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Abstract

Two subjects which portend an exciting future for Solar System exploration are reviewed: A blueprint for science and technology needs outlined in the 2002 National Research Council (NRC) New Frontiers Report, and a forecast of remarkable advances in sensors and electronic devices from the emerging field of nanotechnology. The New Frontiers report calls for increased science capability, using less mass and power while meeting more stringent environmental conditions. In cosmochemistry, atmospheric planetary science requires reliable information (beyond that available today) on volatiles including H2O, NH3, CH4, SO2, CO2, H2S, SO2; H, He, O, C, N, S; isotopic mixing ratios of O; the noble gases and their isotopes. Examples of advances, already demonstrated for nanotechnology are discussed. Technology drivers for smaller atmospheric entry probes enabled by nanotechnology and implications for new missions are addressed. Finally, an approach to hasten the use of nanotechnology in Solar System exploration is recommended.

1. Introduction 
In 1963, A. Seiff of NASA Ames proposed [1] that small spacecraft be sent to Mars and Venus to perform in situ measurements to determine the structure and composition of their then relatively unknown atmospheres. This concept of “inverting” the entry physics problem into a tool for planetary science, was demonstrated by the Planetary Entry Experiment Test (PAET) [2] in 1971. Fig. 1, from [2] is a view of the PAET fore body, listing science and engineering instrument and ports. Key science demonstrated was that the structure (temperature, pressure and density as a function of altitude) of the upper atmosphere could be determined from aerodynamic responses of the probe during hypersonic entry, and that the lower atmosphere could be determined from direct sensing of pressure and temperature. PAET was the first demonstration of the use of a probe platform to measure atmospheric composition by two approaches: (1) mass spectroscopy and (2) analysis of the emission from the bow shock layer formed about the vehicle during hypervelocity flight (see inset in Fig. 1).

This seminal demonstration led to humankind’s vastly increased knowledge of the atmospheres of Mars, Venus and Jupiter via the Viking (1976), Pioneer-Venus (1978) and Galileo (1995) probe missions [3, 4].
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Fig. 1. Photograph of the PAET Probe flown in 1971 [2]. The inset shows a shadowgraph of the model of PAET undergoing hypervelocity flight from left to right in Ames’ Ballistic Range. The bow shock layer formed about the vehicle is apparent. The base diameter of the probe was 0.914 m, and the fore body nose radius was 0.457 m. The probe mass was 62.1 kg and the instrument mass was 14 kg. 

Mass spectroscopy has become the method of choice for determining atmospheric composition as described for the Jovian case [5]. While proven viable by PAET, the method [6, 7] of determining composition by analysis of shock layer emission has not been used for a planetary mission.

About a year ago, a major study relating to the exploration of the Solar System was published [8]. The study, known as the New Frontiers Report was commissioned by NASA and implemented by the National Research Council (NRC). It addressed key scientific questions, recommended prioritizations for missions (focused on the next decade) and suggested technology developments for implementation of these missions. During the past five years, the field of nanotechnology has created exciting new discoveries and practical applications that are beginning to be realized. 

The purpose of this paper is to summarize technology needs relating to atmospheric entry probes, provide examples of discoveries and early insertions of nano- technology and to discuss future possibilities for atmospheric entry science afforded by nanotechnology. Two scenarios are possible:  (1) enhancement of the science capabilities of existing classes of atmospheric probes, and (2) sustaining approximately current science capability within much smaller entry probes falling within the definition of nanospacecraft (< 10 kg). Realization of the latter would require overall systems analysis and concurrent developments in the area of thermal protection systems (TPS) and light-weight, low-power science instrument design. The focus herein is on the possibility of much smaller entry probes for future missions. 

2. Synopsis of New Frontiers Report where nanotechnologies could
enhance Atmospheric Probe Science

The approach taken in this section is to concisely summarize key Solar System science questions and technology needs, stated both explicitly in [8] and inferred there from. The categories follow those as outlined in the voluminous New Frontiers Report. 

2.1  Inner Planets Key Questions and Technology Needs

Solar System scientists desire information on the bulk composition of Mercury, Venus, Earth, Earth’s moon and Mars. This information will further humankind’s  understanding of processes involved in inner planet formation. Is the bulk composition a random accumulation, or systematic trend as a function of distance from the sun? In order to answer this question, it is important to have reliable data on oxygen isotopic composition, and that data is especially important for the noble gases and their isotopes. The interest in noble gases arises because they are unchanged during the billions of years of solar systems existence. In situ technology needed to meet these objectives includes radiometric age dating, chemical and mineralogical tools. Instrumentation must be viable at hot and cold extremes, and in the corrosive environment of Venus. 

Excluding Mars (see below) and the Earth, the only inner planet subject to study by atmospheric probes is Venus, since Mercury and the Earth’s moon are devoid of thick atmospheres. Thus, the focus for probe science in this section is improved knowledge of Venus’ atmosphere, especially noble gases, oxygen and their isotopic ratios [8, p 54/55]. 
2.2 Mars Key Questions (Technology needs not
explicitly specified in [8]) 

Key science needs [8, p 131] are to measure, over at least a Martian year, concentrations of volatiles and isotopes of atmospheric gases:  H2O, NH3, CH4, SO2, CO2, H2S, SO2; H, He, O, C, N, S in their sources, sinks and reservoirs. Data on noble gases and their isotopes is critical since they are not reactive and yield reliable history of their presence. These data are to be secured through integrated measurements of the atmosphere and subsurface. In addition to quantifying concentrations, information is required on processes in the subsurface. Concurrent measurement of the mid and upper atmosphere is required for a systematic understanding. It is also specified in [8] that measurements should be made concurrently with those of neutral gas and ion escape fluxes via optical remote sensing and in situ instruments on orbiters. 

One can infer that very lightweight mass spectrometers and gas sensors capable of measuring these reagents and associated electronics would be needed to accomplish parts of the measurements in Mars atmosphere. The requirement of periodic measurements over a Martian year, suggest that data from a variety of platforms including balloons, powered Mars aircraft and probes are needed. 

2.3 Outer Planets

As shown in Table 7.2, p 324 of [8] and discussed on page 181 therein, new missions to Jupiter are a priority for understanding solar system formation. Orbiters with remote sensing capabilities, combined with multiple entry probes are needed. The value of probes is to provide “ground” truth for data secured by the orbiters. Multiple probes are required to secure a better global understanding of the atmosphere. Multiple probes also mitigate biases introduced by any probes entering into an anomalous “hot” spot, as happened in the Galileo Probe mission in 1995 [4]. As explained in [8], H2O abundance indicates how water and other volatiles are accreted by giant planets, i.e., whether migration of planetesimals was important in giant planet formation. According to [8], p 181, measuring water abundance is of major importance for Jovian meteorology, currently uncertain by factor of ten. The need exists [8] to measure condensable gas abundance (H2O, NH3, CH4, and H2S) and elemental abundances of (H, He, O, C, N and S), temperature, wind velocity and cloud opacity down to pressures of 100 bars. 

Technology needs explicitly identified [8] for Jovian entry probes are:

       • lightweight (few-kg) mass spectrometers,

       • new approaches for gas detectors,

       • radiation hardened electronics using less mass, 

         volume and power.

It is stated in [8] that similar needs exist for Saturn and Neptune. 

2.4 Titan 

The large satellites (Io, Europa, Ganymede, Callisto, Titan & Triton) receive considerable attention in [8, pp 197/98]. These satellites are thought to be rich in volatiles (H2O, SO2, N2 CH4, CO2 and perhaps NH3). Since Titan is the only moon with atmospheric density high enough to consider the use of probes, the rest of the discussion in this section is focused on this moon, described [8] as a natural “lab” for study of organic chemistry in conditions that might have been present early in the evolution of the Earth. 

Technology development needs explicitly specified for exploration of Titan, relating to entry probes (executing both out-of-orbit and aerobraking maneuvers) include tools for atmospheric experimentation including aerosol collectors, atmospheric structure and composition instrumentation. The capability to descend to the surface multiple times is identified and radiation hardened electronics is important. 

2.5 Summary of Science Requirements and Technology Needs Relating to Atmospheric Composition

Summarizing the requirements in the sections above from [8], atmospheric planetary science requires reliable information (beyond that available today) on volatiles including H2O, NH3, CH4, SO2,, CO2, H2S, SO2; H, He, O, C, N, S; isotopic mixing ratios of O and data on the noble gases and their isotopes. To this end, the New Frontiers Report [8] calls for small, few-kilogram mass spectrometers with capabilities equal to or greater than that of the Galileo probe [5] and new methods of gas detection.

Finally, it is noted that many of the gas species of interest to space scientists are also of interest to Earth scientists whose mission is to predict the effect of greenhouse gases on long term climate change. It will be pointed out later that early instrument development in this area could hasten the use of new technology in Solar System atmospheric probe missions.
3. Nanotechnology Defined

As defined by the National Nanotechnology Initiative (NNI) [9], “Nanotechnology is the creation of functional materials, devices and systems through control of matter on the nanometer length scale and exploitation of novel phenomena and properties (physical, chemical, biological) at that length scale.” A good existence proof of this definition is DNA, “invented” billons of years ago by nature. 

The discussion of nanotechnology in this section focuses on work at Ames Center for Nanotechnology (ACNT) directed by Dr. Meyya Meyyappan. Details of work at ACNT are described at http://www.ipt.arc.nasa.gov. General information about this growing field is available through the National Nanotechnology Initiative NNI website http://www.nano.gov and a news service at http://smalltimes.com.

Carbon Nanotubes (CNTs), discovered [10] in 1991, have been the subject of intense study since that time. A detailed discussion of CNT modeling and experimentation is provided in [11]. CNTs can be thought of as graphene sheets of benzene-type hexagonal rings rolled into a tubular form as depicted in Fig. 2 (left). Each sphere on the wall and hemispherical end cap  (a half – fullerene molecule) represent carbon atoms. The diameters of single-wall carbon nanotubes (SWCNTs) as depicted are typically one nanometer (10-9 meters). Also depicted in Fig. 2 (left), is a molecule chemically bonded to the CNT, which can serve the purpose of creating a specialized interaction zone on the nanotube. Such a configuration is called a functionalized CNT. Chiral vectors determine the direction along which the graphene sheets are rolled. As explained in [11], CNTs can be metallic or semiconducting, depending upon the chirality. Multi-wall carbon nanotubes (MWCNTs) are a collection of concentric SWCNTs formed about a common axis with ever expanding diameters. The ends of MWCNTs occur in nature with and without end caps.

Another important discovery, of both fundamental interest and practical use, is the single crystal nanowire (SNW). A Transmission Electron Microscope (TEM) image of a ZrO single crystal metal-oxide indium-doped tin oxide (In-SnO2) nanowire grown [12] on an optical sapphire substrate is shown in Fig. 2 (right). SNWs such as these are being explored because of their potential in a host of applications including gas sensors and nanoelectronics. SNWs typically exhibit [12] wire-like geometrical shapes. Their diameters are controlled by the size of the catalyst particle and range from 5 – 90 nm. According to [12], most of the SNWs have a smooth surface morphology. Alloyed catalytic nanoparticles, either larger or of the same diameter of the nanowire are typically found at the terminus of the growth front, as shown in Fig. 2 (right).
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Fig. 2. Artist’s concept of a functionalized carbon nanotube (left) and a transmission electron microscope image of a ZrO single crystal metal-oxide indium-doped tin oxide (In-SnO2) nanowire grown on an optical sapphire substrate (right). 


Fig. 3 illustrates one aspect of improvement in the creation of CNTs. The left side of the figure shows a microphotograph of SWCNTs formed by a laser ablation process, which typically creates single wall tubes, in a scrambled, spaghetti-like fashion. The right side of the figure shows MWCNTs grown from catalysts on a substrate, using a chemical vapor deposition (CVD) process, into a desirable, regular form of columns. 
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Fig. 3. SWCNTs formed by laser ablation (left) and MWCNTs grown from catalysts by chemical vapor deposition (right).

The development of nanotechnology is being guided by analytical modeling and as an aid in understanding experiments. The left side of Fig. 4 depicts the results of a prediction [11] that CNTs can be formed in dendritic (branched) structures. The right side shows the subsequent observation [13] that CNT branching and other forms can be grown. 
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Fig. 4. Predicted dedritic (branched) form of CNT (left) and a grown CNT branch (right). 

In addition to serving as an inspiration (life and biochemistry) for human development of nanotechnology, biology is being used [14] as a tool in this emerging field. As depicted in the left side of Fig. 5, extremophiles known as Chaperonin form nanosructured patterns where holes are created in a regular pattern. Nature does this by joining 9 proteins [14] into a circular pattern with a hole at the center of the assembly. Bio-nanotechnologists can genetically engineer the proteins in a fashion so that the diameter of the hole can be adjusted [14]. The practical importance of this bio-nanotechnology is that gold particles can be filled into the holes in the nanostructure and the proteins removed, leaving an array of particles, which may serve a useful purpose as quantum dots in future nanoelectronic and nano-optical devices. 
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Fig. 5. Extremophiles known as Chaperonin form nanostructures (left). The holes can be filled with gold nanoparticles and the protein removed, leaving a quantum dot array (right). Quantum dots are of interest for future nanoelectronic and nano-optical devices. 
4. Examples of Nanotechnology infusion into NASA Missions
A carbon nanotube sensor for gas and organic vapor detection has recently been reported [15]. The sensor was fabricated by the casting of SWCNTs onto an interdigitated electrode (IDE) by conventional photolithographic techniques. As shown in Fig. 6 (left), the Au electrode has a finger width of 10 µm and a gap spacing of 8 µm. The IDE fingers were made by thermally evaporating 20 nm of Ti and then 40 nm of Au onto a layer of SiO2 on a silicon wafer. Purified SWCNTs were then drop-deposited on the IDE by techniques specified in [15]. In this fashion, the SWCNTs atop the Au IDE create a gas sensor. The microphotograph in Fig. 6 (right) shows the SWCNTs in contact with the Au electrode. 

Study of the sensor exposed to NO2 and nitrotoluene, an organic vapor, established its utility as a sensor for these reagents. Based on the research, it was estimated [15] that the detection limits of, 44 ppb for NO2 and 262 ppb for nitrotoluene, respectively, should be achievable. Two types of charge transfer were identified [15] as being important in the gas sensing:  (1) direct charge transfer to individual semiconducting SWCNTs and (2) electron hopping effects on intertube conductivity through physically adsorbed molecules between the SWCNTs. Detector response was reported to be on the order of seconds. With superior surface, electrical and mechanical properties, contrasted to conventional materials [15] and this demonstration, it appears that such devices may hold promise for application to gas species detectors of interest to Solar System cosmochemistry measurements. 
Work is underway [16] on this chemsensor to further develop its capability for possible use by NASA’s Earth Enterprise for atmospheric in situ sampling of trace gases, important in understanding greenhouse effects. The work includes study of selectivity against background gases, including humidity and other reagents. Strategies [16] for improved specificity include coating the SWCNTs with polymers and modifying the SWCNT surface with functional groups. 
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Fig. 6. Sensor element from a NO2 gas detector. The gold interdigited micro electrode is shown on the left, while a magnified view of the CNT sensing element is shown on the right. 
A CNT field emission X-ray tube has been developed [17] at NASA Ames for use in a miniature X-Ray Diffraction/X-Ray Fluorescence (XRD/XRF) apparatus designed [18] to perform surface chemistry and mineralogical investigations on a host of bodies in the Solar System including planets, moons, asteroids and Kuiper Belt objects. The CNT offers attractive characteristics as a field emission tip. CNTs were employed in the X-ray tube development since it was believed that they afforded the possibility of high current under low voltage and high efficiency, ideal for the XRD/XRF apparatus known as CheMin [17, 18]. 
According to [17] CNTs combine ideal characteristics for a field application device including:
  • Extreme sharpness      • Good conductance

  • Thermal tolerance       • Mechanical robustness

  • Ease of fabrication      • Single emitter or large array

MWCNTs grown at NASA Ames were superior for this application compared to SWCNTs. MWCNT emit-ters have shown sustainable current densites up to 1 A/cm2 at electric fields of 8 V/µm. Such emission characteristics allow the operation of a 1 W tube from an emitter less than 100 µm in diameter. A demonstration device showed that the tubes are > 80 percent efficient, as compared to 50 percent for a filament tube. Fig. 7 from [17] depicts miniature field emission X-ray tubes developed by X-Ray Technology Inc. A lifetime test performed at 1.5 W showed no device failure for over 100,000 pulses (10 sec each). It is reported [17] that the resulting micro-focused X-Ray tubes will be a part of the CheMin instrument, proposed for the Mars 2009 Mars Science Laboratory mission. 
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Fig 7. Products by X-ray Technology Inc. Miniature X-ray tube with gated MWCNT cathode (left) and commercial X-ray source packages integrating CNT field emission tubes and power supplies (160x38 mm, 300 g, 3 W max anode power). See [17] for additional detail. 
5. Examples of Nanotechnology Work underway at NASA Ames
Research underway at the ACNT currently includes development of three-dimensional arrays of sensors, building on experience in making functionalized CNTs and semiconducting SNWs [19]. Fig. 8 depicts a concept for a 9x9 sensor array that would be comprised of 81 elements, custom made for a specific detector application. As currently envisioned, some elements would be comprised of functionalized CNTs designed to be selective to a particular analyte. In the presence of the analyte, the resistance of the CNT changes, causing a signal to be produced at that site. Other sensing elements would be made of SNWs with special sensitivity to other analytes in contact with their sidewalls. 

The CNTs and SNWs are connected to an independent Resonant Tunneling Diode (RTD). The RTD acts as a preamplifier, which is in turn an element in a crossbar formed, cellular automate for built-in data processing. The height of each sensing element will be about 1 µm and their diameter will be about 20 – 80 nm. The 9x9 nanosensor array lies in the center of an array of connectors, which sends information created from the cellar automate into the microelectronics of the nanodetector.
Functionalized              SNWs

        CNTs 

[image: image18.jpg]



RTD



Sensor Array

          Sensor with Readout 

Fig. 8. Concept of sensor under development at NASA Ames Center for Nanotechnology. The goal for this detector is 1000 nanosensors in a 3-D geometry.
The goal [19] for this detector is 1000 nanosensors in a 3-D geometry. Predicted sensitivity is 500 ppt in gases and 1000 molecules in water. The volume of the nano- sensor is 1 cubic µm, requiring <1 mW of power. The projected response time is several seconds. 
Strategies [19] for selectivity of the sensors include that mentioned above for the CNT NO2 gas sensor, selection of the functional elements on the CNTs, dopants and variable diameters for the SNWs. 

6. SUGGESTED AREAS WHERE NANOTECHNOLOGY COULD ENHANCE ATMOSPHERIC ENTRY PROBE SCIENCE CAPABILIITES
The content regarding nanotechnology in Sections 3-5 shows the reality of nanotechnology and that it is already being transferred into NASA missions. It is believed by many that the utility of nanotechnology is only starting to be realized. The authors believe that nanotechnology could enable significant advances in the capability of planetary atmospheric science through the use of entry probes. Two paths can be envisioned: (1) packing much more science capability into probes of the same size as those flown previously, or alternatively (2) developing much smaller probes with science capabilities comparable to those of the past decades. Both approaches have merit and can improve science returned for the same investments in previous missions. We focus herein on the use of smaller probes.





Three approaches of utilizing nanotechnology could apply: (1) use nanotechnology in components of  “conventional” atmospheric entry probe science instruments, (2) use nanosensors as a new approach for gas detectors, complimenting mass spectroscopy, and (3) develop radiation hardened nanoelectronics. The first two possibilities are considered near term, while nano- technologists believe realization of specialized nano- electronics including tolerance to radiation is further in the future, perhaps 5 – 10 years hence [19]. Commercial nanoelectronics is perhaps 15 – 20 years in the future. 
Firm establishment of these mission concepts requires systems analysis for a specific mission requirement beyond the scope of the present paper. Nevertheless, we can conjecture what benefits emerging nanotechnologies could provide in these directions, and implications for overall small probe designs.

Clearly, mass spectroscopy is the premier tool for securing atmospheric cosmochemical data of the type called for in [8], as seen in the seminal results for the Galileo probe described in [5]. The key breakthrough needed in the future is to develop a lightweight (few-kg) mass spectrometer called for in [8] with capabilities comparable to or exceeding those used for Jupiter [5]. The mass of the Galileo instrument, including its pressurized titanium container was 13.2 kg. Power consumption averaged 25 W (11 W for electronics, the rest for ion source filament, heaters and ion pumps). 

Researchers at JPL and their collaborators have reported [20] a miniature quadrapole mass spectrometer, being used to monitor cabin air quality on the International Space Station. Extensions of this work have shown the capability to resolve isotopes of Ne and Ar [21]. Additional work, front-ending the mass spectrograph with a gas chromatography is targeted [22] for Solar System exploration. 

Advances in mass spectrometry are also represented in the Nozomi instrument [23] developed at Goddard Space Flight Center (GSFC) by Hasso Niemann and his colleagues. This instrument is now (Oct. 2003) on its way to Mars and weighs 2.2 kg. This mass spectrometer is designed to make measurements of the following species in Mar’s upper atmosphere: He, N, O, CO, N2, NO, O2, Ar, and CO2. 

The use of emerging nanotechnologies to achieve the desired [8] science capability via mass spectroscopy while reducing mass, power and volume constraints has been discussed [24] between principals at NASA Ames and GSFC. Specifically, the possibility of using the CNT field emission electron device [17] in the ion source of a new, lightweight mass spectrometer is under consideration, along with other alternates. It is suggested that this is a beginning of the use of emerging nanotechnologies in NASA’s Solar System exploration missions. In the future, it appears probable that other nanotechnologies, such as nanoelectronics will also find their way into atmospheric entry probe science instruments. 
Nanosensors, like those discussed in Section 4 and 5 offer a candidate response to the call from [8] for new approaches to gas detectors. 

One candidate gas detector might be based on extension of the CNT/interdigitated gold electrode nanosensor discussed above. The application might be a detector, using small amounts of spacecraft resources to monitor a few major and trace species in the mid-and upper Mars atmosphere, from platforms such as balloons, Mars airplanes or small entry probes launched periodically from an orbiter. Implementation would require research to understand which species could be reliably measured (including time resolution) with this type of sensor, development of front-end sample acquisition (perhaps a gas chromatograph) and strategies to ensure selectivity. 

Another candidate, further in the future is a gas detector like the 9x9 nanosensor discussed in Section 5. This candidate would be more comprehensive and could probably sense many of the species of cosmochemical interest [8]. Again, research would be required to determine which species could be reliably measured and development of detector front-end sample acquisition would be required. Problems in measuring concentrations of water and ammonia encountered [5] using mass spectroscopy, likely would be issues here as well. 

These approaches are both considered to be complimentary to mass spectroscopy. For example, it seems clear that the current nanosensors could not be used to determine isotopic mixing ratios. 
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7. System and MiSsion Implication of Nanoprobes

Analysis and extension of past and current entry-probe designs, in the context of introducing highly miniaturized science packages afforded by nanotechnology, can illustrate the potential benefits to Solar System exploration. Clearly, comprehensive system studies will be needed to fully assess the extent of potential benefits and identify all other system level technologies that require further development and maturity. Such studies should probably wait for further maturing of nanotechnology and its hybridization with microtechnology. The system studies will have to consider new mission architectures that leverage the mass and volume advantages of the nanodevices. Also, they must address technology improvements that might be required in other areas such as thermal protection systems (TPS) to implement the science benefits of nanotechnologies. The authors have not performed any extensive mission or system studies. The perspectives on mission and system aspects are provided herein only to suggest possibilities.
7.1 Entry, Descent and Landing Mission Phase and Entry Probe Design Considerations
Entry, descent and landing (EDL) together form the final phase of planetary probe missions. Science data may be collected throughout the EDL phase. For example, atmospheric structure investigations (ASI), pioneered by Seiff [1-3], begin as the probe enters the sensible atmosphere. Fig. 9 illustrates a typical EDL phase. During the entry phase, the probe begins to slow down and experiences intense heating due to the aerodynamic deceleration. The probe shape, size and the TPS are all designed in an integrated manner to safely accomplish the entry phase. Once the entry probe reaches a certain speed (Mach number ~1), a parachute(s) system may be deployed to extract the lander or the surface science package from within the aeroshell. The slow descent and the subsequent landing phases may require execution of complex design features, as has been the case for Venera, Huygens, Viking, Pathfinder, Mars Exploration Rover and Pioneer-Venus missions [25–31].
[image: image4.wmf]
Fig. 9. Schematic of Huygen’s Entry, Descent and Landing (EDL) - missions such as Viking, Pathfinder, MER, etc. have very similar EDL phases. Courtesy of JPL [30].

7.2 Thermal Protection System – Critical for successful entry phase execution
[image: image21.png]


The entry phase TPS requires specialized expertise and high enthalpy test facilities, such as those available at NASA Ames. TPS is a single point failure sub-system which may be a significant part of the atmospheric entry probe mass. Single-use planetary entry probes may use ablative TPS, where material is sacrificed to carry away some of the ambient heat. TPS design is a complex exercise that involves tailoring of the shape, size, and the entry trajectory to achieve an optimal overall system design that accommodates the entry environment with acceptable risk.

TPS mass can be a significant fraction of the overall probe mass: it ranges from a mere ~3% for Viking, ~8% for Pathfinder, ~12% for MER, ~22% for Stardust, ~30% for Huygens and 50% for the Galileo Probe [33]. TPS mass is driven both by the peak heat flux and the total heat load experienced by the probe during entry. It also depends on the size and the shape of the probe. A coupled trajectory, size and shape study is required to predict the heating environment and to determine the TPS mass. For entries dominated by convective heating, a geometrically scaled, smaller probe that flies the same trajectory as its larger counterpart, will experience higher heat flux and therefore require higher TPS mass fraction. This may lead to an erroneous conclusion that there is a minimum probe size at which the entire entry mass is devoted to thermal protection. However, if entry heating involves both radiative and convective heating components, their relative contributions change as probe size changes. It is not straightforward to make general conclusions regarding TPS mass fractions. This is especially true for outer planet entry missions. Galileo probe design continues to rank as the most demanding ever especially from a TPS design [35].

The manner in which the TPS mass fraction changes with the size of the probe was studied in the context of the Galileo Probe design using an engineering TPS sizing code described in [36]. In this study, the Galileo probe was geometrically scaled and the TPS mass fraction was determined for varying probe sizes with entry conditions similar to the Galileo Probe (48 Km/s entry speed and –6.640 entry angle). This engineering study [34] involved first determining the trajectory and then determining the carbon-phenolic (Galileo TPS material) TPS mass fraction accounting for ablation and recession using the JAE Code [36]. The results of the study are illustrated in Fig. 10. The surprising conclusion from this study is that the size of the probe and the entry mass do not strongly impact the TPS mass fraction. The TPS mass fraction remains around 50 percent of the probe mass. 

This means that a probe weighing around 10 kg will be ~25 percent of the size of the Galileo probe and will have a TPS mass of around 5 kg. The Galileo probe science package mass was 8.3 percent of the entry probe mass and all other subsystems (other than the TPS), accounted for 42 percent of the entry mass (entry mass = 335 kg). If structural subsystem, power, electronics, etc. are all scaled similar to the Galileo Probe, then such a Jovian entry will have a payload of about 1 kg. It is noted that the small Jupiter probe of 10 kg mass would qualify as a nanospacecraft and liberty is taken to call them Jupiter nanoprobes 

Fig. 10. TPS Mass Fraction and Entry Mass as a function of the probe size for Jupiter equatorial entry similar to that of Galileo probe [4]. The size of the probe is scaled by Galileo probe base radius. 

The above example suggests the potential for nanoprobes to repeat the most challenging entry science mission ever performed:  Galileo [4]. We also note that several 10 kg nanoprobes could be easily deployed to Jupiter on a given mission with existing launch capability, meeting a requirement specified in the New Frontiers Report [8]. Note that this study was for equatorial entry, and that entry severity increases for higher latitude locations due to higher relative entry velocity. Higher latitude entry is desirable to understand aspects of Jovian planetology processes. While the authors are unaware of similar studies for entry missions other than the Jupiter nanoprobe concept, the heuristic arguments already presented suggest that nanoprobe design is a concept worthy of more in-depth system studies. An interesting possibility is the use of even smaller nanoprobes released from a Mars orbiter for the purpose of making high altitude atmospheric composition measurements over a Martian year since this is a science inner planet priority [8]. 
7.3 Descent and Landing System Design

A significant consequence of miniaturizing the science package is consideration of simplified descent and landing concepts that lead to lower total mass and/or lower mission risk. Direct impact design similar to Pioneer-Venus [31] or a penetrator design similar to the Deep Space 2 probe [32] have led to simplified descent and landing concepts.  

For each planet a direct entry probe with a given ballistic coefficient will reach a terminal descent velocity unique to that planet due to the atmospheric properties and the gravitational force. Venus and Titan environments allow the probe to reach very low terminal velocity compared to Earth and Mars. For example, a sphere of 10 cm diameter and a mass of 10 kg entering on a ballistic entry trajectory will reach a terminal velocity close to 10 m/s [34] on Venus and Titan. A similar probe entering Mars will reach a terminal velocity of 1000 m/s and on Earth 60 m/s [34]. Hence in the case of Venus and Titan, a direct impact probe may easily accommodate science requirements for low impact velocities. Extracting the science instrument package can be accomplished with simpler concepts as compared to the use of a parachute(s), if the payload is designed with a ballistic coefficient that differs significantly than the entry shell. For example, the heat shield might be designed to separate along a plane of symmetry by a mechanical device and fall behind the science package due to the higher drag of the halves of the heat shield. Full scale testing of such concepts can easily be accomplished in low velocity ballistic ranges due to small size and mass.

Use of drag devices such as parachutes and lander concepts such as airbag, lander ring or a webbed pallet system, if needed, are not precluded to accommodate science requirements. Small payload mass offers greater freedom to consider many of these proven alternatives and a greater chance for achieving better overall performance at a reduced risk and cost. 
7.4 Thermal Management

Thermal management is mission critical both during the entry phase and the science operations phase. Hardware for thermal management increases the overall mass. The temperature of the science instruments and the electronic devices such as computers and communication devices must be held below their operational limit. For example, in order to increase the operational time at the surface of Venus where the external temperature is 730 K, phase change materials and the thermal mass of the probe are used. Science instruments using nanotechnology, being ultra-light, will require significantly less mass for thermal management of their operations, thereby impacting the overall thermal control design. Low power instruments will require a lower battery mass and will also reduce the amount of heat being generated inside the lander. The cumulative impact of an ultra low mass science package can be significant. 

7.5 Data Acquisition, Storage and Data Relay/ Communication Aspects

One of the challenges of nanoprobes will be the ability to miniaturize the power, on-board data storage and data uplink either with an orbiting spacecraft or directly with earth systems. The design of the antenna, power and computer systems must be examined for small probes. Advances in the design of adaptive antenna design, improved and robust chip sets and optical (laser) communication systems together may meet the challenges posed by nanoprobes. 
7.6 Design, Development, Testing and Engineering Aspects

Nanoprobes may lower the overall mission cost and risk by simplifying the requirements on design, development, testing and engineering phases of a project. Large probes of the size of Galileo/Pioneer-Venus required large-scale development, testing and assembly facilities during the probe construction phases. Ground test facilities cannot duplicate conditions for full scale testing, so reduced scale models for aerodynamic testing or small coupon testing for TPS in an arc jet is performed. The test results are extrapolated to full scale with some uncertainty. An illustrative example is the impact testing performed for the Pioneer-Venus small probe. The Pioneer-Venus small probes were designed to withstand entry loads up to 475 g. Integrated probe qualification testing for such high load conditions required specialized test facilities.

Nanoprobes offer significant advantages because full scale testing requirements can be more easily met. Full scale or near-full scale testing in existing arc jets will allow significant risk reduction of the TPS system. Similarly wind tunnels and ballistic range facilities may allow for the provision of a near-full scale aerodynamic database. Full scale component and integrated testing such as structural testing, impact testing, vibration testing and thermal testing will be less expensive. Also, assembly facilities can be less expensive.   

7.7 Mission Architecture Aspect

The ultimate objective of the planetary probe mission is to transport the science package from Earth to the desired planet, conduct scientific investigation and collect data, and transfer the science data back to Earth in a cost effective manner. Any number of mission architectures may accomplish this goal. Each phase of a successful mission requires a set of integrated sub-systems with associated hardware designed to successfully meet the challenges and perform the required engineering functions. 

Science requirements such as mass, volume, power, and data rate determine both the integrated system architecture mass, volume, launch vehicle lift-off capacity, and subsystem details such as the aeroshell shape and size, and TPS mass. A smaller science instrument package will typically result in smaller entry probe size and mass, all other things remaining equal. On the other hand a more demanding science package can limit the benefits of miniaturization. For example, including a camera often results in significantly increased power, data storage and communication requirements. A balanced approach is required that considers technology readiness level, the overall risk, cost, schedule and capabilities, in order to achieve success.
A “typical” mass fraction breakdown for an entry probe mission is provided in Fig. 11. The percentages do not represent any single mission but represent a range of values from a number of past and current missions. The ratio of the entry probe mass to the payload mass can range between 4.5 for PAET, 5.0 for DS II, 7.2 for Huygens, 10.0 for Pioneer-Venus large probe, 12.0 for Galileo Probe to 20.0 for Pioneer-Venus small probes [33]. The smaller value indicates a more efficient probe design, if all things were equal. 
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Fig. 11. Spacecraft and entry probe component mass fraction range (major sub-systems).

The comparison of figures of merit such as the entry probe to the payload mass ratio is complicated by the fact that each mission is designed to meet a set of requirements that differs greatly. Reduction in the probe mass will result in smaller launch mass by a very significant factor. Launch cost is proportional to launch mass and hence a significant reduction in launch mass will result in a significant cost reduction

Beyond the cost reduction, a considerable mass reduction will allow for newer mission architectures. Some of the possibilities are:

1. Multi-Probe Mission Architecture: 

A spacecraft with multiple probes similar to the Pioneer-Venus mission profile. The Pioneer-Venus mission employed a single launch vehicle, which sent one large probe and three identical small probes to Venus. If the mass of the entry probe is of the order of 10 kg or less, then a mission with a large orbiting spacecraft with 10 – 100 nanoprobes is a very attractive possibility. Science payloads may be distributed across the probes in a number of ways:

• each nanoprobe may be designed to enter and perform a single or a limited set of science missions. 

• nanoprobes that perform similar science may be released to reach multiple surface locations. 

• nanoprobes designed to perform identical science may be released from an orbiter at discrete time intervals to study cyclical phenomenon, (e.g. the Mars mission to measure upper atmosphere composition [8]).

2. Direct Launch Venus/Mars Mission Architecture:
With an orbiting telecommunication spacecraft already in place, direct nanoprobe launch is a very attractive possibility. If the probe mass is of the order of 10 kg or less, then the launch mass for insertion of the probe into the planetary atmosphere, including the interplanetary bus and the propulsive insertion systems, can be of the order of 100 – 200 kg. With such a low weight, lower cost missions may become reality.

3. Ultra-fast Outer Planet Mission Architectures:

Shorter interplanetary trip time allows for mission execution and science benefit to occur faster. Gravity assist can reduce the trip time. For example, Pioneer-Venus, Galileo and Cassini/Huygen missions utilized gravity assists around Venus/Earth/Jupiter. Fig. 12 illustrates the Cassini interplanetary assisted trajectory that employed Earth and Venus flyby strategies. The same strategy can easily be used for nanoprobe mission architectures as well.
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Fig. 12. Cassini Interplanetary Trajectory showing the gravity assist. Courtesy of ESA and JPL.
NASA is currently considering the use of nuclear-ion propulsion systems in the future that will permit orbiters/spacecraft lifetime to be around 10 to 20 years. The first of a kind mission, a Jupiter Icy Moon Orbiter, is currently under study for launch in the time frame of 2012 with a trip time estimation of 10 years and a mission operations time of another 10 years. With such an orbiting telecommunication spacecraft in place, direct nanoprobe launch from Earth or from an orbiter is a very attractive possibility. With a probe mass of the order of 10 kg or less, the launch mass for direct probe launch from Earth can be between 100 kg – 300 kg.

Fig. 12 illustrates the Cassini interplanetary assisted trajectory that employed Earth and Venus flyby strategies. The same strategy can easily be used for nanoprobe mission architectures as well. Under this scenario with a communication link already in place, direct launch of nanoprobes to the outer planets using gravity assist around Venus/Earth/Mars could have fast transit times to outer planets. 

Further reduction in trip time is possible with an aero-gravity assist where the probes gain extra speed via gravity assist, and in addition, the probes utilize aerodynamic forces to align velocity vector via atmospheric entry rather than the use of expensive chemical propulsion systems. The challenge is the design of an aero-gravity assist vehicle with a very high L/D. Vehicles that produce high L/D are not volume efficient and will be very difficult to design with conventional size payloads. On the other hand, nanoprobes requiring small mass and volume are ideally suited for aerogravity assist and may allow faster and more cost effective mission architectures. 

8.0 SUMMARY AND RECOMMENDATIONS

It is clear that there are large investments being made worldwide in the area of nanotechnology, and that useful technology for Solar System exploration is beginning to emerge from this field. The New Frontiers Report [8] has identified areas of scientific interest. We have discussed the utility of atmospheric entry probes for planetary science. Nanotechnology and the resultant miniaturization it affords could lead to a new class of nanoprobes.

Two recommendations are respectfully made:

1.  Mission planners, entry technologists and designers of Solar System instruments should embrace the coming nanotechnologies. 

· First, conceptual systems studies utilizing the concepts of nanoprobes should analyze how science requirements, such as those in the New Frontiers Report could be met in a more cost-effective fashion than with existing technology. 

· Entry technologists should carry out additional study of the nanoprobes, especially with respect to TPS as discussed herein for a Jovian Nanoprobe. 
· Science instrument developers should be aware of emerging nanotechnologies, and suggest areas of new technology requirements to the nanotechnologists. 

2. Earth scientists should adopt nanotechnology based gas detectors. Benefits to the Earth Scientists might include capabilities comparable to today’s technology with detectors that have the desirable attributes discussed above, and may offer the reduced involvement by human operators or use in uninhabited aircraft providing “ground truth” for satellite observations. 
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