Appendix A

Lunar Gravity Assists

This appendix discusses gravity assists in the context of a restricted three-body problem (Earth-Moon-test particle), and explores an interesting phenomenon of possibly great utility to astrodynamics. I will not rigorously explore the phenomenon, but instead will describe it and present some simple arguments which provide some intuitive insight. This appendix assumes that the reader is familiar with the material presented in Sec. 3.2.1.

A.1 Motivation

At the start of the heliocentric stage of the lunar simulations with v_{ej} = 2.4 km/s, a small clump of particles (see Fig. 3.6) with common orbital elements (a ≃ 1.05 AU, e ≃ 0.045) was noticed. Such a clump is surprising since particles are typically liberated from the Earth-Moon system via gravitational scatterings by the Moon; random encounter geometries occurring at random times should evenly scatter particles both interior and exterior to the Earth’s orbit. The particles in this clump were identified and their orbital histories tracked. Very surprisingly, these particles did not complete a single geocentric orbit, but escaped directly to heliocentric orbit even though they were launched only barely faster than the lunar escape velocity! What is happening here?

A.2 Energy arguments

Consider a small object launched from an isolated massive body. Based on elementary principles, the escape velocity v_{esc} from a body of mass M and surface radius R_s is

v_{esc} = √ 2GM R_s , (A.1) where G is the gravitational constant. For the Moon, v_{esc} = 2.38 km/s. A body launched with velocity v_l < v_{esc} will only reach a height R_{max} which satisfies 1 R_s − 1 R_{max} = v^2_l 2GM , (A.2)

before falling back to the surface.

The Moon is, of course, not isolated. Once a particle recedes a sufficient distance it is clear that the gravitational pull of the Earth will become more important than that of the Moon. There are various estimates of this distance (Greenberg et al. 1991); I adopt that of the Hill sphere

R_H = a_{orb} ( μ 3 )_{1/3} ≃ 35R_s ≃ 9.6R_⊕ , (A.3)

where a_{orb} is the Moon’s orbital radius (≃ 60R_⊕), and μ ≃ 1/81 is the ratio of the Moon’s mass to that of the Earth. Therefore a quantity of greater interest than the Moon’s ‘escape’ velocity is the launch speed v_∗ necessary for a particle to reach the lunar Hill sphere. Since, due to the 1/r potential, most of the gravitational work is done near the Moon, v_∗ is only slightly smaller than v_{esc}; in fact v_∗ = 2.35 km/s. This is confirmed in an additional set of launch simulations (Table A.1) identical to those performed in Sec. 3.2.1, except that the launch velocities were all near the lunar escape speed. For v_l < v_∗, all the particles fall back to the lunar surface without escaping to geocentric orbit. Above v_∗, an increasing fraction of particles escape the Moon’s gravitational pull, although many of these subsequently re-impact the parent object. Eventually more than 80% of the particles escape to heliocentric orbit (in concordance with the earlier results of Chap. 3), mostly via repeated gravity assists by the Moon.

A.3 Gravity assists

This section will develop the background of gravity-assist trajectories in the context of a patched-conic approach. I will use one of the computed trajectories from the simulations just discussed for illustrative purposes.

Fig. A.1 shows the orbital path taken by the particle escaping to the Earth’s Hill sphere in the shortest time (about 8 months) from the 2.35 km/s simulation. The particle follows the lunar orbit closely for the first month. Close approaches appear as cusps in the trajectory. In fact, the particle is in a temporary capture orbit around the Moon, as shown in Fig. A.2. Almost exactly one month after launch (i.e., near the same geocentric coordinates where the launch took place) a close encounter occurs which ejects the particle from lunar orbit and alters the path to one with orbital semi-major axis considerably smaller than the Moon’s, which the particle follows for seven revolutions (Fig. A.1). The Moon then draws

Figure A.1 The path taken by a particle escaping the Earth-Moon system via a series of gravity assists. The relative geocentric position is shown, in an non-rotating frame centered on the planet and projected onto the ecliptic plane. The dashed line shows the mean lunar orbit (at 60R_⊕). Recall that the Moon’s Hill sphere (shown) is ≈10 R_⊕. The launch does not occur at the distance of the mean lunar orbit due to the Moon’s eccentricity. See text for description.

Table A.1 For each geocentric-stage simulation the table lists the total number N of particles launched (18 particles per impact site), the percentage Esc of particles that escape to heliocentric space, and the percentages that impact the Earth (⊕) and Moon (M), as a function of the lunar launch speed v_l. To reach the lunar Hill sphere requires v_l=2.35 km/s.

Geocentric Stage Results v_l (km/s) N % Esc % ⊕ % M 2.33 360 0.0 0.0 100.0 2.34 360 0.0 0.0 100.0 2.35 360 2.8 0.0 97.2 2.36 360 31.7 1.9 66.4 2.37 360 65.8 2.2 32.0 2.38 360 81.9 2.5 15.6 2.39 360 84.7 3.1 12.2

the particle off this orbit and flings it away at sufficient speed that it escapes the Earth-Moon system entirely. This second encounter is also seen in Fig. A.2 (marked ‘second entry’ and ’second escape’).

It is clear that the route to escape in this case is that discussed in Sec. 3.2.1, namely, during close approaches to the Moon, the particle’s geocentric velocity vector is modified. The most common way to conceptualize this is by a ‘patched conic’ approach (see D’Amario et al. 1992 for example). This method views the orbits before and after the encounter as unperturbed Kepler orbits about the Earth, and during the encounter as a hyperbolic orbit past the Moon. However, this is an idealization: Fig. A.2 illustrates that, during its second entry into the lunar Hill sphere, the particle’s orbit never seems to be particularly well represented by a lunocentric hyperbola. This is because the particle is never much closer to the Moon than R_H /2 and therefore a two-body problem centered on the Moon is not a particularly good representation of the dynamics. However, we can still use the usual patched-conic vector-addition picture (Fig. A.3) to understand how the final close encounter resulted in a gravity-assist that produced escape velocity. From Figs. A.1 and A.2, it can be seen that the Moon catches up to the test particle just before the particle enters the lunar Hill sphere (the Moon is moving in the positive x direction during the fly-by). Therefore, as shown schematically in Fig. A.3, while inbound to the encounter the particle’s geocentric velocity is smaller than the Moon’s, and in the lunar frame ⃗v_{in} is moving opposite to the apex of the lunar motion. The close encounter reverses the relative velocity vector to ⃗v_{out} and so, when the vector addition is performed, the particle has rather substantially increased the magnitude of its geocentric speed (from ⃗V_{in} to

Figure A.2 The lunocentric trajectory of the particle shown in Fig. A.1, in the same non-rotating frame projected onto the ecliptic plane. The Moon (to scale) is indicated, as well as the approximate location of its Hill sphere (dotted circle). After launch the particle remains in temporary orbit until escape. It returns later for a hyperbolic encounter which ejects it from the geocentric orbit. See text for discussion.

⃗V_{out}). In this case the magnitude of the increase is enough to make the particle unbound with respect to the Earth.

A.4 The three- and four-body problems

The type of gravity assist just discussed was the picture in the author’s mind of how all escapes from the Earth-Moon system occur, at least when particles are launched off the Moon with a residual velocity (Fig. 3.3) below geocentric escape speed. That is, after escaping the Moon the particle’s geocentric orbit will be modified repeatedly by close approaches until one of these fortuitously flings the particle ‘off to infinity’. (It turns out that the example just discussed is extremely atypical in that only a single re-encounter with the Moon was necessary; this particle was selected as being the fastest escaping meteoroid.) However, it turns out that a gravity assist is not the method of escape that produces the group of particles that make up the above-mentioned clump in Fig. 3.6 in the original v_l = 2.4 km/s simulation.

Figure A.3 A vector-addition diagram representing a patched-conic gravity-assist. This is a schematic representation of the final encounter pictured in Figs. A.1 and A.2. Geocentric velocities are indicated by uppercase letters and lunocentric velocities by lower case letters.

Snapshots of the full geocentric simulation over the first 3 months of time are shown in Figs. A.4 and A.5. Since the simulation consists of 20 launch events ejecting 18 particles each in a cone, the Moon appears to eject particles in an expanding shell (all launch directions being equally likely). After a few days this shell acquires a noticeable asymmetry, which becomes more pronounced after 0.2 months. This asymmetry occurs because some particles have had their orbital energies reduced by the Moon’s gravity; thus they have smaller semimajor axes and correspondingly shorter orbital periods. Such particles therefore lead the Moon. Many of these same particles have acquired substantial geocentric eccentricities, producing perigees of ≃20 R_⊕, as seen in Fig. A.4c and d. In contrast, other particles have gained orbital energy from the Moon, acquiring larger semimajor axes, and therefore lag the Moon in longitude. However, the most interesting aspect of these figures is the devlopment of a ‘lobe’ or ‘petal’ of these lagging particles (containing about 10–15% of the total), seen clearly in the lower right quadrant of panels (e)–(h), which simply expands away from the Earth, never to return. This cluster becomes the clump of Fig. 3.6; all of these particles exit the Earth’s heliocentric Hill sphere (of about 230 R_⊕) in short order (about a month). The remaining particles circle the planet, continuing in Earth orbit until they hit a primary or are ejected by subsequent lunar gravity assists.

In the remainder of this appendix I will attempt to develop an intuitive understanding of the dynamics in terms of simple energy arguments and 2-body reasoning. These discussions will not be rigorously correct, because the real dynamics are closer to 4-body problem (or at least, two sequential restricted 3-body problems). A complete understading of this phenomenon is probably equivalent to another thesis.

Let us examine two of these quickly escaping trajectories more carefully (Fig. A.6). The particles simply leave the Moon on hyperbolic trajectories, and continue smoothly out to the Earth’s Hill sphere, with no temporary capture

Figure A.4 Geocentric snapshots of the evolution of the swarm of lunar ejecta in a v_l=2.4 km/s simulation. The positions of all surviving test particles are projected onto the non-rotating ecliptic plane. The Earth (at 0,0) and Moon are indicated by the open circles (not to scale). The snapshots are taken at elapsed times of approximately (a) 0.05 months, (b) 0.1 months, (c) 0.2 months, and (d) 0.5 months.

Figure A.5 Geocentric snapshots of the evolution of the swarm of lunar ejecta in a v_l=2.4 km/s simulation. The positions of all surviving test particles are projected onto the ecliptic plane. The Earth (at 0,0) and Moon are indicated by the open circles (not to scale). Note the scale of the figures change. The snapshots are shown at elapsed times of approximately (e) 0.75 months, (f) 1 months, (g) 2 months, and (h) 3 months.

Figure A.6 The escape trajectories of two fast escapers, in lunocentric coordinates (non-rotating frame). The Moon is shown (to scale) in each case. Left panels: the hyperbolic ejection out to the lunar Hill sphere (requiring about a day). Right panels: The trajectory out to about one-half of the Earth’s Hill sphere.

or second lunar encounter involved. In terms of a patched-conic picture of the dynamics, the motion could be explained as follows. In the lunar frame, the particle’s specific orbital energy (i.e., per unit mass) is

E_L = 1 2 v^2_L − GM_m r_L (A.4)

where the L subscripts indicate quantities referred to the Moon, and so r_L is the lunar distance of the particle. If the particle is launched at v_l=2.4 km/s, then by the time the particle reaches the lunar Hill sphere (at ≃ 35 lunar radii), its residual speed should be

v^2_r = v^2_l + 2 GM_m R_m ( 1 35 − 1)

≃ 500m/s .

If this residual velocity were fortuitously added to the lunar velocity vector (V_m ≃ 1 km/s) as discussed in conjunction with Fig. 3.3), then temporarily the particle would have the escape speed necessary to depart geocentric orbit (i.e., about √ 2 × 1 km/s at the lunar distance). However, just reaching the lunar Hill sphere is really not sufficient since the particle will still have to do work against the Moon’s gravitational field to get to ‘infinity’. At infinity the residual velocity is only ≃300 m/s (Eq. 3.2), and thus the particle should not have enough energy to escape geocentric orbit.

The discussion just presented is wrong because the physics cannot be represented as a superposition of two 2-body problems (i.e., escape from the Moon followed by escape from Earth). Instead, we need to consider a 4-body problem. Since there is no relevant theory for the dynamics of these particles a 4-body context, I shall continue in the previous vein.

A better way to discuss the problem is to examine a particle’s orbital energy in the geocentric frame, viewing the Moon and Sun as objects which do work on the particle. That is, in order to be on a hyperbolic geocentric orbit, the particle must reach a positive specific orbital energy in the expression

E_g = 1 2 v^2_g − GM_⊕ R_g , (A.5)

where the g subscripts refer to geocentric quantities. Of course, this is still using 2-body reasoning, but it should be valid within the Earth’s Hill sphere as long as the object is more than several lunar Hill-sphere radii from the Moon (so that the latter’s influence on the particle’s geocentric velocity is negligible). Expression (A.5) allows us to easily calculate that the Moon has a specific orbital energy of -0.538 MJ/kg (bound orbits have E_g < 0). Thus this much work per unit masss must be performed in the geocentric frame on an escaping particle in order to unbind it from Earth orbit.

Figure A.7 The history of a fast escaper. The dashed lines mark the Earth’s Hill sphere. In the upper right panel the orbit is shown projected onto a non-rotating coordinate system in the ecliptic plane with the Earth at the origin; during this particular escape the Sun occupies a point near the positive y-axis (at y ≃ 23, 000R_⊕). See the text for discussion.

The energy history for one of the rapidly escaping particles is shown in Fig. A.7, where instead of plotting E_g, I have shown

E^′ = 1 2 v^2_g − GM_⊕ R_g − GM_m R_l . (A.6)

E^′ is more meaningful since, at the instant of launch, the geocentric velocity is very large; this is because v_l = 2.4 km/s, which translates into a geocentric velocity of v_g ≃ 2.6 km/s for this particle (upper left panel). The particle would thus be immediately unbound if the Moon had no mass. Of course, most of this kinetic energy is lost escaping the Moon’s gravity-well; this is heuristically corrected for by the presence of the lunar term in Eq. A.6. Far from the Moon E^′ → E_g.

The lower left panel of Fig. A.7 shows the energy history. In the few days it takes the particle to leave the Moon’s vicinity, E^′ first increases rapidly, and then drops again. The peak, where the particle appears temporarily unbound (E^′ > 0), occurs near the lunar Hill sphere. However, by the time the particle escapes to a few lunar Hill-sphere radii the Moon’s influence is negligible, and the geocentric energy levels off to a constant (bound) value of ≃ −0.2 MJ/kg. The apogee of this Keplerian orbit would be at ≃ 313R_⊕, which is outside the Earth’s Hill sphere of ≃ 234R_⊕. Unsurprisingly, as this particle approaches the Earth’s Hill sphere (upper right plot), the Sun’s influence manifests itself; orbital energy increases starting at 2/3 R_H . After leaving the Earth’s Hill sphere, the Sun’s continuing influence unbinds the particle from Earth orbit, and the particle escapes to an independent heliocentric orbit.

A.5 Implications

The conclusion that can be drawn from this study is rather dramatic: a judiciously chosen launch at the lunar escape velocity can not only escape the Moon, but geocentric orbit as well! This can be done in a single stage; no second lunar encounter is necessary to take advantage of a gravity assist. Escape to the Earth’s Hill sphere required approximately one month.

This method is more energy efficient and faster than might be expected. Using 2-body reasoning, one might think that enough fuel is needed to apply a Δv of 2.38 km/s to escape the lunar gravity field, and then another ( √ 2 − 1) times the lunar orbital velocity (400 m/s) to achieve the transition from a circular geocentric orbit to a hyperbolic escape trajectory. In fact, the extra 400 m/s of Δv is not necessary. The trajectory is also the fastest, since escape cannot occur in less than a month if a second lunar close encounter is required to obtain a gravity assist.

The dynamics discussed here is similar to the 4-body dynamics described by Belbruno and Miller (1993), who constructed energy-optimal transfer trajectories.

I have not attempted to discover how to specify the initial conditions which belong to the escaping set; I suspect that this will be a complex problem. Such a calculation would be of interest since it would provide a low-fuel method to launch spacecraft to heliocentric space from the lunar surface.

Appendix B

The Numerical Method

The heliocentric simulations of this thesis were carried out with a Regularized Mixed Variable Symplectic (RMVS) algorithm. This method allows for the efficient numerical integration of a large number of test particles that suffer recurring close approaches with planets. The code was not written as part of this thesis research, although some minor modifications were made and the code was rigorously tested. The RMVS algorithm was developed as part of a software package called SWIFT (Levison and Duncan 1994) that implements and improves the mixed-variable symplectic method of Wisdom and Holman (1991).

B.1 Mixed-variable symplectic (MVS) integrators

These codes are outgrowths of the intense work that has gone into the study of efficient methods for integrating the equations of motion of Hamiltonian systems in the last two decades (Ruth 1983, Forest and Ruth 1990, Channell and Scovel 1990, Yoshida 1993). The differential equations of motion derived for a Hamiltonian system have special properties. The goal is to take advantage of this ‘symplectic’ structure in the phase space of these systems; for example, as particles move they must remain on a hypersurface of constant energy. Most numerical integration algorithms (e.g., Runge-Kutta) do not make allowances for this special structure, and thus the trajectories drift away from surfaces representing integrals of the motion (for example, the energy or angular momenta may change). Symplectic integrators are designed to conserve these invariants; much more complete discussions are given in Gladman et al. (1991) and Yoshida (1993).

The basic algorithm is to break the problem into exactly soluble pieces, and then to solve them alternately in such a fashion as to match as closely as possible the original system. Until 1991 the two pieces of the Hamiltonian used were the kinetic and potential energy functions, either of which by itself describes a trivially integrable system (see Gladman et al. 1991).

A further improvement was provided by Wisdom and Holman (1991), who created a symplectic integrator that took explicit advantage of the fact that the Kepler problem is exactly soluble. These authors alternate between solving the Kepler problem and the interaction Hamiltonian of the system. That is, each test particle moves along a Kepler ellipse, which is then perturbed by the remaining, non-Keplerian forces. The Kepler problem is solved efficiently and exactly by using the Gauss f and g functions (Danby 1988). The interaction Hamiltonian contains the forces from all the interactions between the particles (excepting the Sun), and is trivially integrable if expressed in the Jacobi coordinates for the Nbody problem (Wisdom and Holman 1991). Because two sets of coordinates are simultaneously used in the solution, the method is referred to as ‘Mixed-Variable Symplectic’ (MVS).

The code is structured in two pieces. The N_p planets are integrated in an N-body fashion; that is, each planet feels the gravitional perturbations of all the others. The number of force calculations necessary per time step scales as N^2_p . Simultaneously, the forces exerted by these planets on a large number of test particles is calculated and the test particle orbits are also evolved. The n test particles do not interact with each other or with the planets, and thus the number of force calculations scales only linearly with n. Therefore the CPU time t required to perform a simulation for a simulated duration T scales as t ∝ T N^2_p n.

In this algorithm the non-Keplerian forces must be small in order for the integrator to remain efficient. If the test particles were to undergo a close approach to a planet, the truncation error of the algorithm will increase. Decreasing the time step of a numerical integrator is a common way of dealing with such a problem. Unfortunately, changing the time step in a symplectic integrator degrades the integral conservation properties (Gladman et al. 1991), and thus the MVS algorithm is best applied to systems that do not undergo close approaches (e.g., studies of dynamical stability for orbits that are not planet-crossing).

B.2 The regularized MVS (RMVS) integrator

Since many interesting problems involve planet-crossing orbits, it was important to attempt to extend the MVS algorithm to allow for test particles to have repeated close encounters. RMVS (Levison and Duncan 1994) uses an adaptive Hamiltonian that in some sense ‘regularizes’ close approaches (producing the ‘R’ in the acronym). The idea is simple: when a particle approaches a planet, instead of treating the problem as a Kepler orbit about the Sun perturbed by the planet, the orbit is considered to be around the planet and perturbed by the Sun. In the intermediate regime (near the planetary Hill-sphere) the time step is simply lowered. Although this destroys the exact symplectic nature of the algorithm in a rigorous sense, extensive testing has shown (Levison and Duncan 1994, Michel and Valsecchi 1996) that the statistical results of code are correct.

The term ‘regularized’ should be applied to this integrator only in an intuitive sense. Regularization is a mathematical process that removes a singularity from a differential equation. Regularizing the Kepler problem (or the N-body problem) has been a method of dealing with the force singularity at r = 0 (see Stiefel and Schiefele 1971). In this process the Kepler problem is turned into the harmonic oscillator by coordinate transformations; the singularity is thus eliminated from the equations. In the RMVS algorithm, the singularity is effectively removed from the problem by switching to a Kepler problem centered on the planet. Using the exact solution to the problem provided by the Gauss f and g functions then allows arbitrarily-close approaches to be computed efficiently.

The RMVS code is thus able to deal with large numbers of test particles moving in a system with multiple planets. Objects not close to a planet are integrated with the MVS algorithm. Particles within 3 Hill-sphere radii of a planet are temporarily treated differently than the rest of the bodies; after their close encounter is over they are returned to the swarm of other test particles. Only particles that enter a planetary Hill-sphere have their Hamiltonian recast so that the planet is the central object. Upon emerging from the Hill sphere, the particles are carefully re-synchronized with the rest of the integration.

This algorithm is more efficient computationally (by an order of magnitude) than all other methods that this author is aware of. Several hundred planetcrossing particles can be integrated in the field of 7 planets at a rate of order 500,000 years per day of CPU time on a very fast dedicated workstation. All told, the lunar simulations required about 5 months of actual computer time on a Hewlett Packard 715 with a 75 MHz clock speed. The martian simulations required somewhat more time, and were performed on a variety of computer platforms.

References

Arnold, J.R. 1965. The origin of meteorites as small bodies: II. The model. Ap.

J. 141, 1536-1547.

Ash, R.D., S.F. Knott, and G. Turner 1996. A 4-Gyr shock age for a martian meteorite and implications for the cratering history of Mars. Nature 380, 57-59.

Bailey, M.E., J.E. Chambers, and G. Hahn 1992. Origin of sungrazers: A frequent cometary end-state. Astron. Astrophys. 257, 315-322.

Bandermann, L.W., and S.F. Singer. 1973. Calculation of meteoroid impacts on Moon and Earth. Icarus 19, 108-113.

Barnes, V.E. 1990. Tektite research 1936-1990. Meteoritics 25, 149-159.

Belbruno, E.A. and J.K. Miller 1993. Sun-perturbed Earth-to-Moon transfers with ballistic capture. J. Guidance, Control, and Dynamics 16, 770–775.

Benoit, P.H., S. Symes, and D. Sears 1996. The irradiation and recent thermal history of QUE94281 and other lunar antarctic meteorites; Evidence for short transit times. LPSC XXVII, 101-102.

Bhandari, N., J.N. Goswami, R. Jha, D. Sengupta, and P.N. Shukla 1988. Cosmogenic effects in shergottites. Geochim. Cosm. Acta 50, 1023-1030.

Bogard, D.D. 1995. Exposure age initiating events for martian meteorites: Three or four? Lunar Planet. Sci. XXVI, 143-144.

Bottke, W.F., M.C. Nolan, R. Greenberg, and R.A. Kolvoord 1994. Collisional lifetimes and impact statistics of near-Earth asteroids. In Hazards Due to Comets & Asteroids (T. Gehrels, ed.) University of Arizona Press: Tucson, pp. 337-357.

Bottke, W.F., M.C. Nolan, H.J. Melosh, A.M. Vickery, and R. Greenberg 1996.

Origin of the Spacewatch small Earth-approaching asteroids. Icarus, in press.

Brouwer D., and G.M. Clemence 1961. Methods of Celestial Mechanics. Academic Press: New York.

Burke, J.G. 1986. Cosmic Debris. Univ. of California Press: Berekely.

Burns, J.A., P.L. Lamy, and S. Soter 1979. Radiation forces on small particles in the solar system. Icarus 40, 1-48.

Burns, J.A., M.R. Showalter, and G.E. Morfill 1984. The ethereal rings of Jupiter and Saturn. In Planetary Rings (R. Greenberg and A. Brahic, eds.) Univ. of Arizona Press: Tucson, 200-272.

Caffee, M.W., J.N. Goswami, C.M. Hohenberg, and T.D. Swindle 1988. Irradiation records in meteorites. In Meteorites and the Early Solar System (J.F. Kerridge and M.S. Matthews, eds.) Univ. of Arizona Press: Tucson, 205–245.

Carrier, W.D. III, G.R. Olhoeft, and W. Mendell 1991. Physical properties of the lunar surface. In Lunar Sourcebook, a User’s Guide to the Moon. (G.H. Heiken, D.T. Vaniman, and B.M. French, eds.) Cambridge Univ. Press, Cambridge, 475–594.

Cassidy, W.M., and L.A. Rancitelli 1982. Antarctic Meteorites. Amer. Scientist 70, 156–64.

Cassidy, W.A., and I.M. Whillans 1990. Workshop on Antarctic Meteorite Stranding Surfaces. LPI Tech. Rpt. 90-03. Lunar and Planetary Institute, Houston. 103 pp.

Cassidy, W.M., R. Harvey, J. Schutt, G. Delisle, and K. Yanai 1992. The meteorite collection sites of Antarctica. Meteoritics 27, 490-525.

Channell, P.J. and C. Scovel 1990. Symplectic integration of Hamiltonian systems. Nonlinearity 3, 231–259.

Christensen, P.R., and H.J. Moore 1992. The martian surface layer. In Mars (H.H. Kieffer, B.M. Jakosky, C.W. Snyder, and M.S. Matthews, eds.) University of Arizona Press: Tucson, pp. 686-729.

Chyba, C. 1993. Explosions of small Spacewatch objects in the Earth’s atmosphere. Nature 363, 701-3.

Chyba, C.F., T.C. Owen, and W.-H. Ip 1994. Impact delivery of volatiles and organic molecules to Earth. In Hazards Due to Comets & Asteroids (T. Gehrels, ed.) University of Arizona Press: Tucson, pp. 9-58.

D’Amario, L.A., L.E. Bright, and A.A. Wolf 1992. Galileo trajectory design. In The Galileo Mission (C.T. Russell, ed.) Kluwer Academic: Boston, pp.23-78.

Danby, J.M.A. 1988 Fundamentals of Celestial Mechanics (2nd Ed.), Willmann- Bell: Richmond.

Dermott, S.F., and C.D. Murray 1981. The dynamics of tadpole and horseshoe orbits. Icarus 48, 1–11.

Dobrovolskis, A.R., and J.A. Burns 1980. Life near the Roche limit: Behavior of ejecta from satellites close to planets. Icarus 42, 422–441.

Dohnanyi, J.S. 1977. Groups of micrometeoroids in the Earth-Moon system.

COSPAR Space Research XVII, 623-626.

Dones, L., H. Levison, and M. Duncan 1996a. On the dynamical lifetimes of planet-crossing objects. In Completing the Inventory of the Solar System (T. W. Rettig, Ed.), Astronomical Society of the Pacific Conference Series: San Francisco, in press.

Dones, L., M. Duncan, B. Gladman, H. Levison, H.J. Melosh, and W. Tonks 1996b. A comparison of the results of Öpik-Arnold algorithms with direct numerical integrations. Icarus, submitted.

Englert, P., and W. Herr 1980. On the depth-dependent production of long-lived spallogenic^{53}Mn in the St. Severin chondrite. Earth Planet Sci. Lett. 47, 361–369.

Esposito, P.B. and 7 co-authors 1992. Gravity and topography. In Mars (H.H. Kieffer, B.M. Jakosky, C.W. Snyder, and M.S. Matthews, eds.) University of Arizona Press: Tucson, pp. 209–248.

Eugster, O. 1989. History of meteorites from the Moon collected in Antarctica.

Science 245, 1197–1202.

Eugster, O., and S. Niedermann 1988. Noble gases in lunar meteorites Yamato- 82192 and -82193 and history of the meteorites from the Moon. Earth Planet Sci. Lett. 89, 15–27.

Eugster, O., A. Weigel, and E. Poinau 1996. Two different ejection events for basaltic shergottites QUE94201, Zagami and Shergotty (2.6 Ma ago) and lherzolitic shergottites LLEW88516 and ALH77005 (3.5 Ma ago). LPSC XXVII, 345–346.

Farinella, P., Ch. Froeschlé, Cl. Froeschlé, R. Gonczi, G. Hahn, A. Morbidelli, and G.B. Valsecchi 1994. Asteroids falling into the Sun. Nature 371, 314– 317.

Forest, E. and R.D. Ruth 1990. Fourth-order symplectic integration. Physica D 43, 105–117.

Frisch, W. 1992. Hypervelocity impact experiments with water ice targets. In Proc. of the Workshop on Hypervelocity Impacts in Space (J.A.M. McDonnell, ed.) Canterbury, UK, pp. 7–14.

Froeschlé, Ch., and A. Morbidelli 1994. The secular resonances in the solar system. In Asteroids, Comets, and Meteors, 1993 (A. Milani, M. Di Martino, A. Cellino, Eds.) Kluwer: Boston, 189–204.

Gault, D.E. 1983. The terrestrial accretion of lunar material. LPSC XIV, 8–9.

Gault, D.E., E.M. Shoemaker, and H.J. Moore 1963. Spray ejected from the lunar surface by meteoroid impact. NASA TND-1767, 39 pp.

Gladman, B., M. Duncan, and J. Candy 1991. Symplectic integrators for longterm integrations in celestial mechanics. Celest. Mech. 52, 221–240.

Gladman, B., J.A. Burns, M. Duncan, and H. Levison 1995. The Dynamical Evolution of Lunar Impact Ejecta. Icarus 118, 302–321.

Gladman, B., J.A. Burns, M. Duncan, P. Lee, and H. Levison 1996. The Exchange of Impact Ejecta Between Terrestrial Planets. Science 271, 1387– 1392.

Golombek, M., and D. Rapp 1996. Size-frequency distributions of rocks on Mars and Earth analog sites: Implications for future landed missions. JGR, Planets, submitted.

Graf, J.C. 1993. Lunar soils grain size catalog. NASA RF-1265, 466pp.

Gratz, A.J. 1993. Observations of high-velocity, weakly shocked ejecta from experimental impacts. Nature 363, 522–524.

Greenberg, R., W.F. Bottke, A. Carusi, and G.B. Valsecchi 1991. Planetary accretion rates: Analytical derivation. Icarus 94, 98–111.

Greenberg, R., and M.C. Nolan 1993. Dynamical relationships of near-Earth asteroids to main-belt asteroids. In Resources of Near-Earth Space (J. Lewis, M.S. Matthews, and M.L. Guerrieri, eds.) University of Arizona Press: Tucson, pp. 473–492.

Grün, E., H.A. Zook, H. Fechtig, and R.H. Giese 1985. Collisional balance of the meteoritic complex. Icarus 62, 244–272.

Halliday I., and A.A. Griffen 1982. A study of the relative rates of meteorite falls on the Earth’s surface. Meteoritics 17, 31–46.

Halliday I., A.T. Blackwell, and A.A. Griffen 1984. The frequency of meteorite falls on the Earth. Science 223, 1405–1407.

Halliday I., A.T. Blackwell, and A.A. Griffen 1989. The flux of meteorites on the Earth’s surface. Meteoritics 24, 173–178.

Halliday I., A.T. Blackwell, and A.A. Griffen 1991. The frequency of meteorite falls: Comments on two conflicting solutions to the problem. Meteoritics 26, 243–249.

Halliday I., A.T. Blackwell, and A.A. Griffen 1996. Detailed data for 259 fireballs from the Canadian camera network and inferences concerning the influx of large meteoroids. Meteoritics 31, 185–217.

Hartmann, W.K. 1995. Planetary cratering 1. The question of multiple impactor populations: Lunar evidence. Meteoritics 30, 451–467.

Hill, D.H., W.V. Boynton, and R.A. Haag 1991. A lunar meteorite found outside the Antarctic. Nature 352, 614–617.

Holman, M., and J. Wisdom 1993. Dynamical stability in the outer solar system and the delivery of short period comets. Astron. J. 105, 1987-1999.

Holsapple, K.A., and K.Y. Choe 1988. Surface spall in large impact events. LPSC XIX, 501–502.

Huss, G.R. 1990. Meteorite infall as a function of mass: Implications for the accumulation of meteorites on Antarctic ice. Meteoritics 25, 41–56.

Jagoutz, E., A. Sorowka, J.D. Vogel, and H. Wänke 1994. ALH84001: Alien or progenitor of the SNC family? Meteoritics 29, 478–479.

Kato, M., Y. Iijima, M. Arakawa, Y. Okimura, A. Fujimura, N. Maeno, and H. Mizutani 1995. Ice-on-ice impact experiments. Icarus 113, 423–441.

Kirsten, T. 1978. Time and the solar system. In The Origin of the Solar System (S. Dermott, ed.) John Wiley and Sons: New York, 267-346.

Koeberl, C. 1986. Geochemistry of tektites and impact glasses. Ann. Rev. Earth Planet. Sci. 14, 323–350.

Koeberl, C., and W. Cassidy, eds. (1990). Workshop on Differences Between Antarctic and Non-Antarctic Meteorites. LPI Tech. Rpt. 90-01. Lunar and Planetary Institute, Houston. 102 pp.

Laul, J.C. 1991 The Shergotty consortium and SNC meteorites: An overview.

Geochim. Cosm. Acta 50, 875–887.

Levison, H., and M. Duncan 1994. The long-term behavior of short-period comets. Icarus 108, 18–36.

Lindstrom, M.M., A.H. Treiman, and D.W. Mittlefehdt 1994. Pigeonholing planetary meteorites: The lesson of misclassification of EET87521 and ALH84001. Lunar Planet. Sci. XXV, 797–798.

Love, S.G., and K. Keil 1995. Recognizing mercurian meteorites. Meteoritics 30, 269–278.

McKay, D.S., and 7 co-authors 1991. The lunar regolith. In Lunar Sourcebook, a User’s Guide to the Moon. (G.H. Heiken, D.T. Vaniman, and B.M. French, Eds.) Cambridge Univ. Press: Cambridge, 285–356.

McSween, H.Y. and 8 co-authors 1979. Petrogenetic relationship between Allan Hills 77005 and other achondrites. Earth Planet. Sci. Lett. 45, 275–284.

McSween, H.Y. 1995. What we have learned about Mars from SNC meteorites.

Meteoritics 29, 757–779.

Melosh, H.J. 1984. Impact ejection, spallation and the origin of meteorites. Icarus 59, 234–260.

Melosh, H.J. 1985. Ejection of rock fragments from planetary bodies. Geology 13, 144–148.

Melosh, H.J. 1988. The rocky road to panspermia. Nature 332, 687–688.

Melosh, H.J. 1989. Impact Cratering. Oxford University Press: New York.

Melosh, H.J., and W.B. Tonks 1993. Swapping rocks: Ejection and exchange of surface material among the terrestrial planets. Meteoritics 28, 398.

Michel, P., and F. Thomas 1996. The Kozai resonance for Near-Earth Asteroids with semimajor axes smaller than 2 AU. Astron. Astrophys. 307, 310–318.

Michel, P., and G. Valsecchi 1996. Numerical experiments on the efficiency of second-order mixed-variable symplectic integrators for N-body problems. Celest. Mech., submitted.

Mikkola, S. and K. Innanen 1992. A numerical exploration of the evolution of Trojan-type asteroidal orbits. Astron. J. 104, 1641–1649.

Milani, A., M. Carpino, G. Hahn, and A.M. Nobili 1989. Dynamics of planetcrossing asteroids: Classes of orbital behavior: Project SPACEGUARD. Icarus 78, 212–269.

Milani, A., M. Carpino, and F. Marzari 1990. Statistics of close approaches between asteroids and planets: Project SPACEGUARD. Icarus 88, 292– 335.

Mittlefehldt, D.W. 1994. ALH84001, a cumulate orthopyroxenite member of the martian meteorite clan. Meteoritics 29, 214–21.

Moore, J.M., and A.S. McEwen 1996. The abundance of large, Copernican-age craters on the Moon. LPSC XXVII, 899–900.

Murchie, S., and S. Erard 1996. Spectral properties and heterogeity of Phobos from measurements by Phobos 2. Icarus, in press.

Neukum, G., and B.A. Ivanov 1994. Crater size distributions and impact probabilities on Earth from lunar, terrestrial-planet, and asteroid cratering data. In Hazards Due to Comets & Asteroids (T. Gehrels, ed.) University of Arizona Press: Tucson, pp. 359–416.

Nishiizumi, K. 1986. Terrestrial and exposure histories of Antarctic meteorites.

Int. Work. on Antarctic Meteorites, LPI TR No. 86-01, 71–73.

Nishiizumi, K., D. Elmore, and P.W. Kubik 1989. Update on terrestrial ages of Antarctic meteorites. Earth Planet. Sci. Lett. 93, 299–313.

Nishiizumi, K., J.R. Arnold, J. Klein, D. Fink, R. Middleton, P.W. Kubik, P. Sharma, D. Elmore, and R.C. Reedy. 1991 Exposure histories of lunar meteorites ALH81005, MAC88104/5, and Y79117. Geochim. Cosm. Acta 55, 3149–3155.

Nishiizumi, K., M.W. Caffee, R.C. Finkel, and R.C. Reedy. 1995. Exposure history of lunar meteorite QUE93069. Lunar Planet. Sci. XXVI, 1051–1052.

Nishiizumi, K., and M. Caffee 1996a. Exposure histories of lunar meteorites QUE94281 and 94269. LPSC XXVII, 959–960.

Nishiizumi, K., and M. Caffee 1996b. Exposure history of shergottite QUE94201.

LPSC XXVII, 961–962.

Nyquist L.E., 1983. Do oblique impacts produce martian meteorites? Proc. 13th Lunar and Plan. Sci. Conf., A785–798.

Nyquist L.E., D.D. Bogard, J.L. Wooden, H. Wiesmann, C.-Y. Shih, B.M. Bansal, and G.A. McKay 1979. Early differentiation, late magnatism, and recent bombardment of the shergottite parent planet. Meteoritics, 502.

Nyquist L.E., B.M. Bansal, H. Wiesmann, and C.-Y. Shih 1983. Martians young and old: Zagami and ALH84001. Lunar Planet. Sci. XXVI, 1065–1066.

O’Keefe, J.A. 1976. Tektites and Their Origin. Elsevier Press: New York.

O’Keefe, J.D., and T.J. Ahrens 1977. Meteorite impact ejecta: Dependence of mass and energy lost on planetary escape velocity. Science 198, 1249–1251.

O’Keefe, J.D., and T.J. Ahrens 1986. Oblique impact: A process for obtaining meteorite samples from other planets. Science 234, 346–349.

Opik, E.J. 1976. Interplanetary Encounters. Elsevier Press: New York.

Ott, U. 1988. Noble gases in SNC meteorites: Shergotty, Nakhla, Chassigny.

Geochim. Cosm. Acta 52, 1937–1948.

Pal, D.K., C. Tuniz, R.K. Moniot, W. Savin, T. Kruse, and G.F. Herzog 1986.

Beryllium-10 contents of shergottites, nakhlites, and Chassigny. Geochim. Cosm. Acta. 50, 2405–2409.

Rabinowitz, D.L. 1993. Evidence for a near-Earth asteroid belt. Nature 363, 704–706.

Rabinowitz, D.L. 1994. The size and shape of the near-Earth asteroid belt. Icarus 111, 364–377.

Rabinowitz, D.L. 1996. Observations constraining the origins of Earthapproaching asteroids. In Completing the Inventory of the Solar System (T. W. Rettig, Ed.), Astronomical Society of the Pacific Conference Series: San Francisco, in press.

Rabinowitz, D., E. Bowell, E. Shoemaker, and K. Muinonen. 1994. The population of Earth-crossing asteroids. In Hazards due to Comets and Asteroids (T. Gehrels, ed.) University of Arizona Press: Tucson, 285–312.

Reedy, R.C., J.R. Arnold, and D. Lal 1983. Cosmic-ray record in solar system matter. Science 219, 127–135.

ReVelle, D.O. 1979. A quasi-simple ablation model for large meteorite entry:

Theory vs. observations. J. Atmos. Terrest. Phys. 41, 453–473.

Ruth, R.D. 1983. A canonical integration technique. IEEE Trans. Nucl. Sci. 30, 2669–2671.

Schaber, G.G., and 9 co-authors 1992. Geology and distribution of impact craters on Venus: What are they telling us? J. G. R. 97, 13257–13301.

Sears, D., and R.T. Dodd 1988. Overview and classification of meteorites. In Meteorites and the Early Solar System (J.F. Kerridge and M.S. Matthews, Eds.) Univ. of Arizona Press: Tucson, 3–31.

Shoemaker, E.M. 1962. Interpretation of lunar craters. In Physics and Astronomy of the Moon (Z. Kopal, ed.) Academic Press, New York, pp. 283–359.

Shoemaker, E.M. 1983. Asteroid and comet bombardment of the Earth. Ann.

Rev. Earth Planet. Sci., 461–494.

Shoemaker, E.M, and 7 co-authors 1969. Television observations from Surveyor.

In Surveryor Program Results, NASA SP-184, pp. 19–129.

Shoemaker, E., P. Weissman, and C.S. Shoemaker 1994. The flux of periodic comets near Earth. In Hazards due to Comets and Asteroids (T. Gehrels, ed.) University of Arizona Press: Tucson, 313–336.

Stiefel, E.L, and G. Schiefele 1971. Linear and Regular Celestial Mechanics.

Springer Verlag: New York.

Svedhem, H., H. Iglseder, and R. Münzenmayer. 1994. In-situ measurements of cosmic dust by the Hiten spacecraft. BAAS 26, 1178.

Swindle, T.D., B. Li, and D.A. Kring 1996. Noble gases in martian meteorite QUE94201. LPSC XXVII, 1297–1298.

Swindle, T.D., M.K. Burkland, and J.A. Grier 1995. Noble gases in the lunar meteorites Calcalong Creek and QUE 93069. Meteoritics 30, 584–585.

Taylor, G.J., and 5 co-authors 1991. Lunar Rocks. In Lunar Sourcebook, a User’s Guide to the Moon. (G.H. Heiken, D.T. Vaniman, and B.M. French, eds.) Cambridge Univ. Press, Cambridge, 183–284.

Thalmann, Ch., and O. Eugster. 1995. Lunar meteorite Queen Alexandra Range 93069: History derived from cosmic-ray-produced and trapped noble gases. Meteoritics 30, 585–586.

Thalmann, Ch., O. Eugster, G.F. Herzog, J. Klein, U. Krähenbühl, S. Vogt, and S. Xue. 1996. History of lunar meteorites Queen Alexandra Range 93069, Auska-881757, and Yamato-793169 based on noble gas isotopic abundances, radionuclide concentrations, and chemical composition. Meteoritics, in press.

Thomas, P., J. Veverka, J. Bell, J. Lunine, and D. Cruikshank 1992. Satellites of Mars: Geologic history. In Mars (H.H. Kieffer, B.M. Jakosky, C.W. Snyder, and M.S. Matthews, eds.) University of Arizona Press: Tucson, pp. 1257– 1282.

Treiman, A.H. 1995a. S≠NC: Multiple source areas for martian meteorites. JGR 100, 5329–5340.

Treiman, A.H. 1995b. A petrographic history of martian meteorite ALH84001:

Two shocks and an ancient age. Meteoritics 30, 294–302.

Treiman, A.H. and 8 co-authors 1994. Comparison of the LEW88516 and ALHA77005 martian meteorites: Similar but distinct. Meteoritics 29, 581– 592.

Urey, H.C. 1965. Meteorites and the Moon. Science 147, 1262–1265.

Vickery, A.M. 1987. Variation in ejecta size with ejection velocity. Geophys. Res.

Letters 14, 726–729.

Vickery, A.M., and H.J. Melosh 1987. The large crater origin of SNC meteorites.

Science 237, 738–743.

Vogt, S., G.F. Herzog, and R.C. Reedy 1990. Cosmogenic nuclides in extraterrestrial materials. Revs. Geophys. 39, 253–275.

Walker, D., E.M. Stolper, and J.F. Hays 1979. Basaltic volcanism: The importance of planet size. Proc. 10th Lunar and Plan. Sci. Conf., 1995–2015.

Ward, W. 1981. Orbital inclination of Iapetus and the rotation of the Laplacian plane. Icarus 46, 97–107.

Warren, P. 1994. Lunar and Martian meteorite delivery services. Icarus 111, 338–363.

Warren, P., and G.W. Kallemeyn 1993. Geochemical investigation of two lunar mare meteorites: Yamoto-793169 and Asuka-881757. Proc. NIPR Symp. Antarct. Meteorites, 6 35–57.

Wasson, J.T. 1985. Meteorites. W.H. Freeman and Company: New York.

Wasson, J.T., and G. Wetherill 1979. Dynamical, chemical and isotopic evidence regarding the formation locations of asteroids and meteorites. In Asteroids (T. Gehrels, ed.) University of Arizona Press: Tucson, 926–74.

Wetherill, G. 1968. Stone meteorites: Time of fall and origin. Science 159, 79– 82..

Wetherill, G. 1969. Relationships between orbits and sources of chondritic meteorites. In Meteorite Research (P. Millman, ed.) Reidel: Dordrecht, 573–589.

Wetherill, G. 1980. Multiple Cosmic-ray exposure ages of meteorites. Meteoritics 15, 386–387.

Wetherill, G. 1984. Orbital evolution of impact ejecta from Mars. Meteoritics 19, 1–12.

Wetherill, G. 1988. Where do the Apollo objects come from? Icarus 76, 1–18. Wetherill, G. 1989. Cratering of the terrestrial planets by Apollo objects. Meteoritics, 24, 15–22.

Whipple, A., and P. Shelus 1994. The long-term dynamical evolution of the minor planet (4179) Toutatis. Icarus 105, 408–419.

Wisdom, J., and M. Holman 1991. Symplectic maps for the N-body problem.

Astron. J. 102, 1528–1538.

Wood, J. 1961. Stony meteorite orbits. MNRAS 122, 79–88. Yau, K., P. Weissman, and D. Yeomans 1994. Meteorite falls in China and some related human casualty events. Meteoritics 29, 864-871.

Yoshida, H. 1993. Recent progress in the theory and applications of symplectic integrators. Celest. Mech. 56, 27–43.

Zellner, B., and E. Wells 1996. Spectrophotometry of the martian satellites with the Hubble Space Telescope. LPSC XXV, 1541-1542.

Zel’dovich, Y.B., and Y.P. Raizer 1967. The Physics of Shock Waves and Hightemperature Hydrodynamic Phenomena. Academic Press: New York.