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[1] Meteoroid impacts on spacecraft are known to cause mechanical damage, but their electrical effect on spacecraft systems are not well characterized. Several reported spacecraft anomalies are suggestive of an electrical failure associated with meteoroid impact. We present a theory to explain plasma production and subsequent electric fields occurring when a meteoroid strikes a spacecraft, ionizing itself and part of the spacecraft. This plasma, with a charge separation commensurate with different specie mobilities, can produce a strong electromagnetic pulse (EMP) at broad frequency spectra, potentially causing catastrophic damage if the impact is relatively near an area with low shielding or an open umbilical. Anomalies such as gyrostability loss can be caused by an EMP without any detectable momentum transfer due to small (


1. Introduction [2] Space weather, meaning conditions in space that influence the performance and reliability of space‐ and ground‐ borne technological systems, has a profound effect on spacecraft design and operations. Deleterious and “well‐ known” effects of space weather interactions with spacecraft include geomagnetic activity that can interfere with satellite‐ ground and satellite‐satellite communications, high‐energy particles that can cause single‐event upsets in onboard logic systems, and the ambient plasma that can lead to electrostatic charging both on interior and exterior surfaces resulting in electrostatic discharges (ESDs). However, a heretofore sparsely understood component of space weather pertains to the hypervelocity impact of meteoroids on satellites and the resulting mechanical and electrical damage. [3] A meteoroid is defined as a small, solid, extraterrestrial object in the size range of 100 mm to 10 m. Particles smaller than this are called “dust” and those larger are categorized as “asteroids.” For the purposes of this paper, we will refer to both dust and meteoroid populations simply as meteoroids, with no lower limit on size. The vast majority of detected meteoroids originate from comet and asteroid debris streams within our solar system, while a small percentage (
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may originate outside of our solar system. Meteoroids travel at speeds at least over twice that of human‐made space debris and frequently impact orbiting spacecraft with the potential to cause minor to catastrophic damage. To determine an approximate satellite impact rate, we can extrapolate flux measurements from ground‐based radar. For example, the ALTAIR radar, which operates simultaneously at 160 and 422 MHz, detects meteors formed by meteoroids with masses greater than 1 mg using a waveform with relatively high sensitivity. A typical measured sporadic peak meteoroid flux (∼6 AM local time) is 1 meteoroid/s within the detecting area or 151 meteoroids/km2/h [Close et al., 2002]. In very general terms, by assuming an isotropic distribution, a spacecraft area of 1 m2 should be hit by a nanogram‐sized object (or larger) at least once per day. Since the number of particles decreases (conservatively) as 1/m2 (where m is meteoroid mass) [Brown et al., 2002], it is reasonable to assume that particles smaller than a microgram routinely hit most spacecraft. [4] Larger meteoroids (>120 mm) are capable of causing mechanical damage, which describes the penetration through the outer layer of a spacecraft. NASA and other satellite operators have been cognizant of this threat for decades and have tried to characterize meteoroids and space debris large enough to cause mechanical damage in order to establish a satellite risk assessment. Satellite designers have developed mitigation techniques, including the Whipple shield [Whipple, 1947]. Smaller meteoroids may not be able to cause significant mechanical damage but pose a threat due to their larger population size and the possibility of causing electrical damage. The electrical effects associated with an impacting meteoroid include ESDs and electromagnetic
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model. Our focus on the EMP mechanism in particular is motivated primarily by evidence of electrical effects on spacecraft that are correlated with hypervelocity impacts. Section 2 presents the theory of meteoroid‐induced EMP mechanisms, including charge separation and plasma oscillations, and addresses both a plasma without (section 2.1) and with (section 2.2) a dust component. Section 3 contains a discussion of the various mechanisms and summarizes.



2. Theory of Electromagnetic Pulses Produced by Meteoroid Impacts



Figure 1. Graphical depiction of the plasma formation and expansion process. pulses (EMPs). An ESD occurs when there is a sudden discharge of accumulated electric charge on a satellite. This is usually caused when a satellite has a large buildup of charge that exceeds a voltage breakdown limit. ESDs are believed to occur frequently on spacecraft and are attributed to imbalances of surface currents in the space plasma charging process. An overview of the salient aspects of spacecraft charging is detailed by Lai and Tautz [2006]. In comparison, EMPs can occur from the direct vaporization of an impacting meteoroid due to either radiation or charge transport mechanisms. Although the link between meteoroid‐induced EMP and satellite failure is not understood, the plasma production associated with a hypervelocity impact has been studied for over 30 years and was first reported by Friichtenicht and Slattery [1963]. It is believed that both the meteoroid as well as a fraction of the satellite is evaporated and ionized, forming a plasma cloud instantaneously. This plasma cloud then expands into the surrounding vacuum with a separated charge caused by the different mobilities of the electrons and ions. The charge separation can cause an initial vehicle potential pulse, followed by plasma oscillations as the particles oscillate at their characteristic frequency. [5] Spacecraft most likely lost due to electrical effects associated with meteoroid impact include Olympus, which suffered a loss of gyroscope stability during the Perseid meteor shower in 1993, and the Small Expendable Deployer System (SEDS) and the Miniature Sensor Technology Integration (MSTI) in March 1994. In addition, the Landsat 5 satellite lost gyro stability during the peak of the Perseid shower in 2009, similar to the Olympus failure and suggestive of a meteoroid‐induced electrical effect [McDonnell et al., 1997; Caswell et al., 1995; Frost, 1970; Koons et al., 1999]. [6] In this paper, we provide a model for one type of electrical effect associated with a meteoroid impact, namely, the development of a meteoroid‐induced electromagnetic pulse (EMP). We also derive an emission spectrum, which provides insight into potential spacecraft weaknesses and also suggests an experimental path to validate the proposed



[7] We begin with a general theory of plasmas formed by meteoroid impacts on satellites, both with and without a dust component. To characterize the electric fields from these impacts, we use ground‐based hypervelocity impact measurements to estimate (1) charge production, (2) length scale, (3) plasma temperature, (4) ionization efficiency, and (5) plasma expansion speed. These estimates will be discussed in section 2. [8] To address charge production, we model a meteoroid impacting a spacecraft with a relative speed ranging between 11 and 450 km/s, which extends to velocities encompassing interstellar and beta meteoroids and dust caught up in the solar wind. The meteoroid then vaporizes and ionizes part of the spacecraft material; a cartoon of this process is shown in Figure 1. The total charge generated by the impact can be estimated using ground‐based measurements of hypervelocity impacts on various dielectric materials. Unfortunately, most of these ground‐based measurements cannot reproduce what may be a typical impact condition (≤1 mg traveling 60 km/s). However, these experiments have led to a generalized formula for charge production, which is given by q ¼ 0:1m



 m 0:02  v 3:48 ; 1011 5



ð1Þ



where q is the total charge in C, m is the meteoroid mass in g, and v is the meteoroid impact speed in km/s [Drolshagen, 2008]. There are many variations of equation (1) published in the literature [Ratcliff et al., 1997a, 1997b; McDonnell et al., 1997] with speed exponents that range between 2.5 and 4.5. Note that the chemical composition of the meteoroid may also have an effect on the plasma production. Additionally, the plasma produced may be multiply ionized with velocity coefficients that vary depending on primary or secondary ionization. The charge produced as a function of mass and speed using equation (1) is shown in Figure 2 for masses ranging from 10−21 to 10−6 g and for velocities between 4 and 80 km/s. [9] Our second item relates to the scale length of the initially spherically symmetric plasma. One possibility is to use the empirically determined penetration depth as a measure of this size. Using the relation given by Frost [1970], the penetration depth in a relatively thick metal plate is     r0 ¼ ðk Þ m0:352 0:167 v0:667 ;



ð2Þ



where r0 is the penetration depth in cm, k is an empirically determined target material constant (0.42 for aluminum), and d is the density of the meteoroid in g/cm3 (assumed to be 1 g/cm3). This yields exceedingly high initial plasma
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Figure 2. Plot of the generated charge (in Coulombs) after impact with a satellite, as a function of meteoroid mass and velocity.
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sumption that the electron and ion temperatures are likely tightly coupled when the collision rate exceeds the plasma frequency but may become significantly different once collisions become sufficiently infrequent, in line with many laboratory observations. Since we are mainly interested in the plasma sheath in which electrons oscillate at the local plasma frequency about the slowly expanding ion front, such a condition represents the point where unimpeded electron oscillations may begin. As seen in Figure 4, this condition occurs at significantly higher densities than those associated with the crater size. Because we will be concerned with the free expansion phase just after local thermodynamic equilibrium (LTE) breaks down, we shall use this estimate for the initial radius of the plasma. Recall that LTE is when intensive parameters (physical properties that do not depend on the system size or density of plasma) may vary in space and time but slowly enough that we can



densities, ne, with plasma frequencies in the infrared and even optical range; these results are shown in Figure 3. Moreover, we find the amount of material removed from the surface is nearly proportional to the energy of the incoming projectile. A note of caution: this plot is only relevant immediately after impact and is, in fact, counter‐intuitive. Figure 3 shows that, for a given impact speed, the initial plasma density actually increases as meteoroid mass/size decreases. This happens because a smaller meteoroid mass/ radius will produce a smaller penetration depth and hence smaller volume and therefore larger plasma density. Another viable estimate of the initial size of the plasma is the radius at which electrons oscillate, unimpeded by collisions; this is given by the condition that !p ¼ vei ;



ð3Þ



i.e., the Coulomb collision rate is equal to the electron plasma frequency. This reasoning is based on the pre-



Figure 3. Plot of the plasma density calculated immediately after impact, as a function of meteoroid mass and velocity. The initial volume is assumed to be correlated with the penetration depth that depends on the meteoroid’s incoming velocity, density, mass, and target material constant.



Figure 4. (a) Initial plasma scale lengths as a function of meteoroid impact velocity. The measured crater depth is always larger than the plasma radius where LTE occurs. We note further that the Debye length is always smaller than r0 for velocities of interest, which indicates the initial plasma is neutral. (b) Scaling of plasma and collision frequencies as a function of meteoroid impact velocity. The lower curve is the plasma frequency that occurs, assuming the plasma fills the residual impact crater. Note that the frequencies are approximately independent of the meteoroid mass. The upper curve is the plasma frequency associated with the last surface where LTE is expected to occur.
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approximate thermodynamic equilibrium in some region about a point. [10] Assumptions about the temperature of the plasma, the ionization efficiency and the expansion speed encompass our biggest unknowns. The energy released into the expanding plasma is determined primarily from laboratory measurements. On the basis of hypervelocity impact experiments [Ratcliff et al., 1997b], we believe the initial temperature to be quite hot, on the order of 20–40 eV. These values are higher than other published results [Friichtenicht and Slattery, 1963]. Indeed, Starks et al. [2006] stipulated that, while the plasma is extremely dense, it is quite cold, on the order of 5000–30,000 K (0.43–2.6 eV). For the purposes herein, we assume a dependence between electron temperature and the impact speed, such that the initial temperature T ∼ v1.4 in K for meteoroid impact velocities between 40 and 150 km/s. This formula is based on simulations published by Hornung et al. [2000] for shock temperatures of the plasma. Therefore, a 60 km/s meteoroid should generate an initial electron temperature of approximately 20 eV. [11] The ionization process of the vaporized impact constituents has been described as 100% single ionization followed by rapid recombination, resulting in a final ionization efficiency of about 1% [Starks et al., 2006]. [12] As noted above, we are interested in determining a charge separation mechanism as the plasma expands. In the case of a dust‐free plasma, the initially equal ion and electron temperatures lead to much faster thermal velocities for the electrons and hence they may outrun the ions, producing a net current. Indeed, measurements indicate just such a scenario may be occurring. However, if dust is present, then the possibility also exists that the electrons may attach to the dust, giving rise to the opposite case: where the ions outrun the heavier electronegative particles. There are two reasons why we believe this situation is unlikely. First, the electrons are bound to dust grains with energies that are typically a fraction of an eV. In a 20 eV plasma, it is unlikely that there is any significant electron attachment. Second, if the ions were the most mobile charge carriers, their velocities would be too small to produce any significant radiation. Hence, we believe dust does not play a role in producing any significant radiation. If, however, exposed conductors were to intercept the expanding plasma, then direct current pickup of the impact‐created charge could result in a measurable signal. We shall first treat the case of EMP emission and then follow with a discussion of the direct pickup case, including possible embedded dust components. In either case, the plasma expansion speed is dominated by the expansion speed of the heavier component in the plasma. [13] Finally, a point worth noting is that most meteoroids and, for that matter, asteroids are not solid bodies but rather “rubble piles” with a low tensile strength. Ground‐based observations of meteors show that these particles routinely fragment, although at this point it is unclear to what degree and what percentage [Close et al., 2007]. Observations of asteroids show similar results [Chapman, 1990; Scheeres, 2009; Holsapple, 2001].



basis of what is now known, the expansion velocity is rather uncertain, particularly if cooling occurs in the expanding plasma. Nonetheless, as mentioned above, we may assume that the sheath becomes collisionally uncoupled from the bulk plasma and the inherent electron oscillations are determined primarily by the local plasma frequency and bounded by the electron thermal velocity. It is these plasma oscillations in the sheath that we wish to model to produce an estimate of the resulting EMP. We shall find that the actual sound speed does not play a fundamental role in determining the EMP spectral content. [15] It is worthwhile to note that, under the conditions of the initial plasma, the plasma radiates via bremsstrahlung; however, the absolute radiation levels are found to be quite small because the plasma electrons radiate incoherently. [16] When the initial plasma has diluted to the point where the electron‐ion collision frequency is approximately equal to the plasma frequency, the surface electrons can effectively separate from the background ions and produce coherent radiation at the plasma frequency. The electrons may not all oscillate in phase as a shell, but the impulsive nature of the impact event suggests that there will be a significant enough population of electrons oscillating in phase to generate an emission. The extent of the separation is approximately one Debye length, which depends on the local density and temperature. At this stage, the plasma expands freely, which lowers the density and the effective peak emission frequency. The temperature, however, is frozen after this point in time, since no energy is exchanged with an external system. For this reason, we assume the temperature is constant throughout the expansion process. [17] From this model, we can find the radiated power of the coherent oscillations. Because of the impulsive nature of hypervelocity impacts, the time scales are short enough that a significant fraction of the electron population will expand outward together and will oscillate in phase. For simplicity, we assume that a spherically symmetric charge distribution, q, results at the surface of the plasma. The plasma density then decreases with distance and time at approximately the isothermal sound speed cs according to ne ðt Þ ¼ 



ne;0  3 ; 1 þ cs t r 0



ð4Þ



where cs ¼



rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ kTe ; mi



ð5Þ



and g is the ratio of specific heats, ne,0 is the initial plasma density at the initial radius r0, and t is time. The decrease in plasma density with time and distance is shown in Figure 5. [18] We denote the charge displacement of the electrons and ions in the expanding plasma as x(t) = r(t) − cst. We can now find the power radiated by the coherent oscillations by looking at the restoring field and equation of motion, which are, respectively,



2.1. Plasma Expansion and Radiation [14] During the initial period after the plasma forms, the electrons will determine the thermal velocity and hence the ion sound speed or expansion velocity. However, on the 4 of 7



E¼



ene ðt Þ "0



ð6Þ
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Figure 5. Time history of the plasma density as the plasma expands hemispherically. and !2p;0 ðt Þ e2 ne ðt Þ €ðt Þ ¼  ¼   3 ; me "0 ct 1þ s r



ð7Þ



0



where the peak plasma frequency is given by !2p;0 ¼



ne;0 e2 : me "0



ð8Þ



_ = The boundary conditions are such that x(0) = 0 and (0) vth,e. This equation bears an exact solution, but since the expansion rate is much slower than vth,e, it is sufficient to use the WKB solution, which is given by  ðt Þ ¼ 



 3 



 1 ! vth;e cs t =4 r0 cs t  =2 : 1þ sin !p;0 1þ r0 r0 !p;0 cs



ð9Þ



Note that the maximum displacement is of the order of the Debye length, as expected. The total radiated power is found from the familiar Larmor formula, where we have used the equation of motion to substitute for ∣_v∣2,  !4p;0 P¼



vth;e !p;0



2 



 1 ! r0 cs t  =2 e N sin !p;0 1þ cs r0 ;  9=2 cs t 6e0 c3 1 þ r0 2



A12328



which represents the number of plasma oscillations that occur during a doubling time of the plasma radius. If a  1, a clear peak in the emission occurs that involves plasma oscillations in the expanding plasma. As a → 1, the plasma oscillations are smeared out by the expansion. However, in either case, a dominant low frequency component is evident, which is likely the cause of the measured signature in observations made thus far. [20] To summarize the results of section 2.1, we have found that a meteoroid impact creates a small but very dense plasma that is initially in thermodynamic equilibrium. Measurements indicate a temperature in the range of 10–20 eV, which we assume remains constant during the expansion. Moreover, empirical evidence suggests the peak plasma density in such impacts is approximately independent of the meteoroid’s mass, but depends only on the projectile speed. Once the plasma has expanded to the point where collisions can no longer maintain thermal equilibrium, the surface electrons over the thickness of a Debye length can begin collective oscillations. The plasma oscillations proceed with a frequency that decreases approximately as the inverse square root of the expansion velocity. The resulting spectrum shows a peak that is well into the infrared for typical meteoroid velocities, while at the same time a low frequency component is generated that is the likely signature recorded in experiments to date. 2.2. Dust Component [21] After a meteoroid impacts a satellite, it could produce (in addition to ions and electron) solid particulates (i.e., “dust”), liquid (i.e., “melt”), and vapor (not dissociated), all of which are uncharged. If we do indeed have a dust component that has been ejected from the satellite, it is possible that the electrons will attach to some of this dust and impose a negative charge if the attachment rate is high enough. On long time scales relative to the radiative mechanisms discussed above, it is possible that such charged particulates may impact exposed conductors to produce a direct current signal. However, as mentioned above, we assume that the initial temperature of the plasma is >10 eV, which would preclude attachment. As the plasma expands without



2



ð10Þ



where N is the number of electrons involved in the motion. We note that N may be taken to be a constant during the free expansion, although we expect that flow instabilities could further accentuate this number. As such, this expression likely represents a lower bound on the radiated power. [19] Fourier analyzing the above expression leads to a power spectrum as shown in Figure 6. By scaling the time in the power function relative to the expansion time scale, we find the spectral shape depends on a single parameter, namely a¼



!p;0 r0 ; cs



ð11Þ



Figure 6. Spectral representation of the radiated power for three different values of a.
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[23] We can estimate the electric field by a spherical charge centered at the impact point and expanding at a fraction of the original speed of the meteoroid, as opposed to the isothermal sound speed. This is because we assume the ejecta, which has a negative charge due to electron attachment, determines the amount of charge separation. We assume the ejecta speed scales as v0.22, based on measurements by McDonnell and Ratcliff [1996]. The electric field, current, and power can then be found by using the charge separation and scaling as a function of time or velocity. First, the electric field can be found at a distance r from the point of impact using Poisson’s equation or rE ¼



 ne e ¼ ; "0 "0



ð13Þ



which leads to E¼



Dq ; 4 2 r "0 3



ð14Þ



which will last for some time t at a distance r. Using a temperature of 20 eV (232,000 K) and a primarily carbon composition, the ion thermal speed is 1.79 × 104 m/s. We assume the plasma expansion velocity again to be approximately the ion sound speed or 3.57 × 104 m/s. The current density is given by I ¼ ni vi e; A



ð15Þ



Figure 7. (a) Time histories of the electric field resulting from macroscopic charge separation in a dusty plasma for a 43 km/s impact with meteoroid masses ranging from 1 to 10 mg. The meteoroid density is 3 g/cm3. (b) Time histories of current resulting from macroscopic charge separation in a dusty plasma for the same meteoroid parameters.



which can be used to find the current through a reference area on the spacecraft such as a sensitive electrical component. In Figure 7, time histories of the electric field and current are shown for a range of meteoroid masses from 10−5 to 10−9 g for a bulk density of 3 g/cm3.



collisions, the temperature stays approximately constant. Therefore, we believe that inclusion of a dust component is not essential in the early times after impact (as noted above) and is still unimportant at later times unless there is a correlated drop in temperature. This would likely occur at a much greater time and distance from the point of impact than the model described in section 2.1. Nevertheless, because the conditions of the expanding plume at these late times are uncertain, we will outline the general idea of a dust model for completeness. [22] The material will have a radial separation from the point of impact, which will lead to a charge separation over macroscopic distances [Crawford and Schultz, 1999], with a dependence given by



3. Summary and Conclusion



Dq ¼ 102 ðmÞ



 v 2:6 ; 3000



ð12Þ



where m is in kg and v is the meteoroid impact speed in m/s. This process is similar to static electrification in thunderclouds. We would therefore expect an initial negative potential associated with the dust/electron population, followed by a positive potential associated with the bulk of the plasma.



[24] The emission spectrum provided by the model described in this paper provides a potential direct mechanism for meteoroid‐induced electrical damage on satellites. However, it is also possible that the EMP provides a conduit for ESD to occur, causing more damage as a secondary effect. The low‐frequency peak in the emission spectrum indicates that spacecraft components sensitive to VLF or lower bands are especially vulnerable to electrical effects from EMP. The rapid dissipation of the plasma indicates that any electrical effect from meteoroid impact will be localized and that there will be very little effect beyond 1 m from the impact point. [25] Our future work will address inclusion of a background ionosphere that is applicable to low‐earth‐orbiting satellites and may allow for momentum exchange through a wave mechanism, as well as inclusion of a background magnetic field that may play a role at later, lower frequencies. A particle‐in‐cell simulation will be developed to relax many of the simplifying geometric assumptions used in the presented model. This work will be complemented by experimental ground testing at a hypervelocity impact facility in order to validate the model, followed by a pro-
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posed CubeSat mission to provide direct measurements of RF emission from meteoroid impacts. [26] Acknowledgments. We gratefully acknowledge the contributions from Stan Green, Dr. Bill Cooke of NASA, Marshall Space Flight Center, and Prof. Meers Oppenheim of Boston University. [27] Masaki Fujimoto thanks the reviewers for their assistance in evaluating this paper.
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