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1.  SCIENTIFIC GOALS AND OBJECTIVES

1.A   Introduction and Mission Summary

The science goals of NASA are to understand the formation, evolution, and present state of the solar system, the galaxy, and the universe.  Most planetary missions investigate the present state of planetary objects.  By, in effect, going back in time, Genesis addresses questions about the materials and processes involved in the origins of the solar system by providing precise knowledge of solar isotopic and elemental compositions, a cornerstone data set around which theories for materials, processes, events, and time scales in the solar nebula are built, and from which theories about the evolution of planets begin.  This is illustrated further in the non-technical summary found in Box 1.1 (1st foldout page).   Moreover, Genesis tests the basic assumption that solar and solar nebula compositions are the same.   In order to better communicate these motivations to the public, we have adopted “Genesis” as a mission name in lieu of “Suess-Urey”, used previously. 

Genesis measures solar composition by collecting solar wind for analysis in terrestrial laboratories.  The solar wind is just a convenient source of solar matter readily available outside the terrestrial magnetosphere.  Solar wind ions have velocities in the well-understood ion implantation regime and are quantitatively retained upon striking passive collectors.  This was demonstrated by the highly successful Apollo solar wind foil experiments [Geiss et al., 1972].  With 100-times longer exposure and, especially, with purer collector materials, Genesis provides precise solar isotopic compositions and greatly improved solar elemental composition for most of the Periodic Table.  (The Apollo foils were only sufficiently pure for the study of  noble gases.) 

1.B  Need for this Mission;  Value to Planetary Science

(a).  Planetary Science Requires Higher Precision.  Solar composition is important for astrophysics and solar physics, but planetary science requires greater elemental coverage and much higher levels of precision.  For example, most theories of stellar nucleosynthesis are considered successful if solar system isotope ratios are reproduced within a factor of 2.  By contrast, isotopic measurements of terrestrial, lunar, martian, and meteoritic materials deal with 0.1% and smaller differences.  In atmospheric modeling, differences of percents are crucial for, e.g., 38Ar/36Ar and the Xe isotopes. 

(b). Sample Return is Required.  The sensitivities and accuracies required for planetary science can be achieved only by analysis in sophisticated terrestrial laboratories. The major advantages of planetary sample return missions for understanding planetary material and objects are summarized in Table 1.1 (in 1st foldout).

(c). Essentially Nothing is Known about Solar Isotopic Compositions.   Solar isotopic compositions should be the reference point for comparisons with planetary matter.  The only practical source of precise solar isotopic abundances is the solar wind.  Omitting details here, no solar, terrestrial differences can be seen for C, O, and Mg isotopes, but uncertainties (5-40%) are too large for planetary science purposes (section a. above).  The Apollo foils provided precise solar wind He and Ne isotope ratios with a 20Ne/22Ne ratio, surprisingly, 38% greater than the terrestrial atmosphere.  The above three sentences summarize everything that is known.  The magnitude of the Ne variations are likely to be exceptionally large (Section 1.C.2), thus Genesis is designed to fill this fundamental knowledge gap by measuring solar isotopic ratios to a minimum of 1% (2 sigma) and much better in important cases (Section 2.A.2). 

(d). Solar Elemental Abundances Can be Greatly Improved.   The observed diversity in solar system objects is chemical in origin.  Quantitativly, diversity can be defined as the difference in planet composition from solar compsition, illustrating the importance of solar elemental abundances.  The present best source of solar abundances comes from analysis of photospheric absorption lines in the solar spectrum.  A small number of elements have quoted errors of ±10% (one sigma), but overall there are large uncertainties in these abundances and a significant number of elements cannot be measured.  Thus, compilations of "solar" abundances for non-volatile elements are currently based on analyses of carbonaceous (CI) chondrite meteorites.  The limitations to this have been discussed [Burnett et al., 1989; McSween, 1993; Genesis Web, 1996].  Solar abundances should be based on solar data.  It is quite possible that a new CI fall or Antarctic find would have slightly different abundances than known CI meteorites, presenting a major challenge to how well we think we know solar abun​dances.  If solar composition is based on solar data, we are immune to such a pertur​bation.  The best hope for major improvement in knowledge of solar abundances is the solar wind. 

(e).  Genesis has an Important Legacy.   Because planetary objects are complex and resources are limited, NASA cannot afford missions that completely characterize planetary objects.  Knowledge must be accumulated incrementally, and it is likely that -- in fact one should hope that -- by the end of the 21st century the information obtained with 20th century missions will be relatively obsolete.  In contrast, assuming that  Genesis is successful, there need not be a series of solar wind sample return missions.  Genesis will return a reservoir of solar matter which can be used to meet presently unforeseen requirements for solar composition.  When more precise data are needed, it is likely that improved analytical techniques will be developed to meet those requirements using curated samples acquired by Genesis.

(f).  Relation to NASA Science Planning    These studies focus on exploring the present solar system and do not specifically address solar composition.  Nevertheless,  Genesis objectives are totally consistent with NASA Solar System Exploration goals, as spelled out in the National Research Council’s Committee on Planetary and Lunar Exploration (COMPLEX) report “An Integrated Strategy for the Planetary Sciences: 1995-2010”.   In this report (p. 3) we find: "The broad scientific goals for solar system exploration are to: Understand how physical and chemical processes determine the main characteristics of the planets...; Learn how planetary systems originate and evolve;...".  Under the primary objectives for understanding origins, COMPLEX includes "define the conditions and processes active during the evolution of the solar nebula" (p. 3) and "Construct an internally consistent, quantitative theory of the formation of our entire planetary system that contains sufficient detail to permit comparison with as much observational evidence as possible" (p. 4).  The primary observational evidence about solar nebular processes is compositional, and Genesis results provide the "enabling technology" to reach the COMPLEX goals.  Moreover, Genesis makes major contributions to the understanding of planetary atmospheres; on p. 132 of the report we find that a major objective is to "measure the isotopic ratios of the reactive elements H, C, N, and O and of the noble gases to a minimum accuracy of 10% for all substantial planetary atmospheres to enable meaningful comparisons with elemental compositions observed in the Sun, in meteorites, and in other planets."  Such comparisons will not be "meaningful" without precise solar data from Genesis.  Finally, one of COMPLEX's approaches to ranking scientific objectives is to "prioritize scientific questions of significance to the whole of the planetary sciences rather than to just localized regions of the solar system" (p. 25). The broad application of the results of the Genesis mission, from planetary atmospheres, to lunar soils, to meteorites, and to the evolution of the Sun and nebula certainly meets that criterion for high priority.  Genesis science goals also relate closely to those of the Origins program.  For example, in "Mission to the Solar System:  Exploration and Discovery ... Roadmap", in a campaign entitled "Building Blocks and Our Chemical Origins" (p. 14), a major purpose is to "determine how the present solar system evolved from the solar nebula to the early planets."  Thie is our major science goal, as stated in the Fact Sheet.  The recent Origins program brochure (JPL 400-639; 11/96) has considerable overlap with Box 1-1.

1.C   Specific Measurement Objectives: What They Prove. 

1.C.1   Introduction

Flow from Goals to Mission Design.   Our science goals (Fact Sheet; Section 1.A) lead to the operational Science Objectives given on the Fact Sheet.  From these general science objectives we derive a well-defined set of 18 prioritized specific measurement objectives (Table 1-2).  In turn, these specific measurement objectives define the mission science requirements from which flow the instruments and mission design. The Baseline Mission presented here meets all of these measurement objectives.  No new instruments are required for objectives 5-18 beyond those required for 1-4.

Importance of Isotopes. An important distinction is between isotopic and elemental com​posi​tion measurements.  Higher priority (first 7 objectives) is given to isotopes.  A summary of solar system isotopic data is given in Genesis Web [1996].  Determination of isotopic differences among different parts of the solar system is of enormous importance, e.g. the large variations in D/H already known among planetary atmos​pheres provide major constraints on atmospheric evolution.  Even if there should be some elements for which no isotopic differences are found among solar and planetary materials, such null results are important because other elements (O, N, noble gases, C, Ti, Cr) are already known to show isotopic variations among bulk planetary materials.  The highest priority is given to O isotopes, as widespread variations are already documented.   Box 1-2 (1st foldout) discusses the significance of O isotope studies.

Measurement Objective Overview.  The measurement objectives in Table 1-2 are a good mix of surveys and focused studies that address specific, important problems.  The isotopic and elemental surveys (9 and 17) are perhaps most likely to provide conceptual breakthroughs by producing totally unanticipated results, but they do not require discussion.  Objectives (13) and (16) select groups of elements whose relative abundances figure prominently in a variety of  cosmochemical applications.  Objective (7) selects specific nonvolatile elements for which there is the greatest probability of finding isotopic differences (section 1.C.5.a below). All of the other objectives represent focused studies whose importance is summarized in the remainder of section 1.C. 

Table 1-2   Prioritized Measurement Objectives *










Proposal Sections
(1)
O isotopes.






Box 1-2

(2)
N isotopes in bulk solar winda.



1.C.2, 1.C.3

(3)
Noble gas elements and isotopesa.


1.C.2

(4)
Noble gas elements and isotopes; regimes.

1.D

**********  Science Floor  **************

(5)
C isotopesa.






1.D

(6)
C isotopes in different solar wind regimes.

1.D

(7)
Mg,Ca,Ti,Cr,Ba isotopes.




1.C.1, 1.C.4.b

(8)
Mass 80-100 and 120-140 elemental

abundance patterns.





1.C.4.b

(9)
Survey of solar-terrestrial isotopic differences.

1.C.1,  1.C.4.b

(10)
Noble gas and N, elements and isotopes for


higher energy solar particles.



1.C.5.a

(11)
Li/Be/B elemental and isotopic abundances.

1.C.4.c, 1.C.5.b

(12)
F abundance.






1.C.5.b

(13)
Pt-group elemental abundances.



1.C.1

(14)
Key s-process heavy elements.



1.C.4.a 

(15)
Heavy-light element comparisons.


1.C.4.c

(16)
Solar rare earth elements abundance pattern.

1.C.1

(17)
Comparison of solar and chondritic

elemental abundances.


 

1.C.1

(18)
Radioactive nuclei in the solar winda.

 
1.C.5.b

........................................

*Measurement of bulk solar wind except when noted.

aEarly science return (Section 2.C.1).

1.C.2   Volatile Elements; Implications for Planetary Atmospheres.   Volatile carbon compounds, nitrogen, and the noble gases are the tracers of choice for tracking evolutionary processes in planetary atmospheres.  Knowledge of the initial isotopic abundances of volatile species is imperative for identifying evolutionary mechanisms, whether the modeling is forward, from presumed primordial atmospheres, or backward from known compositions in contemporary atmospheres.  In many models, the initial compositions of unevolved primordial atmospheres are assumed to be the same as the composition of the present solar wind.  With Genesis, it is possible to address many aspects of the evolution of planetary atmospheres; two examples are given here:  (i) If as many believe, the difference between the 20Ne/22Ne ratios in the solar wind and in the terrestrial atmosphere resulted from hydrodynamic escape of gases from our atmosphere, predictions of escape models for other volatile species can be tested using Genesis data.  For example Pepin [1991, Figure 4] predicts that the solar wind 36Ar/38Ar should be 9% higher than the terrestrial atmosphere.   (ii)  Precise measurement of the solar wind 129Xe abundance provides a needed initial value for models of mantle outgassing of the terrestrial planets based on 129I radioactive decay [e.g. Porcelli and Wasserburg, 1995]. 

1.C.3   Lunar N Isotopes.   Perhaps the major unsolved mystery from Apollo is an observed variation in the 15N/14N ratio with age for lunar surface samples.  This trend might represent: (1) a systematic change in the isotopic composition of solar wind N [e.g. Kerridge, 1993], (2) the presence of nonsolar sources of N on the lunar surface (lunar interior, Earth's early atmosphere, etc.) early in the history of the Moon [e.g. Bochsler, 1994] or (3) dominance of higher energy solar particles with low 15N/14N in the older lunar samples [e.g. Bochsler and Kallenbach, 1994].  All 3 mechanisms have important implications, but none is completely satisfactory.  Mechanisms (2) and (3) predict that Genesis should observe a 15N/14N ratio 10-20% higher than in the terrestrial atmosphere.  One model for mechanism (1) predicts only a 2-4% enrichment [Kim et al., 1996].  Thus some, possibly all, models will need revision.  Terrestrial atmospheric hydrodynamic escape models are only compatible with (1), but require a 10-20% enrichment.  Mechanism (3) can be directly tested by Genesis measurements of higher energy ions (Objective 10).  The possibility that mechanism (1) represents solar surface nuclear processes will be tested with data from Objectives (11), (12), and (18) (Section 1.C.5).  If we are able to confirm mechanism (1), it would mean that evolutionary processes can change solar isotopic compositions from those in the solar nebula, complicating to varying degrees our ability to infer initial solar system isotopic compositions depending on details (which elements, etc.).  However, confirmation of (1) would be a conclusion of major importance because there is as yet no known solar process which could cause the required evolution of N isotopes.  This is why the lunar N isotopic data have remained a mystery.

1.C.4
  Tests of Fundamental Assumptions.  The solar system formed 4.6x109 yr ago by isolation of an ~1 solar mass core within a larger molecular cloud.  In the 17 orders of magnitude density increase accompanying the collapse of the Sun to main sequence, many events/processes occurred (loss of magnetic fields, nebular disk formation, transfer of angular momentum, bipolar jets, etc.), and it is far from obvious that these processes were isochemical, as is implicitly assumed at present.  Tests of such early fractionation events are challenging but not impossible. (Section 1.C.4.a)  Even after the basic nebular structure was established, more testable events are conceivable which could result in Sun-nebula chemical fractionations (Sections 1.C.4.b and c).  Present knowledge of elemental abundances precludes large (factor 2) b or c type frac​tion​ations; consequently, at present we are forced to assume that differences do not exist.  However, it is not only the magnitude of fractionations that is important.  Quantitative knowledge of which elements are fractionated and of the relative amounts of fractionation can be used to define the events and processes that caused the fractionation even if the residual fractionations are percentagewise small because of later nebular mixing.

1.C.4.a  Fractionations of Sun/Nebula Relative to Our Parent Molecular Cloud.   Such fractionations would be inherited by both solar and planetary matter, and thus difficult to detect.  The only basis for detection is by quantitative comparisons between solar composition and nucleosynthesis predictions.  Except for the s-process, such predictions do not now exist, but one can realistically expect major progress as the result of increased observational knowledge based on interstellar grains in meteorites and direct measurements of interstellar grains from missions such as Stardust.  The precision of Genesis data and the ability to get improved data on curated samples would permit observational accuracy to remain ahead of theoretical uncertainties for the foreseeable future.  A bigger problem is that the only way to validate nucleosynthesis theory is by comparison with solar abundances.  Bootstrapping is required, but as the Sun-nebula fractionation processes affect elemental ratios, one general approach is to validate the nucleosynthesis theory on the basis of predicted isotope ratios.  Near term, the only reasonably quantitative nucleosynthesis theory is the "main" s-process for nuclei with mass greater than 100 [e.g. Kaeppler, 1989].  The most relevant chemical properties producing fractionations are probably volatility and first ionization potential (FIP).  Consequently, one would look for differences between theoretical and the Genesis relative abundances of key main s-process elements (Ru, Te, Xe, Ba, Sm, Yb) which correlate with either FIP or volatility.

1.C.4.b  Are Solar Photosphere and Solar Nebula Compositions Different?  No differences are expected based on the conventional assumption that the Sun and planets formed from a common mixed reservoir, but if this is not true, systematic differences in  solar wind isotopic compositions compared to those from planetary materials would be observed (Objective 9 in Table 1-2).  See also Genesis Web [1996].

i) Relation to Meteorite Isotope Anomalies.  These anomalies are complex and poorly understood.  Oversimplified, they indicate (1) a lack of total mixing of isotopically inhomogeneous presolar material in the solar nebula (Box 1-1) and (2) isotope variations ascribable to decay of "extinct" radioactive nuclei (lifetimes << 4.5x109 yr, but comparable to the time interval between formation of the Sun and the earliest nebular materials).  Type (2) anomalies might be accompanied by systematic isotopic differences between solar and planetary matter if there were late injections (supernovae?) of interstellar material.  Although controversial, it could be that variations in isotopic abundances of extinct nuclei (53Cr/52Cr, 26Al/27Al, etc.) [e.g. Lugmair et al., 1996] point to such injections.  Some type (1) anomalies are only found in the first formed materials (CAIs).  Presumably, the additional mixing during subsequent nebular evolution thoroughly eliminated most of the interstellar heterogeneities in younger materials.  (Oxygen is a glaring exception and, for this reason, is given special status.)

It is presently not known whether the degree of mixing, and the proportions of interstellar components mixed, applies only to the 1-3 AU range from which presently-available planetary materials come.  Comparisons of solar and meteoritic isotopes test whether the 1-3 AU mixing proportions correspond to average solar matter.    Measured differences can be used to identify the interstellar sources of solar system matter.  The magnitude of the differences is of secondary importance; the important issues are whether they are analytically significant and how precisely differences can be measured.  Based on meteorite anomalies [Genesis Web 1996], we give higher priority to the analyses of five non-volatile elements (Objective 7 in Table 1-2) that appear to have the highest probability of showing isotopic variations.

ii)  Tests  for Volatile Element Fractionations.  Preferential accretion of gas or of dust by the Sun can be tested.  Preferential here means relative to average initial solar system proportions.  Such differences would show up in a comparison of the abundances of Kr and Xe estimated by interpolation from abundances of neighboring, less-volatile elements (Se,Br,Rb,Sr,Y,Te,I,Cs,Ba) with the actual measured Kr and Xe abundances [Wiens et al., 1991, 1992; Genesis Web, 1996].  (Interpolation is not accurate for other volatile elements.)  If the Sun formed from non-representative proportions of volatile and non-volatile materials, compared to the average for our parent molecular cloud, then there would be differences between the interpolated and measured abundances.  This is the science focus of Objective 8 (Table 1-2).  Corrections will be required for first ionization potential differences between Kr or Xe and the neighboring elements (Section 1.D), but tests for fractionation at the 10% level should be possible.

1.C.4.c  Do Photosphere and Initial bulk Sun Compositions Differ?  It is widely assumed that the average solar system elemental composition is preserved by the material on the surface of the Sun.  This is because the present surface mixing zone (SMZ) and radiative interior of the Sun are calculated to have formed very early, before thermonuclear burning of H could produce abundance changes.  Recent solar models [e.g. Proffitt, 1994] allow for gravitational settling, thermal gradient diffusion, and differential radiation pressure which collectively produce compositional gradients beneath a well-mixed SMZ.  "Settling out" of heavier elements at the base of the SMZ can occur in principle, but the turbulent nature of the mixing, (e.g. convective overshoots) counters the settling.  Theoretical differences [e.g. Proffitt, 1994] between SMZ (photospheric) and initial abundances are predicted to be small (order percents for elements other than He), but it is important to make observational tests to see if differences have been underestimated.  The non-turbulent parts of the calculation have large uncertainties while the turbulent effects cannot be calculated.  The abundances of 6Li, 7Li, 9Be, 10B, and 11B (Objective 10) are sensitive to these processes because of thermonuclear destruction at the base of the SMZ, either during the early totally convective (Hayashi) phase or over the time since the onset of H burning.  Although one needs real data to make interpretations, suppose that the relative solar wind abundances of a few light elements (X,Y,Z) closely match those of CI chondrites, then a close comparison of Genesis elemental ratios, e.g. A/X, where A is a heavy and X a light element, with the A/X ratio for CI chondrites can test for heavy element depletions from the SMZ.  The best test is to select elements, e.g. Ni and Ir, differing greatly in mass but with similar first ionization potentials and cosmochemical properties.

1.C.5   Constraints on Solar Processes and History.

1.C.5.a   History of the Sun from Lunar Samples.  Lunar surface samples have been directly exposed to fluxes of solar particles over the last ~3x109 yr, in principle enabling the determination of solar wind composition in the past.  However, this record has also been severely modified by impact processes.  Non-solar inputs (lunar interior outgassing, cometary, interstellar, etc.) are probably also present; recognition and quantification of these inputs is of major importance.  Although significant progress has been made in the last decade, it is clear that independent knowledge of contemporary solar wind noble gas, nitrogen, and carbon elemental and isotopic abundances is required in order to interpret the lunar data.   The lunar data and their relations to Genesis are very complex, but as an example of one specific issue for which Genesis provides a clean test, there is a consensus that solar particles at greater depths (i.e. higher energy) have different isotopic compositions than those released from shallower depths (presumably solar wind).  For example the deeper ions have 20Ne/22Ne around 11, whereas more shallow ions are consistent with the 13.7 ratio observed with the Apollo foils.  Based on fluences inferred from lunar samples, it should be possible to measure the elemental and isotopic abundances of noble gases at greater depths in the collector, corresponding to ion energies greater than the solar wind (Objective 10).  The changes in isotopic and elemental noble gas ratios inferred from the lunar data can be directly compared with the higher energy ion compositions  from Genesis. 

1.C.5.b  Solar Surface Nuclear Reactions  Key abundance ratios, e.g., 19F/20Ne, 11B/14N or the fluences of radioactive nuclei such as 14C or 10Be (Objectives 11, 12, and 18) are measures of integrated solar surface nuclear processes on different time scales.  There is evidence for solar wind 14C in lunar samples [Jull et al., 1994], with inferred fluxes measurable by Genesis [Genesis Web, 1996]. Accelerated protons reacting with even a very small fraction of the 20Ne  may produce a very large enhancement of 19F because the overall 19F/20Ne is very small.  It is widely accepted that solar activity was higher in the past, and the Genesis data can be compared with predictions based on independent measurements of present-day solar surface activity, giving quantitative measures of past solar activity.

1.D   Are There Differences Between Solar Wind and Solar Composition?

1.D.1  Elemental Fractionation.  The situation is different for elements and isotopes.  In situ spacecraft instruments observe differences in element ratios between the photosphere and the solar wind.   From systematics and theoretical work [e.g. Marsch et al., 1995], it is well-established that elemental fractionation depends on:  (1) first ionization time (FIT), i.e. the time required for an atom in the solar atmosphere to become ionized.  FIT is a function of the atom’s first ionization potential (FIP) and solar physical conditions.  The primary fractionation is a relative enhancement of low-FIT (easily ionized) elements as a group compared with high-FIT elements.   (2) ion charge and mass.  Once an atom is ionized, it is subjected to Coulomb drag in the flowing plasma, which depends on both charge and mass. This is smaller than the FIT effect (both observationally and theoretically) and   (3) solar wind regime.

1.D.1.a  Solar Wind Regimes  These refer to the different sources of the solar-wind. There are two types of solar wind flow -- quasi-stationary and transient.  There are two major sources of quasi-stationary wind -- fast wind from coronal holes (CH) and slow “interstream” (IS) wind originating in or near coronal streamers.  Transient flows are produced by eruptions [coronal mass ejections (CME)] associated with the disruption of magnetic field lines closed above the solar surface.  A CME can have either low or high speed.  The CH, IS, and CME  constitute distinguishable solar wind regimes.  We estimate 30% CH, 65% IS, and 15% CME.  The proportions vary with solar cycle, but our overall sampling approach is not dependent on when the mission occurs in the solar cycle.  The strength of high FIT depletions depends on regime, being less in coronal hole flow than in interstream or CME flows.  Further: (1) elements with short ionization times show no relative fractionation within a given solar wind regime, and (2) the frac​tion​ation of elements with long ionization times tend to lie on a single curve, roughly proportional to (FIT)-1/2, independent of regime [von Steiger et al., 1995].  Increased understanding of FIT systematics is expected as a result of the Ulysses, WIND, SOHO, and ACE (Section 1.E.1).  See Genesis Web [1996] for additional discussion.

1.D.2  Correcting for FIT Elemental Fractionation.  A boot-strap process will be used assuming that a few spectroscopic photospheric relative abundances (RP), e.g. Na/S and Ca/Si, are known accurately (nominally around 10%).  For a given element pair, the double ratios, RG/RP (G=Genesis) provide measured fractionations which can test FIT/FIP models proposed from in-situ data and theory.  The best models can then be used to provide fractionation corrections for those elements whose photospheric abundances are not well known.  The reliability of these corrections is enormously enhanced because Genesis will obtain separate samples for each of the 3 solar wind regimes (see Section 2.B for how we do this).  Because the amount of FIT fractionation varies with regime, the amount of correction will also differ, giving independent measurements of the corrected abundances.  Reliability will also be enhanced because models will be much better in 2005 than those today.  The tests of these models provided by Genesis data will be significant for solar physics.  (See Geneis Web, [1996] for further discussion).

It should be emphasized that there is no observational evidence that any corrections are necessary to determine the relative abundances of the subset of low-FIT (also non-volatile) elements from which the solid planets of the inner solar system material are made. 

1.D.3   Isotopic Fractionation.  FIP and FIT depend on atomic number, rather than mass, and thus are elemental rather than isotopic variables.  Isotopic fractionation will therefore be much smaller than elemental fractionation.  Theoretical FIT models, for example, predict an isotopic fractionation of Mg of <0.1%/amu [Marsch et al., 1995].  In situ data show no differences in the isotopic abundances of He and Mg from one solar-wind regime to another [Bochsler et al., 1996].  Although the experimental uncertainties are currently too large for planetary studies (±8%, 1 sigma, for Mg), it is possible that isotopic fractionation will be negligible with no corrections required; however, it will not be necessary to assume this because Genesis isotopic data from different regimes can be compared.  If isotope fractionation occurs, it is unlikely to be the same for all regimes.  Isotope ratios that are the same in different regimes can be regarded as unfractionated.  It is important to check for interregime isotopic differences with elements that differ greatly in mass, as the magnitude of any isotopic fractionation will vary with mass and/or charge.  This is the rationale for the high priority given to measurements of C and Xe plus other noble gases in different regimes (Table 1-2).  There will be no ambiguity.  If present, Coulomb drag isotope fractionations would be easily recognizable from data systematics, and the amounts of fractionation would be of con​siderable importance to solar physics.  The bottom line is that the solar wind is the only plausible source of precise solar isotopic compositions.  If solar wind isotopes are frac​tionated, we need to know this.  Genesis, and perhaps only Genesis, can resolve the issue.       

1.E  Relation to Other Missions.

1.E.1   Complementarity of Sample Return and in-situ Measurements.  Some know​ledge of solar wind composition can be obtained by ion mass spectrometers on spacecraft [Genesis Web, 1996].  The Genesis team understands the capabilities of the instruments on ISEE 3, Ulysses, WIND, SOHO, and ACE.  For major ion species, in-situ instruments can now determine:  (1) Velocity distributions (density, velocity, tempera​ture, anisotropy) as a function of time and solar wind regime.  (2) Charge state distributions.  (3) Elemental abundances for elements more abundant than Cl.  (4) A few favorable isotopic ratios e.g., 3He/4He, 24Mg/25Mg/26Mg, 20Ne/22Ne to within a few percent (1 sigma).  The solar wind samples returned by Genesis will extend the database acquired by in-situ instruments by determining:  (a) Elemental abundances for much of the rest of the periodic table, including important low-abundance light elements such as Li, Be, B, and F and elements heavier than Ni to which the in-situ instruments are not sensitive because of the lower abundances and inadequate instrumental mass resolution.  (b) Isotopic abundances at the precision required for addressing planetary science objectives.  For example, for planetary issues, it is necessary to measure 17O/16O to a precision better than the difference between 3.70x10-4 and 3.71x10-4.  This requirement is set to match differences measured in different types of meteorites, but such precision is well beyond the capability of in situ instruments.  In reality the two types of measurements are highly complementary.  As discussed in section 1.D, the results obtained by the in situ measurements are essential to the interpretation of Genesis data.  The objectives of solar and heliospheric physics as well as planetary science require both types of measurements [G. Gloeckler, private communication].

1.E.2   Can Genesis objectives be accomplished by Stardust?  No.  The Stardust sample return capsule will be recovered, and some materials will have been exposed to the solar wind.  The solar-wind-exposed surfaces are anodized Al and aerogel, both poor solar wind collectors.  Those surfaces will also be exposed to comet coma gases. We are closely following the Stardust mission plans and are well-informed on what is possible.  By very careful analysis it might be feasible to recover some solar wind data for noble gases, meeting only 1 of the 18 specific Genesis measurement objectives.

1.E.3  Relation to Galileo Probe Results  A long-standing major  issue is the extent to which the Jovian atmosphere is just a sample of solar gas.  We do not have space to discuss the pros and cons of this important issue, but, in brief, although the precision of the Probe isotope ratios is in doubt at present, some measured isotope ratios (e.g. Ne and Ar) may be solar but elemental ratios (e.g. Ne/Ar and C/H) may not.  The only way to be sure is to have precise independent data on solar composition.

2.  SCIENCE IMPLEMENTATION

During Phase A we produced a detailed Implementation Plan [Genesis Web, 1996] which was favorably reviewed.  This section is basically a condensation of material from that plan.  There are minor improvements, but no significant change in the Baseline mission we proposed for Discovery 4.

2.A   Science Requirements

2.A.1  Science Requirements Document (SRD)  A detailed SRD was written in our Phase A study [Genesis Web, 1996].  Our science requirements are well understood.  A very top level summary is given in Table 2-1, illustrating the SRD format which, beyond just stating the requirements, summarizes the rationale, indicates the degree of flexibility, and provides additional  information in the form of comments.  Science requirements on instruments, mission design, flight systems, mission operations, data analysis, and sample curation were included in the SRD.  Selected details are given in subsections below.  Anticipated solar wind fluences (atoms/cm2) are estimated based on the CI chondrite abundances of Anders and Grevesse [1989].

2.A.2   Required Precision and Accuracy.  Given our objectives to make a major improve​ment in the knowledge of solar isotopic and elemental abundances, it is important to specify how well abundances must be measured.  These requirements (Table 2-2) guide both spacecraft and laboratory analytical instrumentation and are set to achieve the Measurement Objectives in Table 1-2.  The isotope requirements are set by observed variations in meteorites.  The requirement on the precision of the general isotopic survey applies to isotopes with relative abundances greater than 1%.  The noble gases are special in that considerable effort will be made to measure the rare isotopes (e.g. 124Xe and 126Xe) to the 1% standard, although this may not be possible for all solar wind regimes.  Obviously, if the rare isotopes are measured to 1% precision, precision of the more abundant isotopes will greatly exceed this goal.  Element accuracy requirements are set to improve on even the best photospheric abundances and by minimum levels required for  present interpretations of meteorite data.

Table 2-1 Top Level Science Measurements Requirements
	Requirement
	Rationale
	Flexibility
	Comments

	Measure the elemental and isotopic abundances of solar wind ions to the accuracies or precisions given in Table 2-2.
	These data enable improved modeling of solar nebula processes and planetary atmospheric evolution. 
	Priori​tized in Table 

1-2.
	Concentrator re​quired for O  iso​topes.  Available for several other objectives if necessary.

	In addition to a bulk sample, collect separate samples for each of 3 solar-wind regimes: interstream, coronal hole, and coronal mass ejections.
	To aid in interpretation and cross-checking of the samples; to enable cor​rections for any differences between the compositions of the solar wind and the photosphere.
	Firm; must be done to meet Science Floor.
	Requires instruments to measure ion velocity and temperature, alpha:proton ratio, and electron distributions.

	Provide a reservoir of solar matter for analysis in the 21st century.
	This enables continued data improvement without a new mission.
	High priority.
	Essentially a require​ment for long-term curation, but also impacts area requirements. 


The 2-year mission duration was a design goal we have met; however with more than about 10-15% less exposure, our present concentrator design would not meet science requirements.

Table 2-2.   Precision and Accuracy of Elemental and Isotopic Analyses.

Elemental Accuracy (2 sigma limits) = ±10% of the number of atoms of each element per cm2 on the collector materials.

Isotopic Precision (2 sigma limits on the abundance ratios of the different isotopes of an element compared to a terrestrial reference standard)


O, Mg, Ca, Ti,Cr,Ba
±0.1%
N

±1%


C
±0.4% 
Others
±1%

2.A.3   Science Performance Floor.  This floor, which we interpret as the minimum acceptable science return, consists of meeting the top four objectives in Table 1-2.  Achievement of these goals requires all instruments (Fact Sheet and Section 2.B below).  No instruments are added to meet lower priority science objectives.  To minimize cost, we already have minimum capabilities.  Nevertheless, potential descopes maintaining the Science Floor are:  (a) deleting one collector array and (b) use of fewer types of collector material.  Descope (a) saves some mass, complexity, and a relatively small amount of money, but it reduces the amount of development testing.  Both (a) and (b) could be utilized as late as the first year of Phase C/D to avoid schedule delays.  The scarcest resource is money; here our overall Risk Mitigation Plan (Section 5.D) provides the greatest margin.

2.B   Instruments

Genesis has an undiluted focus on returning solar matter; the spacecraft payload contains three instruments totally dedicated to this purpose (Monitors, Concentrator, and Passive Collector Arrays).  Figure 2-1 (foldout) provides an overview.  The center panel block diagram shows the relationships.  The collector arrays and concentrator target return solar wind to Earth.  The concentrator produces an enhanced-fluence sample for contamination sensitive measurements.  The monitors determine the solar wind regime and provide real-time data to deploy arrays and control concentrator voltages.  In common with all sample return missions, not all mission instruments are launched.  New laboratory analytical instruments are required to meet the Science Floor. Considerable effort by the Science CoIs indicates that the required developments are feasible. The required instrument development is implemented by the establishment of Advanced Analytical Instrument Facilities (AAIF).

2.B.1   Concentrator  This is an electrostatic mirror that reflects incoming ions from a parabolic electrode, focusing them onto a backward-facing target. (Fig 2-1; foldout) [Genesis Web, 1996].  In addition to mechanical and ion optical designs, a simple prototype was built and tested at the U. Bern ion facility during Phase A.  Diamond is used for the concentrator target (section 2.D).  To eliminate any effect of H loading of the target, a proton rejection grid is placed over the entrance.  The target will have an enhanced He fluence, but published data indicate that radiation damage effects will be tolerable.  An additional 10 kV acceleration implants ions deeper into the target, enhancing separation from any surface contamination.  The acceleration also straightens ion trajectories, greatly improving collection efficiency.  Calculations based on the actual solar wind angular distributions observed by ISEE 3 show that the present design focuses 96% of the 2.5 keV/q O ions transmitted by the grids with an overall concentration factor of 22.  Calculations also demonstrate the expected weak dependence of collection efficiency on ion energy.  The Bern measurements and subsequent calculations indicate that scattering by grid wires will be negligible.  The mirror electrode will be precision micro-machined in flat steps (Fig. 2-1) to avoid focusing solar photons on the target.  Based on monitor data, the concentrator voltages will be automatically adjusted to match variations in the bulk solar wind speed.  The concentrator can be programmed, in flight if desired, to collect any specific solar wind regime (section 1.D.1.a), but at present bulk solar wind sample collection is planned.

Great attention has been paid to minimizing isotope fractionation.  The fractionation varies with position on the target, but  in an annular region 1 to 1.5 cm from the center of the target,  the calculated O mass fractionation drops to <0.01%/amu.  There is adequate fluence and area in this ring for analysis purposes.  Intensive pre- and post-flight (the instrument comes back!) calibrations will be used to verify the ion optics calculations.  Moreover, Ne isotopic analysis on mm-square areas of target frame material will be carried out to measure in-flight mass fractionation.  Any correction for concentrator-induced mass fractionation will not be a matter of assumption and guesses.  The 0.1% isotopic precision requirement can be met by a combination of design and calibration.
2.B.2   Solar Wind Monitors.  The principal functions and parameters of the monitors are summarized in Fig. 2-1 (foldout).  Both the ion and electron monitors are spherical-section electrostatic analyzers with extensive flight heritage.  The ion electrostatic analyzer is followed by a microchannel plate and position detection anode.  As the spacecraft spins, the instrument captures the solar wind beam over all conditions.  The ion instrument currently on Ulysses provides high heritage, but the smaller heliocentric distance and smaller range of Sun-spin axis angles allow a simpler and lighter design for Genesis.  The electron electrostatic analyzer, very similar to the instrument currently operating on Ulysses, uses an array of 7 channel electron multipliers plus the spacecraft spin to map out nearly the entire unit sphere in velocity space.   Complete 3-D ion and electron distributions are obtained every 2.5 minutes.  The solar wind velocity calculated from the ion data (with the electron data available in case of failure of the ion monitor) is used to control concentrator voltages in real time.  The determination of the solar-wind regime is made from analysis of several plasma parameters such as speed, helium abundance, thermal Mach numbers and anisotropies of both the ions and electrons, and the presence or absence of bidirectional streaming of suprathermal electrons.  Preliminary logic diagrams for regime selection have been worked out [Genesis Web, 1996].  Algorithms can be changed in flight if desired.

The monitor data will be accumulated and transmitted to Earth every few days to once every two weeks, depending on the ground schedule.  The monitor science phase ends 4 years from the beginning of Phase E, about 1 year after recovery (to permit complete data analysis).  Both raw and reduced data will be transmitted immediately to the Particles and Fields Node of the Planetary Data System.
2.B.3  Collector Arrays.   The concentrator returns the samples that meet our highest priority measurement objective.  All other objectives can be met using the unconcentrated solar wind sample from the large area collector arrays, although concentrator target material might also be used for difficult measurements such as Li, Be, B, F.  A  summary of the collector array design in shown in Figure 2-1 (foldout). 

The collector surfaces must be kept clean so that small amounts of solar matter can be distinguished from surface contamination.  Consequently, the collectors (and the concentrator, with similar cleanliness requirements) are housed in a clean science canister which is integrated as a unit into the sample return capsule (SRC).  To hold down costs we have minimized cleanliness requirements on the spacecraft and SRC.  The instruments are designed to protect themselves from a dirty spacecraft.  The canister is the principal means of implementing this design philosophy.

2.B.3.a  Array Design  A major driving force in payload design is the need for as large a collection area as possible, while minimizing risk and maintaining mass and fairing margins.  The choice of thin wafers of ultra-pure silicon dictated mounting in rigid arrays and deploying by means of simple rigid rotations.  The close packed design maximizes collector area but presents no fabrication problems for vendors.  Some materials besides Si will be used but with the same unit size and shape.  The isogrid frame permits radiative cooling from the back side of the wafers, exploiting the relatively favorable emittance of unpolished Si as opposed to the 6061 Al used for the isogrid.  We have a complete array mechanical design including mechanical interfaces to the canister and deployment mechanisms [Genesis Web, 1996] along with a full scale prototype with 55 hexagonal wafers (photo, Fig. 2-1, foldout).  

2.B.3.b  Collector Area  Based on a bottoms-up estimate of the area required to meet all the measurement objectives plus 50% for posterity, a science requirement has been set at 6000 cm2 for bulk solar wind and 3000 cm2 for each regime.  The present design provides 7500 cm2 for bulk solar wind and 3750 cm2 for each regime array.

2.B.3.c   Array Deployment.  This is shown in Figure 2-2 (foldout).

2.B.3.d   Science Canister.  The canister (Figure 2-2C, foldout) houses the collectors, concentrator, and array deployment mechanisms.  It is returned to Earth in its entirety.  The robust design can withstand launch and re-entry g loads as well as pressure forces during re-entry.  An ultra-clean environment within the Canister is achieved by minimizing outgassing.  Most mechanisms and electronics mount outside of the Canister, except for the Collector Array Deployment Mechanism, which by necessity must be attached to the deployable arrays within the Canister.  Cleanliness is maintained by the use of rotary seals at the array pivots, o-ring sealing the base of the mechanism to the floor of the Canister, and venting the mechanism box through the floor of the Canister to the interior of the SRC.  Prior to launch and after re-entry the canister will be con​nected to a high purity N2 gas purge system which keeps the canister interior at positive pressure.  An air filter system, heavily leveraged from the equivalent Stardust design now being tested, will ensure a clean atmosphere during reentry. 

2.B.4   Advanced Analytical Instrument Facilities (AAIF).  Genesis samples will be analyzed in (a) individual PI laboratories on allocated samples, (b) in Genesis CoI laboratories as part of an Early Science Return (section 2.C.1), and (c) in general access facilities containing advanced instrumentation developed specifically for Genesis samples (AAIF).  Analyzing the returned samples is required to meet mission science objectives.  A new generation of instruments is necessary, but these will not be available independent of Genesis.  The AAIF implement the requirement.  The AAIF are operated and maintained by a professional staff but open to approved users, ensuring that the best instruments will be available and that there is broad participation in sample analysis.  This approach is successfully used by nuclear physics accelerators and telescopes.  "Approved" means (i) the user is affiliated with the research program of a NASA Planetary Materials and Geochemistry program PI and (ii) collector materials have been allocated to the user by a Sample Allocation Committee.  Both requirements are stiff quality control hurdles.  Following heritage set by lunar sample analysis, foreign scientists can be approved based on "sample only" proposals.  Procedures for specific analyses are the responsibility of the user in consultation with the AAIF staff on questions of feasibility.  The AAIF staff has the responsibility to maintain and operate the instrument at peak performance levels and to co-operate with outside users.  It will be strongly recommended that results be published jointly between the user and AAIF scientists.

Major instrument developments and shortened Discovery mission development times are inherently contradictory.  However, because the AAIF instruments are not launched, their development, although significant, poses no threat to spacecraft development schedule.  Because the instruments are on the ground, development costs are much less than spacecraft instruments, as well as being useful for NASA R&A efforts and other sample return missions such as Stardust or Mars Sample Return.  The AAIFs enable us to really implement better in "faster, better, cheaper".

2.B.4.a  Strawman AAIF Payload.  For costing, we have made a detailed analysis of potential instruments.  This will be supplemented by Phase C/D technology definition studies by CoIs McKeegan, Pellin, Pillinger, and Thiemens, leading to viable designs. This model establishes one large ($3.5M, 1996 capital expenses) and one medium ($1M)  Facility:  (A) A state of the art SIMS (secondary ion mass spectrometer) with multicollector capabilities.  This instrument must be capable of making oxygen isotopic measurements at the designated precision levels.  Phase A experience shows that methods of surface desorption of background molecules other than the primary sputter ion beam will very likely be required.  (B) A zero-background RIMS  (resonance ionization mass spectrometer) facility designed for high sensitivity elemental analysis.  Additional discussion of these techniques is given in section 2.E.

2.B.4.b  Selection of Facilities.  Actual AAIF instruments will be selected by open competition near the end of Phase D.  This implements a major advantage of sample return missions by developing the best ideas from the international science community rather than only those of the science team.  Requirements for potential AAIF PIs:  (i) demonstrate sensitivity for returned solar wind collector analysis using < 100 cm2 of collector material per analysis, (ii) demonstrate that precision requirements can be met, (iii) propose costs within the overall AAIF budget, (iv) agree to collaborate with all approved outside users in specific analytical tasks.  AAIF proposal review will be managed by the Lunar and Planetary Institute following well-established peer review processes of the NASA Planetary Division programs.  Funding decisions of the Review Panel, trans​mitted to the LPI director, are final, not subject to review by the PI or any CoI.  Neither the mission PI nor CoIs will be members of the Review Panel; conversely, both the PI and CoIs are eligible to submit or participate in AAIF proposals.  Detailed Phase E AAIF selection, development, and operation procedures and schedules have been worked out [Genesis Web, 1996].  As Discovery 5, Genesis would return before Stardust, thus the AAIF would be immediately available for Stardust sample analysis.  There is nothing equivalent to the AAIF in the Stardust mission plan.

2.C   Sample Analysis Plans

The opportunity to analyze returned solar wind samples will be open to the international planetary materials community within 4 months of recovery.

2.C.1  Early Science Return (ESR).  There will be no restric​tions on publications, thus data will appear in the literature over a period of time.  However, it is also desirable to have a focused and timely mission product.  We are confident that several important science objectives can be realized quickly without compromising quality.  Four studies -- N isotopes (objective #2 in Table 1-2), noble gas isotopes in bulk solar wind (#3), bulk C isotopes (#5), and the search for radioactive nuclei (#18) -- will be set aside to be performed by CoIs as the Early Science Return using unconcentrated samples from the collector arrays (less than 1% of available material).  ESR results will be published as part of an overall Mission Report within 1.5 years of recovery.

2.C.2.   Sample Allocation Plan.  Except for the Early Science Return, no special privi​leges are reserved for the PI or CoIs. Materials for study will be provided by the Curatorial Facility (CF) of the Johnson Space Center (JSC) based on recommendations of a Sample Allocation Committee (SAC).  This process has deep heritage going back to Apollo allocations.   The SAC also serves as a moni​tor​ing and advisory commit​tee to the CF on handling and contamination issues .

2.C.3  Curation.  JSC and the CF play an important role in mission development.  JSC staff will assemble the flight collector materials into the cleaned canister under class 10 or better conditions at LMA.  These facilities will then be moved to JSC and be available for disassembly, allocation, and curation after recovery.  Phase E handling procedures will essentially be those used prior to launch.  After recovery, the canister exterior will be cleaned in a class 10,000 area and then introduced into the class 100 sample extraction area.  The canister will be opened and the condition of the canister interior described and imaged.  Systematic archeological-style inspection of the returned materials and components will be carried out.  Based on visual inspection, any new surface marks, specifically locations of micrometeorite impacts, will be documented.  The disassembled collectors and concentrator target materials will be handled in class 10 cleanroom conditions in air, but stored in a dust-free, contaminant-free, high purity nitrogen environment.  The collector and target surfaces will be protected from all physical contact and from static electric charging.  For Si wafers, well defined semi​conductor industry handling procedures will be adapted.  Procedures for subdividing individual collectors for allocation without significant contamination will be devised and tested by JSC in Phase E prior to recovery and their use reviewed and monitored by the SAC.

Table 2-3   

Phase E Science Activities Schedule

E=Beginning of Phase E= Launch + 30 days
Times in years
E + 0 
Begin AAIF Procurement Phase.

E + 0
Continue ESR preparation.

E + 1
Begin AAIF Installation Phase.

E + 3.2
Recovery.

E + 3.3
Collector disassembly and sample status inventory.

E + 3.5
ESR Allocation.

E + 3.5 
1st round PI allocation requests due.

E + 3.6 
First round general allocation decisions by SAC.

E + 3.6
Begin AAIF Utilization Phase. 

E + 4.2
End monitor science analysis.

E + 4.5 
Mission & Early Science publication.

E + 4.5
Sample catalog publication.

E + 4.5
2nd round allocation requests due.

E + 4.6
Second round of general allocations.

E + 5.5
3rd round of allocation requests due.

E + 5.6
Third round of general allocations.

E + 6.0
End AAIF Utilization Phase.


End of Phase E.

2.C.4   Compatibility of Star​dust and Genesis in the Curatorial Facility.  JSC is committed to handle safely materials from all future sample return missions.  The documentation and tracking of new samples can be accommodated within current and planned future procedures.  JSC will handle the Stardust samples when they return to Earth in early 2006 and can handle the Genesis samples when they are returned in mid-2004.

The Phase E science schedule is summarized in Table 2-3.

2.D    Materials
The materials into which the solar wind is implanted are the sample containers for the mission.  When the containers are opened by the analysis instruments, only the relatively small amounts of solar wind can come out; contributions from the sample container itself must be negligible.  The materials used must be ultra pure and have clean surfaces.  Purity and surface contam​ination are independent issues with separate requirements set in the SRD.  Purity refers to background contaminants dis​tributed throughout the volume (bulk) of the material; surface contamination is the number of contaminant at​oms/cm2 of surface.   

2.D.1   Bulk Purity  Ordered by measurement objective, Table 2-4 summarizes our baseline materials selections and the status of purity documentation [Genesis Web, 1996].  The concentrator target is diamond.  All other materials will be used in the collector arrays. 

Considerable progress was made in this area during Phase A.  The Science Requirement is that the material be clean enough that precision goals (Table 2-2) can be met.  Allowing for blank correction in an analysis, this sets maximum impurity levels for each element equal to 10% of the solar wind concentration.  Solar wind levels are estimated based on the CI chondrite abundances of Anders and Grevesse [1989] by taking the 2 year solar wind fluence (atoms/cm2) and assuming this is distributed over a 100 nm depth.  As the solar wind implantation depth is less than this, these are conservative estimates for analytical techniques with good depth resolution. 
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COLLECTOR/TARGET MATERIALS

	Measurement

	Objective
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	(a) SOS = Silicon on sapphire

	X = Documented purity to 1% solar wind levels    

	B = Phase B focused effort

	P = Possible; backup material; lower priority

S = Partial elemental documentation (see Table 2-5 and Fig. 2-3). 


As bulk purity sets the ultimate limit to which future analyses can improve on solar abundances from the initial round of Genesis analyses, our goal is to have materials with impurity levels less than 1% of solar wind concentrations.  With this goal it would be possible to improve on the requirements from Table 2-2 by about an order of magnitude to meet future requirements.

A significant fraction of the entries in Table 2-4 have been confirmed by our own analyses, as opposed to published data.  Our materials testing has used two parallel approaches:  (a) Prioritize testing efforts according to measurement objective priority (Table 1-2).  Thus, we started with a concentrator target material for O and worked our way down the priority list.  We have documented material purity at the 1% solar wind level down through objective (5).  Specifically we have adequate materials to meet the Science Floor, the Early Science Return, and then some.  (b) Use techniques (such as neutron activation) that provide data for a large number of elements, independent of science priority.  For analytical reasons (Section 2.E) the concentrator target will be 13C diamond.  Extraction tests by CoI Becker show that diamond is also the best collector material for N.  For most noble gas analyses we can use the same Al foil as was used for the Apollo experiment.  Ample material is available from our Swiss CoIs.  However, for heavy noble gases in the regime collectors as well as the higher energy solar ions (objective 9), a multilayered material, baselined as silicon-on-sapphire, will be used to give more reliable depth profiling by laser ablation extraction.  

As is evident from Table 2-4, single crystal Si wafers serve essentially as a "universal solvent".  The documentation status of Si purity is summarized in Figure 2-3 in Periodic Table format.  The significance is the large number of 1 and 2 entries relative to only three 3's.  (1 meets goal; 2 meets requirement; 3 isn't good enough).  In this figure we rely more on published data (primarily INAA; section 2.E) than for Table 2-4.  Our own analyses show no detectable impurities in materials from 3 vendors and set respectably low upper limits, although we have not quite yet reached the lowest reported in the literature.  For SIMS analysis (section 2.E), Ge is preferable to Si, and detector grade single crystal Ge is very pure, but purity documentation is more difficult.  We have shown that it is sufficiently pure at least for Mg, Al, Si, Ca, Cr, and Fe.

Figure 2-3    Si  Purity
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(1)  Samples with <0.01 x SW concentration reported


(2)  Samples with <0.1 x SW reported.



(x)  Element not found in nature

(3)  Some samples with >0.1 x SW and none below 0.1 x SW
Blank:  no data

(0)  Elements for which Si is not collector  material (Sec. 2.D.4)
SW = solar wind

2.D.2  Surface Contamination.  This is important because expected solar wind fluences range from 106 to 1015 atoms/cm2, depending on ele​ment.  Fortunately, solar wind energies implant ions at hundreds of atom layers below the surface, so small amounts of contami​na​tion can be tolerated, and all analysis methods must have depth sensitivity to distinguish surface contami​na​tion from solar wind.  In general this distinction can either be made by post-recovery surface cleaning, by analytical resolution of implanted ions and surface contaminants, or by combinations of these.  Approaches vary according to element and analytical technique [Genesis Web, 1996].  

2.D.2.a  Collector Material Surfaces.  Here, the science requirement is that, for elements other than CNO, the number of atoms/cm2 of contaminant not exceed the solar wind at the time of analysis.  The exception for CNO is necessary because, even in the best vacuum systems, significant fractions of a monolayer of adsorbed gases are always present.  This exception is acceptable because there are many potential methods available to distinguish adsorbed volatiles.  For CNO the requirement is that there be less than a monolayer (1015 atoms/cm2).  Normally, contamination specifications are made in terms of molecular films and particulates.  In our case atoms/cm2 is more relevant than particulates/cm2.  To the extent that most particulates are organic they are irrelevant for analyses of inorganic constituents. 

Fortunately, the semiconductor industry has already developed advanced methods to prepare and maintain clean surfaces.  Many Si wafer manufacturers use routine process control surface analysis.  Vendors vary, but the best (MEMC) routinely prepares surfaces which meet our cleanliness requirements for 11 elements (Na, Mg, Al, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn).  (MEMC bulk purity is also good, so they are the leading candidate for supplying the flight Si wafers.)  For diamond, Si, and single crystal Au we used photoelectron spectroscopy (XPS) to demonstrate adequate surface cleanliness for CNO.  The samples had not been handled under clean room conditions.  No N was ever detected.  The Si and Au samples acquire 1-2 monolayers of C on standing in air, but this could be removed (to <0.3 monolayer) with negligible amounts of sputtering.  A similar result was obtained for O on both diamond and Au.  It is quite certain that exposure to clean air at room temperature will not contaminate our chosen collector materials.  Surface contamination is not an issue for noble gas analysis.  We have already demonstrated adequate surface purity for the Science Floor objectives and then some.

2.D.2.b  In-flight Contamination is controlled by many mission, spacecraft (S/C) and SRC design features, coordinated through a Contamination Control Plan (CCP), a preliminary version of which was written in Phase A [Genesis Web, 1996].  The CCP provides an integrated, cohesive contamination control strategy  and a repository for all relevant test data.  The CCP implements the required close coordination between spacecraft engineers and scientists on this issue. 

Major design features:  The SRC lid will be opened early in the cruise phase to L1 allowing SRC outgassing with the canister closed.  Materials in the canister will be carefully controlled, and effluents from the motor/mechanisms region will be vented away from the canister.  A science requirement is that there be no line of sight contact between a collector surface and any part of the S/C or SRC.  Our analysis has shown that non line-of-sight contamination is negligible from outgassing or micrometeorite ejecta plumes from the S/C or SRC.  Spacecraft activity will be minimized during the exposure phase, but the halo orbit requires some maintenance, and readjustment of the spacecraft spin axis is required to remain Sun-pointed.  Attitude control and station-keeping at L1 will use non-contaminating Ar cold gas thrusters. 

2.D.3   Micrometeorite Background 

Exposed surfaces in space will be hit by micrometeorites, rendering local areas up to 1 cm diameter useless for analysis. A preliminary evaluation of micrometeorite impacts to the collectors was performed during Phase A [Genesis Web, 1996], including assessments of (a) the expected number of perforating impacts, (b) the fraction of the collector area lost due to pitting and spalling, (c) wafer failure mode on impact, and (d) contamination due to ejected mass and vapor from impact.  Tests using the JSC Hypervelocity Impact Test Facility and calculations show that neither loss in area nor micrometeorite element fluences are important.  For brittle materials like Si or diamond, retention of impact debris is low, i.e. the holes are empty because ejected matter is on ballistic trajectories that will never return.  Beta meteoroid effects are also negligible.  Payload and spacecraft design insure no line of sight for ejecta from any impact on the spacecraft to the collector surfaces.  Holes will not affect the concentrator performance, even up to a cm in size.  Our most precious material, the concentrator target faces away from the Sun and cannot be hit by micrometeorites.

2.D.4  Thermal and Radiation Damage Issues.  Because implanted solar wind ions are well retained, it is desirable to have the collector or target surfaces relatively hot, so that any  contaminant molecule will not stick.  Collector array surfaces tend to be hot because they look directly into the Sun.  The SRD calls for a 200oC maximum temperature and present thermal design estimates are in the 100-200oC range.  Published data indicate that, except for light alkali elements (Li, Na K) and Fe, diffusion of implanted elements at 200oC will not be important.  Alternative collector materials (Au or diamond) can be  used for those elements.  In principle the presence of roughly 1016 H/cm2 could enhance diffusion.  We have analyzed heated diamond samples co-implanted with H, C, N, O at levels expected for the concentrator and demonstrated that diffusion at 200oC for 2 years is not important [Genesis Web, 1996].  These elements readily bond with H and should be most sensitive to H loading effects.  We know of no serious thermal issues.

	Table 2-5:  Correlation with Analytical Technique

	Science

Objective
	
	Analytical Technique

	(Table 1-2)
	Elements
	GSMS
	SIMS
	RIMS
	RNAA

	 1
	O
	X
	X
	
	

	 2
	N
	X
	
	
	

	 3
	Ne, Ar, Kr, Xe
	X
	
	
	

	 4
	Ne, Ar, Kr, Xe
	X
	
	
	

	 5
	C
	X
	X
	
	

	 6
	C
	X
	X
	
	

	 7
	Mg, Ca, Ti, Cr, Ba
	
	X
	
	

	 8
	Se, Br, Rb
	
	
	
	X

	

	Rb, Sr, Y
	
	
	X
	

	
	Kr
	X
	
	
	

	
	Sn, Sb, Cs
	
	
	X
	X

	
	Xe
	X
	
	
	

	 
	Ba
	
	X
	X
	

	 9
	Mg, Si, S, Cl, K, Fe, Ni, Cu, Zn, Rb, Sr, Ba
	
	X
	X
	

	 
	Heavier than Zn
	
	
	X
	

	 10
	He, N, Ne, Ar, Kr, Xe
	X
	
	
	

	 11
	Li, Be, B
	
	X
	X
	

	 12
	F
	
	X
	
	

	 13
	Mo, Ru, Rh, Pd, Ag, W, Re, Os, Ir, Pt, Au
	
	
	X
	X

	 14
	Ru,Te,Sm,Yb
	
	
	X
	X

	
	Xe
	X
	
	
	

	
	Ba
	
	X
	
	

	 15
	Ni
	
	X
	X
	X

	
	Ir
	
	
	X
	X

	 16
	Y, REE
	
	
	X
	X

	 17
	All elements not mentioned above
	
	X
	X
	X

	 18
	10Be, 14C
	Accelerator Mass Spectrometry


Radiation damage effects in collector array materials should not be significant [Genesis Web, 1996].  The overall H and He fluences, ~1016/cm2 and 1015/cm2, respectively, will produce some lattice damage; however with 100-200C surface temperatures, H and He will diffuse out of the implantation zone and effects of these elements on analysis should not be important.  Additional co-implantation studies of radiation damage or loading effects on implantion efficiency and analysis will be carried out in Phase B.

2.E  Methods of Analysis

Sample analysis in our Baseline mission is based on:  (i) gas source mass spectrometry (GSMS), (ii) secondary ion mass spectrometry (SIMS), (iii) resonance ionization mass spectrometry (RIMS), and (iv) radiochemical neutron activation analysis (RNAA).  These techniques appear capable of meeting the precision requirements from Table 2-2 [Genesis Web, 1996].  This section also provides a technical overview of the AAIF (Section 2.B.4) and the Early Science Return (Section 2.C.1) instruments. The relationship of analytical technique to prioritized measurement objectives is shown in Table 2-5.  The 14C and 10Be search, objective 18, can be carried out by presently-existing accelerator mass spectrometry (AMS) facilities. 

O isotopes by GSMS    Because this is our highest priority measurement objective, independent measurements techniques are required and are feasible.  Two different GSMS approaches, both starting with 13C diamond, will be developed during Phases B/C/D: (a) extraction and analysis as CO by CoIs Pillinger and Franchi.  The 13C diamond eliminates mass interferences for 17O that would occur with natural C isotopic composition.  Calculations show that required precision is possible with 10 nanograms of O, which requires only 2 cm2 for average concentrator fluences.  A dedicated multi-collector mass spectrometer is needed but not yet built.  (b) extraction as CO/CO2; conversion to O2 for mass spec analysis (CoI Thiemens).  Approach (b) can use isotopically-normal diamond; thus, if sufficient purity can be demonstrated in Phase B, isotopically-normal diamond will be added to the collector arrays as a backup to the concentrator.  

O isotopes by SIMS  Ions produced by sputtering with a Cs+ beam are analyzed with a high resolution mass spectrometer.  Adequate sensitivity exists, but precision is yet to be documented.  Instrumental O background is too high in present instruments.  A means of surface cleaning independent of the primary sputtering beam is required, but this appears feasible based on either laser or thermal desorption approaches.  In collaboration with J. Huneke of Chas. Evans and Assoc., a demonstration test with an existing instrument is planned for early Phase C, but a new state-of-the-art ultra-high-vacuum instrument is required for actual solar wind analysis.

C, N isotopes by GSMS  Present-day mass spectrometry sensitivity and precision are adequate at present for 1 nanogram N or C, requiring 16 and 5 cm2 of collector array material, respectively.  Extraction blanks are adequate, although extraction techniques which discriminate against surface contamination need to be demonstrated.  There should be no problem in meeting  the Early Science Return schedule.

Noble gases by GSMS  Sensitivity and precision are adequate for all noble gases from bulk solar wind collectors. The Early Science Return schedule can be met comfortably.

Improvements in sensitivity or improved ability to analyze large area (>10 cm2) samples are needed to analyze rare isotopes of Kr and Xe efficiently from regime collector arrays, but new laser techniques [Gilmour et al., 1994] have demonstrated precision determined by counting statistics down to roughly 1000 atoms. 

Isotopic and elemental analysis by SIMS  Estimated sensitivity and precision are adequate for elements lighter than Zr, plus Cs and Ba, assuming adequate mass resolution from molecular ions.  A multi-collector instrument is needed for isotope analysis.  The broad element range makes SIMS suitable for an AAIF instrument.

RIMS elemental analyses have 100-1000 times more sensitivity than SIMS but this technique is in a more primitive state of development.  Atoms released from a sample by sputtering or by laser ablation are exposed to highly tuned laser beams to selectively (and quantitatively) ionize a specific element. A zero background instrument is needed, but this should be possible as sources of background are understood.  The broad element range makes RIMS suitable for an AAIF instrument.

RNAA   Here the collector material is irradiated with a high fluence of reactor neutrons.  Chemical separation and measurement of induced radioactivity unique to a given element measures the element concentration.  Genesis samples require procedures tailored for each element, efficient surface stripping techniques, and access to state-of-the art low-level counting facilities, such as those built for high energy physics experiments.  Development of the surface stripping techniques is required, but controlled etching of Si has been highly perfected by the semiconductor industry.  A broad element range makes RNAA suitable for an AAIF instrument.

2.F  Science Team

The Genesis science CoIs (see Appendices for resumes) are not simply advisors on the interpretation of mission data.  Table 2-6 shows that they are active participants, each with major mission design and development responsibilities relative to the measurement objective shown.  Analysis roles have already been noted in Section 2.E and 2.B.4.a [see also Genesis Web, 1996].  Most Co-I's control laboratory facilities to carry out their responsibilities.  All will be active in Phase B as shown in the table.  An important feature of the science team is considerable expertise in solar wind as well as planetary physics with Co-I's Barraclough, McComas, and Neugebauer, who have responsibility for the monitor and regime data interpretation (Section 1.D).

	Table 2.6   Genesis Co-Investigator Responsibilities

	Co-Investigator
	Institution
	Meas.

Obj.*
	Phase B  Responsibility

	B. Clark
	Lockheed-Martin
	18
	Radioactive nuclei collector design

	P. Eberhardt

P. Bochsler

J. Geiss
	University of Bern
	3,4,10
	Solar wind regime identification; high energy solar particle fluence estimates; concentrator development 

	M. Ebihara
	Tokyo Metropolitan U.
	8,13,14,15,16
	Testing Si purity (RNAA)

	C. Hohenberg
	Washington U.
	3,4,8,10,14
	Test multilayer target for high energy solar particles; noble gas blanks

	D. McComas

B. Barraclough
	Los Alamos National Laboratory
	
	Design concentrator

	K. McKeegan
	UCLA
	1,5,6,7,8,9,11,12,14, 15,17
	Materials purity testing (SIMS)

	M. Neugebauer
	JPL
	
	Solar wind regime identification

	K. Nishiizumi
	Lawrence Berkeley Laboratory
	18
	Radioactive nuclei--collector material selection (AMS)

	M. Pellin

W. Calaway
	Argonne National Laboratory
	8,9,13,14, 1516,17
	Materials purity testing (RIMS)

	R. Pepin

R. Becker
	U. of Minnesota
	2,3,4
	Purity testing for nitrogen; gas extraction techniques

	C. Pillinger

I. Franchi
	Open University

Milton Keynes, UK
	1,5,6,2
	Purity testing for C, N; gas extraction techniques

	M. Thiemens
	UCSD
	1
	Feasibility for O​ (GSMS)

	R. Wiens
	Caltech
	(all)
	Material selection; concentrator development

	D. Woolum
	Cal. State Fullerton
	14
	Materials selection and testing


*Measurement objectives from Table 1-2
