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Abstract

Internal charging has been indicated as the cause of many satellite anomalies. In some cases, it has been argued that internal charging has caused satellite system failures. It may be possible to predict the occurrence of an internal charging threat in the future but that does not remove the necessity to know what the environmental threat may be. The existence, for many years now, of energetic electron and internal charging measurements in the inner magnetosphere provides the ability to identify the threat levels and generate internal charging specifications. The specifications must embody the worst case environments that can be expected from magnetic storms and extreme solar/interplanetary conditions. Internal-charging environment specifications are needed by satellite manufacturers for setting design requirements for their systems. The specifications are also required for defining the worst case energetic electron flux levels and total fluence levels from events. These are used for electron beam testing to verify that critical systems are immune to internal charging, for performing tests on subsystems, and for use in anomaly investigation programs. Data from the GOES, LANL, and CRRES satellites were used to develop preliminary internal charging environment specifications for some commonly used orbits such as geosynchronous and Molniya or high earth orbits (HEO) and they are discussed. A specification is also given for a highly elliptical equatorial orbit that is used for lunar-transfer orbital maneuvers. The preliminary environments were used to estimate the shielding required to reduce worst-case electron fluxes to safe levels for these orbits. These environments can also be used as reference levels for setting alerts for operational purposes.

1.
Introduction

There has been much speculation and concern in the science and engineering community about whether satellites are damaged because of internal charging [1, 2]. Several authors have discussed the possible charging of the interior of subsystems and cabling by high-energy electrons that can penetrate the outer skin of satellites, cable jacketing and thick dielectrics [3, 24, 25, 29]. The CRRES environmental observations, combined with in situ energetic electron observations from other satellites, have given the space radiation environment community a better picture of the causes of internal charging. These have been combined with results from the CRRES engineering measurements of internal charging and discharges [11, 12, 13, 27] to arrive at a better understanding of the process. 

Solar wind high-speed streams often arrive at earth under interplanetary magnetic conditions that cause the energy in the stream to be efficiently coupled into the radiation belts [4, 6, 22]. From the charging perspective, this shows up as a significant enhancement, lasting for days, in the penetrating electron fluxes. These flux enhancements are well above the levels contained in the usual radiation belt models (e.g. NASA AE8, [28]) used to calculate radiation dose. During the periods of flux enhancement, the increased fluxes are often sufficient to charge items such as signal cables, electronic boards, dielectric structures, ungrounded spot shields on microelectronic devices, etc. [24, 25]. These enhanced penetrating electron fluxes are not just a simple increase of the standard model environments because the spectral shapes are different. If the grounded passive shielding protecting critical items is sufficiently thin the items can charge to breakdown levels during the period of enhanced fluxes and generate ESD signals on data lines and device inputs. It is this ESD possibility and its elimination via careful system design that is of concern to satellite builders.

In the future, it may be possible to predict the occurrence of events that lead to internal charging. This may result from modeling events that have created the enhanced energetic electron fluxes associated with internal charging. A good example of such an event was the great magnetic storm of March 24 1991. The CRRES satellite made measurements in the radiation belts at the time of onset for that event and observed the formation of a “belt” of very energetic electrons in the low to mid-altitude regions. The CRRES results have been reported in many papers [4, 5, 7 and references therein] and have been successfully modeled [18]. However, we will not discuss those results here other than to note that those observations and the modeling that was done may be an important step in being able to predict such occurrences in the future.

However, even if it were possible to predict the probable occurrence of events that lead to internal charging, it is still necessary to have a good specification of what the resultant environment would be for satellites in different regions of space. This is because satellites must be designed to survive such environments. It is not enough to know that a threat is imminent, the system must survive or the mission is lost. Even if the satellites are put into so called “safe-hold”, because of a threat prediction, this does not totally protect the satellite from failure. Even in safe-hold some critical systems must continue to operate if the satellite is to respond to its “wake-up” call. These include the power system, receiver, command system and attitude control system. Often, the threat exists for many hours and sometimes days. The satellite must survive for the duration and be ready to perform once brought out of safe-hold. 

Some satellites have such critical missions or are so commercially sensitive to downtime that they cannot be put in safe-hold. For example, which direct-TV satellite would go to safe-hold during nationally important sports or news events? Which customers are willing to have transactions delayed for hours to days or lose the function of their satellite-based communication and messaging services. No service provider can afford to shut down because of environmental threat. Their customers would go elsewhere for the service if the system went to safe-hold every time there was an impending environmental threat. Thus, such satellites must be designed to survive the internal charging threat. This makes it necessary to have a good internal charging environmental specification so that the designers can “harden” spacecraft against the threat.

To eliminate the internal charging threat requires that one choose satellite materials that can bleed off buried charge to ground, properly shield susceptible systems and subsystems, or provide active or passive circuit protection. For example, if circuit board materials, wiring insulation, piece-part shields, dielectric structures, etc. have connections to ground, via paths that have conductivity sufficient to bleed off deposition currents, then internal charging will not be a problem. Otherwise, the systems need grounded passive shielding to reduce the charging environment to non-threatening levels. 

What are the worst case fluxes that one has to protect space systems against? This is a two-fold question. (1) What are the worst case fluxes; and (2) what is the total fluence that must be tolerated? All materials have a finite resistivity so it becomes a question of balance between the rate of charge deposition and the rate charge is bled to ground such that the materials do not reach breakdown electric fields. This allows for limited charging to occur over short intervals (a few hours to a few days) as long as the finite resistivity keeps the electric fields below arcing levels. It should be noted that the specification sheets for many materials such as PTFE (Teflon) composites claim resistivities of order 1013-1014 ohm-cm. Yet, these materials are observed to store charge for a long time in vacuum and have been known to show an effective resistivity of 1015-1017 ohm-cm. Such materials will charge to breakdown levels when exposed to pA/cm2 or sub-pA/cm2 levels of particle current. (A word of caution here: it is best to measure the conductivities of materials for space applications in vacuum (with sufficient outgassing time provided), especially if the conductivities are very low. Also, surface effects, processing, and handling can change effective conductivities.)

The data available on the occurrence of internal charging and dielectric breakdown in the space environment come from satellites and laboratory data. The SCATHA satellite provided statistics on the occurrence of internal charging related discharges in the near geosynchronous regions and an indication that there was a relationship between electron flux levels and the discharges from internal charging [15, 16, 17]. Laboratory observations [25, 29] indicated that discharges could occur in circuit boards after exposure to an electron fluence of 1011 - 1012 e/cm2. Leung et al. [20] observed that internal charging induced ESD probably caused the “power on resets” on Voyager I and that electron fluences of order 6 - 9 x 1010 e/cm2 were required. The CRRES measurements [11, 12, 13, 27], in geostationary transfer orbit, have provided the most recent data on the electron fluence levels that can cause discharges from internal charging. The experiment was designed to measure internal charging related ESD. The data indicated that penetrating electron fluxes of 5 ( 105 e/(cm2 sec) lasting ~10 hours (fluence ~ 1.8 ( 1010 e/cm2 in ten hours) were at the threshold for onset of arc discharges [12, 27]. A more recent examination of these data indicated that discharges may occur at lower electron fluence levels and concluded that a firm fluence level below which no discharges occur has not yet been found [13]. 

Given the possible range of electron fluence values for internal ESD onset and the uncertainties involved, we decided to follow the original suggestion of Frederickson et al. [12] and use 1.8 x 1010 electrons/cm2 as a nominal ‘safe’ electron fluence level. This level is lower than previous suggested levels and was based on the best set of in situ observations available for the Earth’s magnetosphere, our region of interest. The level was ~ 20% of the 10 hour average flux level that produced a discharge during a CRRES orbit [12]. This provides some margin of safety. However, it should be recognized that discharges may occur at lower fluence levels. For example, configurations or materials different from those used on CRRES might suffer ESD at lower fluence levels [13]. 

Below, we use 105 electrons/(cm2 sec) as the long–term average (10 hour) criteria for a “safe level” at which internal charging will not produce arcs. Using this criteria one can examine the average flux levels that are observed in different orbits and determine the shielding required, if any, to make space systems internal-charging immune or tolerant. Again, we emphasize that the results are for ‘typical’ materials as described in references [11] and [12]. New materials should be tested in their expected space flight configurations to determine whether they will charge and/or arc and at what electron flux levels. Below, we discuss the observation of ‘worst-case’ electron flux levels and use observed fluxes to provide an internal charging environment specification for two often-used orbits. These are the geosynchronous (GEO) and highly inclined high-earth-orbit (HEO) or Molniya orbit. The HEO/Molniya orbits have 12-hour periods with apogees near 40,000 km and inclinations of 63° such that the apogee “hangs” at two fixed longitudes. The GEO and HEO/Molniya orbits are often used for communication satellites.

2.0
Flux Measurements

To find the worst case environments we examined the daily average > 2 MeV electron fluxes measured on the GOES geosynchronous satellites during the January 1986 through July 1998 period. Since 2 MeV electrons can penetrate significant shielding, it was felt that this would be reasonable reference energy for selecting intense events. The times of the peaks in the GOES >2 MeV electron fluxes were used to focus the examination of other data sets. These included data from Los Alamos National Laboratory’s (LANL) geosynchronous [22] and GPS [8] satellites plus data from the Aerospace HEO satellites [9, 10]. We also used the analysis done by Vampola [26] on the CRRES energetic electron data to select the worst case event in the CRRES data set.

2.1
WORST CASE ENVIRONMENT: Geosynchronous Orbit

It turned out that the worst case 24 hour average GOES energetic electron fluxes occurred following the March 24, 1991 magnetic storm event. This was also the period of worst case fluxes for the CRRES satellite. CRRES covered essentially all L’s < 7. (L is approximately the geocentric distance to the magnetic equatorial crossing point of a geomagnetic field line in units of earth radii; 6378.14 km = 1 RE.) It should be noted that satellites in different regions of space, such as in GPS orbit, observed their worst-case flux levels during different storm intervals [8]. However, those peak fluxes were very similar to the peak fluxes observed by CRRES in the same regions following the March 24, 1991 storm. The energetic electron data, taken at L ~ 6.6 by the CRRES, GOES, and LANL satellites on March 28, 1991, were combined to construct a worst-case average spectrum as shown in Figure 1. The different satellite data are identified in the legend. As shown, the best exponential fit to the integral flux is ~ 2.34 x 107 e-1.57 Ee e/cm2, where Ee is the electron energy in MeV. 

As noted above, the CRRES internal charging threshold fluence was based on a 10-hour interval. We examined whether there was a strong relationship between the average flux obtained and the averaging interval used. The worst-case average fluxes from the GOES-7 data were obtained for different averaging intervals over a two-week period centered on March 28, 1991. The resultant worst case average fluxes versus averaging-interval data are shown in Figure 2. As can be seen, the worst case flux at geosynchronous did not depend strongly on the duration of the averaging interval for intervals ≤ 1 day. For the March 1991 event, the energetic electron fluxes at geosynchronous orbit remained very high for more than ten hours. 

2.2
HEO/MOLNIYA Worst Case Environment

The generation of an average worst-case electron spectrum for the HEO/Molniya orbit is more complicated than for GEO orbit. Data are not readily available throughout the HEO/Molniya orbit. However, data were available for L ~ 4 from CRRES, GPS and HEO satellites. The worst case fluxes were obtained for L ~ 4 from these satellites and compared. The CRRES and GPS data were taken at the magnetic equator and had to be “mapped” to the magnetic latitude of the HEO satellite. The mapping required assuming a shape for the energetic electron pitch angle distributions. Vampola [26] has examined the energetic electron angular distributions throughout the CRRES mission. He fit the pitch angle distributions with a function of the form SinN (0 (where (0 is the equatorial pitch angle) and found that on average N ~ 2 for the L values ≥ 4. (As we will see later, the values of N were less than two on March 28, 1991.) We used Sin2 (0 for our mapping relationship. As can be seen in Figure 3, the mapped CRRES and GPS worst case fluxes agreed relatively well with the HEO worst case fluxes. This was true although each satellite experienced its worst case flux at L ~ 4 during different periods (April 1994, March 1991, and April 1984 for HEO, CRRES and GPS respectively). The agreement between these different data sets gave confidence that one could use the CRRES worst case fluxes to specify an internal charging environment for the HEO/Molniya orbits.

To construct the environment, the CRRES worst case average fluxes were obtained at different L values and used to generate a radial profile at different electron energies. As shown in Figure 4, the radial profiles could be fit by the same simple functional form with different offsets for a range of electron energies. Similarly, the electron spectra were examined at different L’s to obtain their L dependence. As Figure 5 shows, the spectra at the different L values were very similar. A single spectral shape could be used to approximate the spectra at all L’s by performing a weighted fit to the combined spectral points from the L’s shown in Figure 5. The weights applied were in proportion to the time spent by CRRES in each L range. 

The radial dependence of the fluxes shown in Figure 4 and the average spectral shape shown in Figure 5 were used to estimate the worst case average electron flux that would be experienced by a HEO/Molniya satellite. To do this required mapping these CRRES equatorial data to the proper latitudes on a point by point basis along the HEO/Molniya orbital trajectory. As discussed above, the equatorial pitch angle distributions were assumed to be of the form Sin2 (0. 

A Tsyganenko 1996 [23] magnetic field model was used to compute the nominal HEO/Molniya L and magnetic latitude (() for a typical orbit. The resultant L and ( history are shown in Figure 6. The ( was used to obtain the equivalent equatorial pitch angles by using the dipolar relationship:

Sin2 (0 = Cos6 (/(1 + 3Sin2 ()1/2. 

A ten-hour period, centered on perigee, was used to calculate the orbit averaged electron flux for several energies. The resultant average integral spectrum is shown in Figure 7. For comparison, the “safe” ten-hour averaged flux level is also shown. We note that electrons with energies Ee ≤ 2.8 MeV exceed the “safe” flux level. In addition, the average spectrum can be represented by an exponential form as shown in Figure 7.

It should be noted that there is recent evidence that the electron pitch angle distributions may be nearly isotropic during the enhanced flux periods [7, 14]. The CRRES data for March 28, 1991 indicate that value of N, in the SinN (0 approximation used to fit angular distributions, varied significantly with L and was generally lower than two for energies greater than 0.8 MeV. If one used the N values derived from CRRES [26] (see Figure 8), the effect would be to increase the fluxes in Figure 7 by less than a factor of two. This occurs because a satellite in a HEO/Molniya orbit encounters the most intense and energetic electron fluxes when it is relatively close to the equator and the pitch angle correction is relatively small. The N values were available only for the energies shown in Figure 8. These were not sufficient to estimate the energy dependent shape of all angular distributions, especially at the important higher energies. That plus the result of Figure 3 indicates that using N ~ 2 was a reasonable compromise and should provide a slight over estimate of the fluxes.

2.3 Lunar Transfer and Lunar Gravitational Assist Phasing Orbits

We applied the techniques discussed in Section 2.2 to estimate the internal charging specification spectrum for a highly elliptical orbit. The orbit was designed to either put objects in lunar orbit or to phase a trajectory to obtain a lunar gravitational assist (so that the satellite ends up elsewhere, such as the Lagrangian point L2 near the Moon). Such missions generally spend most their life well outside the Earth’s radiation belts and outside the region where internal charging is a problem. These satellites are usually not well shielded against energetic electrons. However, they must survive the accumulated energetic electron fluence while undergoing their transfer to final orbit. 

We examined one such orbit with a low perigee (few hundred km altitude), 0° inclination, and an apogee near lunar distance. We calculated the worst case average flux by integrating over 10 hours of the orbit trajectory centered on perigee. We used the SinN form for the pitch angle distributions where N = 2 or N was taken from Figure 8. The resultant spectra are shown in Figure 9 with the different points corresponding to the different assumptions for N. As Figure 9 shows, the result is relatively insensitive to the value of N, because the orbit was close to the equatorial plane. The spectrum in Figure 9 has higher fluxes at low energies than both the geosynchronous and HEO/Molniya orbit spectra (Figures 1 and 7). However, the spectrum in Figure 9 is steeper. Consequently, the energy at which the flux would equal our safe level is comparable to that for the HEO/Molniya satellites but lower than that for geosynchronous orbit.

2.4 Shielding Estimates

The GEO and HEO/Molniya worst case average spectra, shown in Figure 1 and Figure 7 respectively, were used to calculate the shielding necessary to keep the electron flux levels interior to satellites and their subsystems at “safe” levels. These spectra were used in a particle transport code (EGS4, see refs. [19, 21]) to calculate the resultant average electron-flux that would be expected behind shielding. The results of the calculation are shown in Figure 10 for flat plate type shielding. The calculations show that it takes approximately 145 mils and 125 mils of aluminum shielding to reduce the worst case average fluxes for GEO and HEO/Molniya orbits, respectively, to the “safe” level of 105 electrons/(cm2 sec). The shielding required for the lunar-transfer orbit would be similar to that required for the HEO/Molniya orbit.

4. OPERATIONAL CONSIDERATIONS

Generally, the energetic electron fluxes decrease over a wide range of L following the onset of a magnetic storm or the arrival of a high-speed solar wind stream [1, 6, 14, 22 and references therein]. Then, the electron fluxes build up again and often exceed their pre-event levels for many hours to a few days. The post-event flux build-up of electrons throughout much of the inner magnetosphere is what can cause internal charging problems. The electrons must be energetic enough to penetrate through the outer skin of the satellite or exposed cables and subsystems. This generally means that the energies must be greater than a few hundred keV. It is these higher energy electrons that show the temporal changes described. Since the causative event occurs prior to the build-up of the electron fluxes, “now-casting” is a useful technique for anticipating the occurrence of possible internal charging. One can watch the rise of the energetic fluxes, at geosynchronous orbit for example, and track the flux following the event. The flux can be compared to the internal-charging specification-spectra provided above.

An operator can put a satellite on a “critical-watch” list when the observed flux levels exceed the specification levels or stay at comparable levels for a few hours. Since most internal discharges cause logic upsets, it is possible to correct many resultant problems before they lead to the loss of a satellite by being vigilant and reacting rapidly. It is possible to use existing real time data streams, such as the GOES satellite environmental data from NOAA, to generate alarms that warn operators. As more environmental monitors are flown and their data made easily accessible over the world-wide-web, such “now-casting” and “critical-watch” listing may become a routine way of operating spacecraft.

5. Discussion

Even if one is able to predict the occurrence of events that cause internal charging, a specification of the worst case environment is still necessary for satellite designers. They must be able to design satellites to survive the threat and, in most cases, operate through it without interruption. To do so, they need an environmental specification. This led us to generate some preliminary internal-charging environment-specifications based on existing environmental data. Two orbits, in particular, are often used for satellite based communication systems. These are the geosynchronous (GEO) and elliptical HEO/Molniya orbits. We focused our efforts on obtaining specifications for these two orbits and an “orbit of opportunity” that we were requested to consider.

The generation of the geosynchronous internal charging specification was straightforward. The only question would be how often the levels shown in Figure 1 might be realized. The present available observations indicate these levels are probably reached once or twice every solar cycle with several other storm periods reaching levels just below these worst case levels. Whether these flux levels (Figure 1) are of concern or not depends, as was mentioned above, on the exact materials used in the satellite construction and the sensitivity of the electronics to electrostatic discharge (ESD) voltages and currents. If the systems are not shielded, they would have to be designed to withstand the ESD “signals” or be designed to suppress them by using materials that dissipate the charge before it reaches critical electric field breakdown levels.

The generation of the HEO/Molniya internal charging specification, given in Figure 6, was more complicated. It required reliance on data taken by the CRRES satellite near the magnetic equator. It is clear, from our survey of the GOES data and from Figures 2 and 3, that CRRES did capture a worst case energetic electron event that lasted more than a day. The highly elliptical near-equatorial orbit of CRRES with its low perigee and high apogee, provides a good data set for constructing an internal charging environment on L’s below and in the neighborhood of the geosynchronous orbit. The mapping of the CRRES data to the HEO/Molniya orbit required some simple but critical assumptions. The primary assumption was that the electron equatorial pitch-angle distribution could be represented by a function of form SinN 0 with N~2. This form was observed in the CRRES data [26] during average conditions. There are recent Polar and SAMPEX observations of > 1.5 MeV electron fluxes that show the angular distributions can be nearly isotropic [7, 14] during enhanced flux intervals like those used to obtain the worst case average fluxes above. The < 1 MeV electrons measured by CRRES had N values less than two during the March 1991 storm, also. Given these observations, one might argue that our use of Sin2 0 for mapping the CRRES data to the HEO/Molniya latitudes over estimates the fluxes there. We note that Polar and SAMPEX comparisons have been done only for a limited number of L values. One must show that the electron fluxes approach isotropy over a wide range of L during the enhanced flux intervals and that the effect would significantly change the fluxes that make up the HEO/Molniya specification. We note that our estimate of any further correction is probably less than a factor of two, which is within the scatter of the data. Thus, we feel the HEO/Molniya internal charging specification-spectrum shown in Figure 7 is sufficient for most satellite design work. 

We would argue that the internal charging specification-spectra given in Figures 1, 7, and 9 should be used as the reference environments for designing satellites flying in those orbits. Also, the “safe” level of 105 electrons/(cm2 sec) should be the maximum flux allowed inside satellite systems and subsystems based on these environments. This is especially true for the case where testing was not done on materials and subsystems to show that they will not charge and/or that they could withstand the ESD generated by deep charging. 

Finally, we have noted that these spectra can be used as references for tracking possible environmental threats. Since the flux levels build up over days following magnetic storms or the appearance of high speed solar wind streams, real time environmental measurements can be used to determine if the electron fluence at geosynchronous is approaching critical levels.
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Figure 4.
Radial profile of energetic electron fluxes taken at the magnetic equator during March 28-29, 1991.
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Figure 1.
Omnidirectional integral flux spectrum for the geosynchronous penetrating electron charging environment.
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Figure 2.
Worst case average GOES > 2 MeV omnidirectional flux versus averaging interval duration.
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Figure 3.
HEO, GPS and CRRES worst case average fluxes versus energy. The GPS and CRRES data were corrected to HEO latitude.
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Figure 5.
Worst case CRRES electron spectra for different L ranges. The straight line is a weighted exponential fit to the combined spectra with the weights being proportional to the time spent in each L range.
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Figure 6.
A typical HEO/Molniya orbit showing the radial position (R) and L value (panel (a)) plus the magnetic latitude (panel (b)) versus time. Perigee is near 0845 UT.
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Figure 10.
Electron flux behind shielding for the geosynchronous and HEO/ Molniya Internal charging environments of Figure 1 and Figure 7.
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Figure 8.
Plot of the pitch angle index N (from SinN((0) fits) versus L for CRRES electron data taken on March 28, 1991.
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Figure 7.
Worst case 10-hour-average integral electron flux for the HEO/Molniya orbit.
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Figure 9.
Worst case 10-hour-average integral electron flux for a lunar-encounter phasing orbit (see text).
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