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Abstract

This paper describes the trades carried out and lessons learned while performing the preliminary design of the Capture,
Containment, and Return System as part of the Mars Sample Return campaign, before the re-architecture studies
initiated after December 2023. Mars Sample Return is an effort to bring to Earth rock cores, regolith, and atmospheric
samples from Mars inside sealed tubes. The importance of these samples lies in their potential to provide valuable
information about Mars’ geological and climate evolution, its potential ability to have harbored life in the past, and
the risks posed to future human exploration by the Martian environment. The trades and lessons learned presented
in this paper refer to the preliminary design solutions generated in response to the constraints levied on the payload
design by backward planetary protection requirements, which impose the protection of the Earth-Moon system from
any potential negative effects the returned Mars material might cause. Topics include jettison of the payload capture
enclosure, replacement of the aseptic transfer system with an ultraviolet illumination system, and leveraging different
design options to augment the micrometeoroid protection system to improve shielding performance.
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1. Introduction

This manuscript presents the trades and lessons learned while designing the Capture, Containment, and Return
System (CCRS) [1], a payload designed as part of the Mars Sample Return (MSR) campaign, which intends to deliver
Martian rock cores, regolith (broken rock and dust) and atmospheric samples to Earth. Inspection and analysis of
these samples will guide insights about the geological history of Mars, its climate evolution, the possibility of having
harbored ancient life [2, 3, 4, 5, 6], and the risks the Martian environment could pose to future human exploration.
Specifically, this manuscript describes the design solutions proposed in response to the constraints imposed on the
CCRS design by backward planetary protection requirements, which address the protection of Earth’s biosphere and
the Moon from any potential adverse effects caused by returned Mars material [7, 8]. In addition, the design presented
here was carried out during the preliminary design phase and represents a snapshot in time.

The MSR campaign is accomplishing this endeavor through a series of missions, one operational and others in
the formulation phase, through an international collaboration between NASA, the European Space Agency (ESA) and
several industry partners associated with each agency. This paper is based on the MSR architecture as it had been
conceived of until December 2023 [1], after which challenges identified by the second MSR Independent Review
Board (IRB-2) [9] triggered re-architectural studies that are still ongoing at the time of this work and may end up
altering this approach.

The MSR campaign started with the Mars 2020 mission [10], carrying to Mars the Perseverance rover and Inge-
nuity helicopter. To date, Perseverance has collected and sealed 25 of 38 samples (22 rock cores, 2 regolith samples, 1
atmospheric sample) and 3 of 5 witness tubes [11, 12, 13]. Perseverance also left 10 of these sealed tubes at the Three
Forks depot in Jezero Crater as a contingency reserve for a possible safe return to Earth [14].
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Under the architecture mentioned above, the Sample Retrieval Lander [15, 16] would subsequently land on Mars to
retrieve the sealed sample tubes and launch them into Mars orbit for future pick-up and return. Specifically, the Sample
Retrieval Lander would use a sample transfer arm [17] and a sample transfer system with cameras [18] to transfer the
sealed sample tubes from Perseverance into a container called the Orbiting Sample (OS). The OS would be located
inside the Mars Ascent Vehicle [19, 20], a rocket that would launch the OS into Mars orbit. Should Perseverance be
unable to approach the Sample Retrieval Lander to deliver the sealed sample tubes, two sample recovery helicopters,
based on Mars 2020’s Ingenuity [21], but with wheels and gripping capabilities, would pick up the cached sample
tubes left on the surface by Perseverance and transport them to the Sample Retrieval Lander.

The Earth Return Orbiter (ERO) [17, 22], provided by ESA, would launch prior to the Sample Retrieval Lander
to provide communication relay support in Mars orbit. Once the OS container is launched and orbiting around Mars,
ERO, through the NASA-provided CCRS [1], would detect and capture the OS, sterilize its external surface to comply
with backward planetary protection requirements [7], enclose it in an additional container for redundancy, and safely
bring it back to Earth via an Earth entry system (EES). The EES is a capsule that would reenter the Earth’s atmosphere
passively (i.e., without a parachute) while guaranteeing structural integrity during entry, descent and landing. In
addition, it would protect the contained OS from any damage that might be caused by micrometeoroids and orbital
debris (MMOD) after its release from ERO.

Once landed, the sealed sample tubes would be transported to the Sample Receiving Facility [23, 24]. This would
be a maximum containment facility, where the returned samples would be kept following protocols similar to those
commonly applied to the management of known infectious agents in biological research laboratories, while sample
safety assessments are performed. At the same time, the facility would prevent the samples from being contaminated
with terrestrial materials that might undermine future scientific discoveries.

The manuscript is organized as follows: Section 2 provides background on the CCRS payload and how its prelim-
inary design as of December 2023 responds to planetary protection requirements. Section 3 describes the trade of heat
and ultraviolet (UV) radiation sterilization1. Section 4 describes the trades involved with managing micrometeoroid
impacts. Section 5 presents the trade between full and partial jettison. Finally, Section 6 summarizes the main findings
and provides perspectives on future efforts.

2. Payload overview and planetary protection

Many aspects of the design of the ERO-CCRS mission are dictated by both forward and backward planetary pro-
tection requirements from NASA and ESA [7, 8, 25], following current international law and policies [26, 27]. These
requirements aim to protect Mars from harmful terrestrial contamination to enable the mission’s science objectives as
well as the Earth-Moon system from potential harmful Martian contamination that might be returned to Earth. Note,
however, that under Article 19 of the MSR NASA-ESA Memorandum of Understanding, NASA and ESA apply
planetary protection measures based on their respective applicable policies and requirements.

A summary of the key reference ERO-CCRS mission parameters can be found in Ref. [17], while updated details
on the mission itself as well as the mission compliance to planetary protection requirements are described extensively
in Ref. [22]. The focus here is on the CCRS payload which, under the MSR architecture considered in this paper,
is required to break the chain of contact between Mars and Earth to eliminate the possibility of uncontrolled trans-
mission and release of Martian material of concern into Earth’s biosphere. This material of concern is defined as any
particle with a diameter ≥ 50 nm that would include any potential Mars biology capable of propagating and negatively
interacting with Earth’s biosphere, resulting in harm. It is worth reminding the reader that host-specific pathogenesis
remains the lowest likelihood hazard [28].

The implementation of the planetary protection requirements for CCRS translates into three main functions:

1. Particle control – Controlling particle paths through design features that minimize the amount of potentially
hazardous Mars material being brought back to Earth;

2. Sterilization – Inactivation of such particles;
3. Containment – Robust encapsulation through redundant vessels that create multiple layers of protection.

1The efficacy of UV sterilization is subject to verification through ongoing biological testing at the Jet Propulsion Laboratory under appropriate
environmental conditions (vacuum, temperature, presence of dust particles) and using flight-like illumination parameters.
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Figure 1: CCRS architecture with UV sterilization and OS providing PCV function (baseline preliminary design as of December 2023).

The preliminary design of CCRS is responsive to all of these functions through the following elements, depicted
in Fig. 1:

1. Particle-control barriers such as multilayer insulation blankets or minimization of gaps that could lead to un-
desired lines of sight (i.e., gap size, number of particle bounces, etc.) or minimization of hardware returned to
Earth that might have been in contact with unsterilized Martian particles;

2. A UV illumination system delivering a minimum flux of 375 W/m2 and a minimum dose of 2 MJ/m2 of UV
radiation to the external surface of the OS container [29, 30];

3. A secondary containment vessel to encapsulate the sterilized OS before placing it inside the EES [1];
4. A micrometeoroid protection system (MMPS) to protect the EES from MMOD damage that might cause release

of unsterilized particles [1, 31].

The next few sections will describe in detail trades and lessons learned while designing CCRS to accomplish these
functions, which led to the preliminary design shown in Fig. 1.

3. Trade 1: Heat vs UV sterilization

A summary of the trade on methods of sterilization is shown in Table 1 with specific metrics. Each metric is as-
signed a plus, minus or equal sign to indicate the relative merits of the preliminary design options under consideration.

In the preliminary design described in Ref. [32] and shown in Fig. 2, the sterilization function would be accom-
plished through heat and a primary containment vessel (PCV) within the aseptic transfer and encapsulation system.
Following the different steps illustrated in Fig. 3, the OS would be attached to the PCV lid in the capture enclosure
(considered to be exposed to Martian material), rotated by 180◦, and inserted inside the PCV base after the PCV
base rim has been heated to > 500°C to expand. At this point, the PCV base would cool and form a joint that is
robust enough to remain sealed when subject to the landing loads. After insertion of the OS into the PCV, the seam
line between the PCV lid and base would be sterilized being heated to temperatures > 500°C for 5 seconds. This
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Figure 2: Early candidate CCRS architecture with heat sterilization and separate PCV hardware.

Table 1: Summary of trade metrics for heat vs UV sterilization.

Heat UV

Mass - +

Risk to sample integrity - +

Operational flexibility - +

Fault tolerance - +

Methodology efficacy = =

would sterilize particles of concern on any remaining exposed surface of the PCV lid or base and complete the barrier
between the Mars-exposed capture enclosure and the clean assembly enclosure.

Heat sterilization presents several disadvantages. First, it increases mass due to system’s complexity and the need
for a dedicated containment vessel (here in the form of a PCV). In addition, sample integrity could be compromised
at sterilization temperatures > 500°C, since the samples inside the sealed tubes would be unable to stay below the
required temperature of +30◦C. This would diminish or destroy their potential to address key science objectives for
astrobiology and geology. Sample properties most sensitive to temperature-driven alteration include biosignatures,
organic molecules/chemistry, volatiles and isotopic composition.

On the other hand, the UV sterilization approach of the preliminary design described in Ref. [1] and shown in
Fig. 1 presents more flexibility from several points of view, since it is a cumulative, non-time-critical process, which
opens the implementation option space substantially. The goal of the UV system is to deliver UV radiation with a
dose of 2 MJ/m2 at a flux of 375 W/m2, as required by the MSR Program [29]. The UV system is designed as two
rings of light emitting diodes. Following the different steps illustrated in Fig. 4, the first ring would irradiate the base
of the OS closest to the robotic transfer assembly system (RTAS). RTAS, being already clean, would then attach itself
to the sterilized OS base and pull the OS through the rings. Here, the second ring would irradiate the OS surface and
the other base over 11 discrete steps.

With UV radiation, discontinuous doses can be utilized in flight due to biological stasis enforced by the flight
environments either through a reduction in water activity (Wa < 0.5) or temperature past specific thresholds (T≤ -
28◦C). As a result, the delivery of UV radiation can be administered intermittently over days, weeks or months, as
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Figure 3: Heat-shrink fit approach executed by the aseptic transfer and encapsulation system.

Figure 4: UV illumination approach executed by the UV illumination system. Image adapted from [29].

opposed to one large-power event. Cycling this active UV system enables therefore a better control of the thermal
environment.

With the UV sterilization approach, sample integrity is no longer affected, because the UV system generates a
much more benign thermal environment. Since the OS acts as PCV itself, the overall mass is also reduced.

In terms of operations, for the UV system these could be automated, managed through ground-in-the-loop, or a
combination of both, providing more flexibility than for the heat sterilization, which cannot be stopped once started
or repeated. However, while the UV system could in principle be turned on/off at any time, it would need to be
coordinated with ERO’s electrical propulsion thrusting. The heat sterilization approach, on the other hand, retains
the flexibility to be started whenever ready. However, significant spacecraft coordination is needed: favorable Sun
pointing, fully charged battery, suspension of spacecraft activity (which has to be for far longer than the actual heat
shrink fit operation, due to communication latency). UV sterilization can truly be done any time and is much more
operationally flexible.

As far as fault tolerance is concerned, the UV sterilization approach enables maintaining the supremacy of the
ERO bus safety by powering CCRS off as necessary.

Finally, in terms of methodology efficacy, since this would be the first in-flight sterilization taking place during a
sample return mission, both methods need to be shown to meet industry standards (e.g., ISO 11138-7 [33]). Currently,
the expected efficacy of UV sterilization is undergoing verification testing at the Jet Propulsion Laboratory.

Specific technical details about lessons learned in designing this proposed UV sterilization system are available
in Ref. [29], where a summary can also be found of other sterilization options that were investigated (for example,
chemical, plasma/ion, radiation, active surfaces, etc.) but not selected due to their drawbacks.

4. Trade 2: Inspection vs protection

This trade considers the management of damage caused by MMOD to the EES, which could lead to a containment
not assured of the Martian samples. This can either occur directly through an impact with sufficient energy to puncture
the containment vessels (unlikely) or by creating sufficient damage to the EES that, through damage progression
on entry, containment not assured occurs during entry or landing (more likely). Note, containment not assured is
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Figure 5: Concept of a visual inspection system for critical damage.

defined as the state in which one or more requirements for ensuring containment of Mars material have not been
met. Containment not assured does not necessarily equate to Mars material release. If the probability of containment
not assured exceeds a target probability, additional analyses and/or mitigation measures may be undertaken to more
precisely determine when assurance is lost.

In contrast with past missions focused on Earth orbit operations where micrometeoroids and orbital debris are
similarly considered critical (e.g., Space Shuttle, International Space Station, etc.), micrometeoroid impact is the
dominant risk contributor for Mars Sample Return due to the long exposure duration to the micrometeoroid environ-
ment, both for the multi-year long cruise phase and the 3-day unshielded Earth-approach phase. The altitude range
through which orbital debris might be encountered is traversed within minutes. Micrometeoroid impact velocities
range from approximately 7 km/s to 72 km/s, much higher than average orbital debris impact velocities, bounded
above at about 12 km/s.

Damage, either due to an impact of the MMPS resulting in debris-cloud damage to the EES or a direct impact of the
EES during Earth approach, can result in one of three failure modes: 1) damage to the EES aeroshell that progresses
on entry and leads to loss of structural integrity, 2) modified aerodynamic/mass properties leading to unacceptable
vehicle dynamics or orientation at landing, or 3) a direct containment breach of the OS. The consequence of these
failure modes can be gated by subsequent analyses: ground containment/sterilization, and break-up/burn-up in the
case of structural damage progression. Note that ground containment/sterilization after a CNA event remains risk
reduction and containment can never be (re)assured because some material would likely be lost to the wind. Critical
damage is defined as damage sufficient to invoke the necessity of a subsequent analysis or containment operation
(e.g., break-up/burn-up, sterilization). Critical damage does not, by itself, indicate loss of containment, unless the
probability of loss of containment due to all serial subsequent events is unity.

The initial design (prior to the one shown in Fig. 2) considered a visual inspection system to check for critical
damage through assessment of crater severity (Fig. 5). In this case, critical damage is defined in terms of a depth
of penetration and crater area, that is, loss of a critical volume of the thermal protection system’s thickness in the
neighborhood of the impact. The thermal protection system, constructed of 3-dimensionally woven mid-density
carbon phenolic (3MDCP) material, is designed to protect the EES from the environment encountered during entry
and descent, characterized by a short period of high pressure and high heating environments generated by the EES’
high initial velocity through the atmosphere.

Protection and detection capabilities could be balanced so that acceptable containment assurance could be achieved
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Figure 6: Pre- and post-jettison configurations of CCRS for the jettison of the entire return module.

at reasonable mass, without excessive decrease in likelihood of mission loss due to detection of critical damage (which
would preclude release of the EES). The MMPS would be designed to mitigate the damage from most impacts, so
that the likelihood of critical damage would remain below the level acceptable for loss of mission. The detection
system would detect critical damage, in the rare event that it occurs, with reliability sufficient to satisfy targets for
containment not assured, and would limit the false positive rate for reporting critical damage, to avoid unnecessary
prevention of EES release and consequent loss of mission.

Several detection systems were considered. Cameras with an illumination system were deemed the more mature
and reliable. Among those it is worth mentioning: a mesh that would detect impacts by running a current through it
and measuring the output of the individual electric channels, and acoustic sensors placed on the most interior layer of
the MMPS.

Study and analysis identified a degree of uncertainty of the detection system capability to capture images and for
on-image interpretation. This uncertainty could lead to false positives and false negatives, which can either reduce the
probability of science return or increase the risk, respectively. In parallel, it was assessed what additional protection
could be provided if the inspection system mass were to be applied to the MMPS to add more layers of shielding. This
assessment included optimization of the shape of the MMPS and its stand-off distance from the EES’ outer surface, to
maximize protection without needing to accommodate inspection system hardware and provide broad fields of view.

Results showed a 100-fold increase in the protection level when the inspection system mass was reallocated to
the MMPS, which put the predicted MMOD probability of critical damage during the shielded portion of the mission
(approximately 6 years) in the same range as the prediction for the unshielded portion of the mission (3 days). The
trade indicated that acceptable containment not assured would be delivered more efficiently with a pure protection
approach, which eliminated the complexity associated with precise determination of damage levels that would be
needed in a suitably reliable detection system. For additional discussion and technical details, the reader is referred to
Ref. [34].

5. Trade 3: Full vs partial jettison

This trade concerns the jettison of all or part of the CCRS hardware other than the MMPS and EES prior to leaving
Mars orbit, with the goal of reducing the return mass and the amount of hardware potentially contaminated with Mars
material that would be flying back with ERO. A summary of the trade on jettison methods is shown in Table 2 with
specific metrics that were assigned a plus or minus sign based on the relative merits of the preliminary design options
under consideration.

As can be seen in Fig. 6, the jettison of the entire return module requires additional structure (e.g., legs) to support
the MMPS and EES, with consequent increase in the system launch mass. This structural configuration, after loads
are applied (such as those, for example, deriving from launch, Mars orbit insertion or jettison), also makes it more
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Table 2: Summary of trade metrics for full vs partial jettison.

Full jettison Partial jettison

Structural efficiency - +

Maintenance of alignment tolerances for
EES assembly - +

MMOD protection post-jettison - +

Contamination - +

System launch mass - +

Return mass + -

Figure 7: Pre- and post-jettison configurations of CCRS for the jettison of the capture enclosure (CE) while the assembly enclosure (AE) remains.

challenging to maintain the necessary release alignment of the EES, especially given the accuracy required, through
the mission life-cycle when considering launch, Mars orbit insertion, and thermal loads.

The lack of a return module underneath the EES would leave it more exposed to MMOD damage, decreasing EES
protection in the interface area with ERO after jettison. At the same time, it would increase exposure of the EES to
contamination from Mars particles, which would be able to travel more freely between ERO and the bottom of the
MMPS opening. This, in turn, would give the particles access to the entire EES surface, albeit at varying probability of
contamination. Finally, full-jettison also presents issues with respect to the thermal cycle the EES would experience.
Requirements on the temperature gradient that the samples can be exposed at are difficult to meet without an enclosure,
considering the ever-changing Sun angle. As an advantage, this full-jettison configuration would minimize the return
mass by eliminating most of the unneeded hardware. On the other hand, it increases the launch mass by requiring the
addition of the tripod structure.

As can be seen in Fig. 7, the jettison of the capture enclosure only eliminates the need of additional structure
for the MMPS, leading to a net reduction in system launch mass, but increases the return mass due to the assembly
enclosure flying back with ERO from Mars to Earth. Leaving the assembly enclosure below the EES improves the
drawbacks related to MMOD risk, alignment, contamination control, and thermal gradient mentioned for the full-
jettison configuration.

Overall, the partial jettison solution provides a balance of performance and mass optimization and was selected
for preliminary design.
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6. Conclusions

This work provides an overview of trades and lessons learned while designing Mars Sample Return’s Capture,
Containment, and Return System in the context of planetary protection. Specifically, it refers to the preliminary design
phase of the ERO-CCRS mission and represents a snapshot in time before the re-architecture studies of 2024. To
comply with the backward planetary protection requirements imposed for this restricted sample return mission, CCRS
must be able to perform specific functions to break the chain of contact between Mars and Earth. These functions
would be implemented through a series of on-orbit operations including control, sterilization and containment of
potentially hazardous Mars material.

The two main sterilization options that were investigated in detail and brought to the design stage include heat and
ultraviolet radiation. The latter was preferred due to its reduced mass, a better thermal profile that allows maintaining
sample integrity, and the ability to provide better fault tolerance by allowing CCRS to be powered off and ERO to
retain its bus safety.

The control of the MMOD-induced damage initially entailed a combination of protection through the MMPS and
inspection via cameras. Large uncertainties on the camera system to capture the images and interpret them correctly
showed that a 100-fold increase in the protection level could be achieved by reallocating the inspection system mass
to the MMPS. This was retained as the main means of MMOD damage control.

Finally, splitting the Earth return module in a capture and an assembly enclosure brought benefits in terms of
reduced launch mass, structural efficiency and maintenance of alignment tolerances for the EES by having the assem-
bly enclosure support the EES and MMPS. This increased MMOD protection along the interface with ERO, while
decreasing contamination from Mars particles.

Overall, these trades enabled CCRS to advance to a preliminary design stage, that was reviewed and approved in
December 2023 as a potential solution to the MSR paradigm, after which challenges identified by the MSR IRB-2
triggered re-architectural studies that are still ongoing at the time of this work and may alter this approach.

Notes and acknowledgments

This document is being made available for information purposes only. The decision to implement Mars Sample
Return will not be finalized until NASA’s completion of the National Environmental Policy Act (NEPA) process.

In addition, as part of the NASA response to the recent MSR IRB-2 report [9] and in light of the current budget
environment, the MSR Program is undergoing a consideration of changes in its mission architecture. This work
is based upon the previous baseline MSR architecture in which ERO-CCRS would return the OS to Earth within
approximately five years of landing on Mars to retrieve samples collected by the Perseverance rover. The CCRS
Project completed system development to a Preliminary Design Review level of maturity in mid-December 2023,
after which it was stopped indefinitely pending the results of the re-architecture effort.
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