1300 kbps 

Instrument Fields of View (if appropriate) 20 degrees 

Pointing requirements (knowledge) NPIR degrees 

Pointing requirements (control) NPIR degrees 

Pointing requirements (stability) NPIR deg/sec 
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Instrument Table, IRC Instrument 

 

Item Value Units 

Type of instrument Infrared imager  

Type of sensor 160 x 120 pixel micro-
bolometer array 

Size/dimensions (for each instrument) 10cm x 10cm x 15cm 

Instrument mass contingency NPIR % 

Instrument mass with contingency (CBE+Reserve) 2.5 Kg 

Instrument average payload power contingency NPIR % 

Instrument average payload power with contingency 5 W 

Instrument average science data^ rate contingency NPIR % 

Instrument average science data^ rate with 
contingency 

NPIR kbps 

Instrument Fields of View (if appropriate) 30  degrees 

Pointing requirements (knowledge) NPIR degrees 

Pointing requirements (control) NPIR degrees 

Pointing requirements (stability) NPIR deg/sec 
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*CBE = Current Best Estimate. 

^Instrument data rate defined as science data rate prior to on-board processing 

 

Please note that the SMC1, SMC2, and the temperature and pressure assemblies are engineering 

components that support payload operations and environment but are not full level science 

instruments.  

 

Payload: Sample Acquisition System  
The SAS must be capable of extracting a sample from a comet whose surface strength properties 

can vary by 6 orders of magnitude from several tens of pascals for unconsolidated ice crystals to 

tens of megapascals for water or carbon dioxide crystalline ice. The consequence may be 

sacrificing collection optimization at the extremes for a more reliable capability throughout the 

entire range. This section describes the trade study results and presents a solution capable of 

collecting a surface sample from a comet regardless of the surface that is encountered.  

The SAS operates a pair of Ø63.5-mm drills simultaneously that are designed to penetrate the 

surface to a depth of 100 mm and 150 mm, respectively. Assuming each drill is filled to capacity, 

the sampling would yield 250 cc and 380 cc, respectively, of comet surface material and the 

potential for a stratigraphic difference between the 100-mm and 150-mm sampling depth. The 

SAS has a primary and an identical secondary pair of drills should a second sampling attempt be 

desired. The SRV contains four sample receptacles that are capable of receiving and returning to 

Earth the primary and secondary, just the primary, or just the secondary set of drilled comet 

surface samples. 
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Figure X-X. The SAS is fully redundant and uses a single mechanism for acquisition 
and stowage. 
 
The samplers are composed of a drill that rotates inside a thin tube. The cut/extracted material 

will be captured inside the tube until it is compacted to capacity. The stage to which the drills are 

attached is designed to limit the maximum force placed on the drills to prevent them from 

stalling or any mechanism from being damaged during the sampling impact. In addition, the 

entire SAS is isolated from the spacecraft via shock mounts to prevent a hard strike from 

transferring loads into the spacecraft. After sample collection, the drill head retreats, rotates 

180°, and places the drills and samples in the SRV. After releasing the drills, the drill head 

moves away from the SRV, rotates back 180°, and then seals each drill/sample with a 

hermetically sealed cap.  
The SAS is then ready to be jettisoned or to attempt a second sampling using the second drill 

pair. 

 

 

Payload: Sample Return Vehicle  
The SRV design is based on the concept developed for the Mars Sample Return Earth Entry 

Vehicle (MSR EEV). This architecture is focused on a low-risk, robust, and simple operations 

approach to safely return samples to Earth. The same approach is applied here to CSSR to 

provide a low-cost, highly reliable solution that leverages heavily on the technology 

development experience of MSR.  The SRV is a scaled version of the MSR EEV (Fig. 4.2.3-1). 

The entry is completely ballistic, relying on no parachute or other deployments prior to impact at 

the landing site. This provides a very robust design, which greatly simplifies the entry 

operations, thus reducing overall risk. The SRV is passively stable in the forward orientation and 

passively unstable in the backward orientation. This unique approach makes it possible to ensure 

the vehicle can self-orient to nose-forward under all separation or entry contingencies, including 

tumbles. Additional risk mitigation features include:  
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Å Proven flight-heritage components for critical subsystems   

Å Flight-proven, aerodynamically stable 60º half-angle sphere cone forebody similar to that used 

for Genesis and Stardust capsules  

Å An integrally hinged lid to ensure that the sealing surfaces are accurately mated  

Å Fully redundant sets of lid locking pins  

Å Redundant battery-powered beacons to locate the SRV if radar tracking fails   

 

 

 

 

Instrument Table, Sample Return Vehicle 
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Item Value Units 

Type of instrument Sample Return Vehicle 

Size/dimensions (for each instrument) 1.1 
diameter 

meters 

Instrument mass without contingency (CBE*) 73.5 Kg 

Instrument mass contingency 30 % 

Instrument mass with contingency (CBE+Reserve) 96 Kg 

Instrument average payload power with contingency N/A W 

Instrument average science data^ rate with 
contingency 

N/A kbps 

Instrument Fields of View (if appropriate) N/A degrees 

Pointing requirements (knowledge) N/A degrees 

Pointing requirements (control) N/A degrees 

Pointing requirements (stability) N/A deg/sec 

 
 
 

Flight System 

CSSR has a single flight system ï a spacecraft probe. Discussion of the flight system design and 

development approach is included within the following sections. The manufacturer and flight 

heritage information provided assumes that the spacecraft is being built today. The technology 

readiness level (TRL) for each component is estimated based on current technology. All 

components are considered TRL greater than 6 except for the SAS, SRV, height and motion 

subsystem (H&MS), and the NEXT system as there are no additional exotic requirements and 

existing representative heritage components for each subsystem. 
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Flight System Block Diagram 

 

Flight System Element Mass and Power Table 

 Average Power 

 CBE 
(kg) 

Cruise (W) Orbit 
(W) 

Sampling 
 (W) 

Payload 127 1 21 13 
Structures & Mechanisms 236 N/A N/A N/A 
Thermal Control 98 152 123 138 
Propulsion (Dry Mass) 167 2 2 2 
Attitude Control (GN&C) 52 85 85 121 
Telecommunications 38 68 187 68 
Harness 27 6 7 6 
Avionics and Power 227 74 74 67 
Total Flight Element Dry Bus 
Mass 

972 N/A N/A N/A 


