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�FOREWORD�xe "FOREWORD"�





	This handbook is approved for use by the SMC/SDFP, Department of the Air Force and is available for use by all Departments and Agencies of the Department of Defense. This handbook replaces MIL-STD-1809 15 Feb. 91, Space Environment for USAF Space Vehicles.



	This handbook is for guidance only. This handbook cannot be cited as a requirement. If it is, the contractor does not have to comply.



	This Handbook addresses the natural unperturbed space environment.  It is a compilation of the space environment data obtained from the most authoritative contemporary sources available at the time of compilation.  This handbook establishes the time-sensitive and orbit-sensitive parameters for the naturally occurring environments. The handbook is intended to provide guidance to :



a)	Ensure that space environmental interactions are considered and incorporated into the design of space systems and subsystems.



b)	Provide a basis for evaluating the hardness of space systems and subsystems against the space environmental interactions.



	Space vehicles operating in the space environment experience various effects caused by the vacuum, radiation, plasma, and particulate environments as well as magnetic and gravitational effects. These effects are discussed in this handbook but should be evaluated in more detail once the spacecraft orbit and design have been selected.



	This handbook does not address most of the effects of human operations in space such as rf transmitter radiations, fluid discharges from space vehicles, outgassing or surface contamination (space debris is mentioned in the discussion of micrometeoroids). Neither does this handbook address many secondary interactions between the environment and an orbiting space vehicle, such as plasma waves generated by the presence of the space vehicle, orbital dynamics, surface glow etc. Spacecraft charging and atomic oxygen erosion are discussed in a general way because they can affect the design and operation of many spacecraft. Luminescence and Cerenkov radiation in optical materials are not discussed, but ionizing radiation damage and single event inputs are because the former are important only for a few specialized space vehicles while the latter are important for all space vehicles. In general, the effects discussed were included because they affect most space vehicles, while effects peculiar to only a few highly specialized spacecraft were not. 



	Even though this handbook does not include the effects of human operations, this does not mean that such effects are not important. Under some circumstances these human operations may be as significant as the natural environmental effects, and should be included once the mission, spacecraft orbit and design have been determined. This handbook is intended to help in the design process of a space vehicle which will achieve its mission without unanticipated space environmental effects. 
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�1 SCOPE�xe "SCOPE"�



1.1 Purpose�xe "Purpose"�



	The purpose and scope of this document is to state the parameters of the earth's natural environment, above 100 kilometers, for use in space vehicle and space system design. The natural environment includes neutral atmosphere, plasma, energetic charged particles meteoroids, geomagnetic field, electromagnetic radiation, gravitational field, cosmic rays, and solar energetic particles.  The geosynchronous environment and the ionosphere are treated in detail.  The trapped radiation belts, drag due to the neutral density, atomic oxygen, and particle impacts are treated as well.



1.2 Application�xe "Application"� 



	This handbook is intended for guidance in preparing acquisition contracts for selected space vehicles and upper stage vehicles. The handbook should be utilized to prepare specific requirements to be cited in the technical requirements (program-peculiar specifications) as may be appropriate to specify the natural space environment parameters that are applicable for the space system acquisition.



2 APPLICABLE DOCUMENTS�xe "APPLICABLE DOCUMENTS"�



2.1 Government And Non-Government Documents�xe "Government And Non-Government Documents"�



None.  All references are listed in Subsection 6.2 instead of this subsection since they are intended only for information and guidance.



2.2 Order Of Precedence�xe "Order Of Precedence"�



	In the event of a conflict between the text of this handbook and the references cited herein, the text of this handbook shall take precedence.  However, nothing in this handbook shall supersede applicable laws and regulations unless a specific exemption has been obtained.



3 DEFINITIONS�xe "DEFINITIONS"�



	Not applicable.  A list of definitions is not provided by this handbook.  The definitions of terms stated in the guidance documents listed for reference in Subsection 6.2 should be used to the extent applicable.



4 GENERAL REQUIREMENTS�xe "GENERAL REQUIREMENTS"�



	This handbook establishes the time-sensitive and orbit-sensitive parameters for the naturally occurring space environment above 100 kilometers.  Space vehicles should be capable of operating in this naturally occurring environment encountered in orbit (See 6.1).  Since not all of the environmental parameters are of concern in all possible orbits, Table I is provided as a guide to identify the usual parameters of concern for generic orbit types.



	Space vehicles operating in the space environment experience various effects caused by the vacuum, radiation, and particulate environments, as well as inertial effects.  Some of these effects are addressed in this handbook, and should be included in the analyses of the effects of the environment on the space system, to the extent applicable.



	The numerical data presented in Section 5 are current as of the date of issue of this handbook. As new data on the space environment are obtained, the models recommended or referenced may be superseded.  New models which are intended to supersede the models recommended or referenced in this document may be used as approved substitutes provided they are issued by the same agency or sanctioned by the same authoritative body as the models which they supersede.



�TABLE � SEQ TABLE \* ROMAN �I�.Orbit/Environment Concerns�xe "Orbit/Environment Concerns"�



��ORBITS��PARAGRAPH�TOPIC�����less than 1000 km�1000 to 5000km�greater than 5000km�

Geosync�

Polar��5.1.1�Cosmic Rays�xe "Cosmic Rays"��x�x�x�x�x����������5.1.2�Trapped Radiation�x�x�x�x�x��5.1.2.1�     Inner Zone�x�x�x��x��5.1.2.2�     Slot Region�x�x�x��x��5.1.2.3�     Outer Zone���x��x��5.1.2.4�     Geosynchronous����x���5.1.2.5�     Trans-geosynchronous���x�x�����������5.1.3�Solar Particles�xe "Solar Particles"��x�x�x�x�x����������5.1.4�Solar/Magnetic Storm Effects�xe "Solar/Magnetic Storm Effects"��x�x�x�x�x����������5.2.1�Ionosphere�xe "Ionosphere"��x�x�������������5.2.2�Plasmasphere��x�x�x�x����������5.2.3�Auoroal Zone�����x����������5.3�Neutral Atmosphere�xe "Atmosphere"��x��������������5.4�Meteoroids�xe "Meteoroids"��x�x�x�x�x����������5.5�Geomagnetic Field�xe "Geomagnetic Field"��x�x�x�x�x����������5.6�Electromagnetic Radiation�xe "Electromagnetic Radiation"��x�x�x�x�x����������5.7�Solar Radiations�xe "Solar Radiations"� �x�x�x�x�x����������5.8�Gravitational Field�xe "Gravitational Field"��x�x�x�x�x����������5.9�Lifetime Effects���������������5.9.1.1�  Atmospheric Drag�x��������������5.9.1.2�  Nuclear Radiation���������������5.9.1.2.2�    Van Allen Belts�x�x�x�x�x����������TABLE I. Orbit/Environment Concerns�xe "Orbit/Environment Concerns"�-Continued



�ORBITS��PARAGRAPH�TOPIC�����less than 1000 km�1000 to 5000km�greater than 5000km�

Geosync�

Polar��5.9.1.2.2�    Solar Flare Particles��x�x�x�x����������5.9.1.3�  Micrometeoroids�x�x�x�x�x����������5.9.2�Torque Effects���������������5.9.2.1�Gravity Gradient�x�x�x�x�x����������5.9.2.2�Neutral Atmosphere�xe "Atmosphere"��x��������������5.9.2.3�Magnetic Field�x�x�x�x�x����������5.9.2.4�Sunlight�x�x�x�x�x����������5.9.2.5�Micrometeoroids �x�x�x�x�x����������5.9.3�RF Transmissions���������������5.9.3.1�Ionosphere�xe "Ionosphere"��x�x�������������5.9.3.3�Neutral Atmosphere�xe "Atmosphere"��x��������������5.9.4�Charging Effects (surface)���������������5.9.4.1.1�Hot Plasma����X�����������5.9.4.1.2�Auroral Electrons�xe "Electrons"������x����������5.9.4.2.1�Sunlight�x�x�x�x�x����������5.9.4.2.2�Ionosphere�xe "Ionosphere"��x�x�������������5.9.4.3�S/C Charging Effects (interior)���������������5.9.4.3�Van Allen Belts�x�x�x�x�x����������5.9.4.3�Solar Flare Particles��x�x�x�x����������



5 DETAILED REQUIREMENTS�xe "DETAILED REQUIREMENTS"�



5.1	Energetic Charged Particles�xe "Energetic Charged Particles"�.



	Energetic charged particles produce effects in materials primarily through their ionizing action.  Effects include radiation damage in electronics, solar cells, and optical materials; electrostatic discharge; backgrounds in sensors; single-event upsets in digital electronics; optical noise; and other deleterious effects.



	5.1.1 Cosmic Rays�xe "Cosmic Rays"�. 



Cosmic rays are highly relativistic charged particles primarily of galactic origin. They are highly ionizing and highly penetrating.  The primary concerns with cosmic rays are their background signatures in electronic and optical devices and the single-event upset phenomenon, in which the high density of ionization along a track in an electronic device acts as a signal in that device.



	5.1.1.1 Galactic Cosmic Rays�xe "Galactic Cosmic Rays"��xe "Cosmic Rays"�. 



	 For the purposes of this Handbook, the cosmic ray environment is defined by Figures 1, 2, 3, and 4, and Table II.  Figure 1 presents the differential energy spectra for hydrogen and helium nuclei, which constitute respectively 83 percent and 13 percent of the primary cosmic rays.  Figure 2 presents the electron component which constitutes 3 percent of the cosmic rays.  Figure 2 is a composite figure, including both galactic and solar electrons. Because of their importance to single-event upset events in microelectronics, the cosmic ray spectrum of iron nuclei is presented in Figure 4.  Table II provides the cosmic ray composition for helium plus nuclei up to and including the iron group.  The elements above He in the spectrum constitute about 1 percent of the primary cosmic rays.  For specific missions where detailed analyses of cosmic ray effects are required, the guidelines, recommendations, and methods of generating appropriate mission-specific environmental models, as described in Refs. 6.2 a, 6.2 b, 6.2 c, and 6.2 d, should be applicable. The least severe environment under which the space vehicle should be capable of operating is that associated with the so-called solar minimum (see Paragraph 5.1.1.1.1 below).  The data for composite particles presented in Figures 1, 2, 3, and 4 are given in terms of differential energy flux (number of particles per unit energy) per nucleon.  Protons�xe "Protons"� and electrons (Figures 1 and 3) are not composite particles.
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FIGURE � SEQ FIGURE \* ARABIC �1� Cosmic ray differential energy spectra for H and He.�

��

FIGURE � SEQ FIGURE \* ARABIC �2� Cosmic ray differential energy spectra for electrons.
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FIGURE � SEQ FIGURE \* ARABIC �3� Anomalous component of cosmic ray differential energy spectra for H, He, C and O 
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FIGURE � SEQ FIGURE \* ARABIC �4� Spectrum of cosmic ray iron nuclei
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TABLE � SEQ TABLE \* ROMAN �II�  Heavy Cosmic Ray Abundance�xe "Heavy Cosmic Ray Abundance"�



SPECIES�Relative Abundance 

Greater than 450 MeV/Nuc����������He�44700�+�500���Li�192�+�4���Be�94�+�2.5���B�329�+�5���C�1130�+�12���N�278�+�5���O�1000�        ����F�24�+�1.5���Ne�158�+�3���Na�29�+�1.5���Mg�203�+�3���Al�36�+�1.5���Si�141�+�3���P�7.5�+�0.6���S�34�+�1.5���Cl�90�+�0.6���A�14.2�+�0.9���K�10.1�+�0.7���Ca�26�+�1.3���Sc�6.3�+�0.6���Ti�14.4�+�0.9���V�9.5�+�0.7���Cr�15.1�+�0.9���Mn�11.6�+�1.0���Fe�103�+�2.5���Ni�5.6�+�0.6�������





�

	5.1.1.1.1 Variability of Galactic Cosmic Rays�xe "Galactic Cosmic Rays"��xe "Cosmic Rays"�.



	Figures 1, 2, and 3 indicate the variability of the cosmic ray flux intensity as a function of solar cycle.  The intensity of the low energy end of the spectrum undergoes a periodic modulation with the eleven-year sunspot cycle, where the intensity is approximately anti-correlated with the sunspot number and varies in intensity by about a factor of five over the eleven-year cycle.  A second variation is the "anomalous component" shown in Figure 3.  Enhancements exceeding a factor of ten relative to the carbon flux have been observed in the fluxes of hydrogen, helium, and oxygen ions.  The protons in the anomalous component are most intense around 100 MeV.  The alpha particle intensity peaks between 10 and 50 MeV/nucleon, and oxygen around 10 MeV/nucleon.  Because of the relatively low energy range, atomic number, and overall intensity of the anomalous component constituents, the latter usually are of small significance in the overall environment, but may be significant in special applications.  The anomalous component should be included in the cosmic ray environment which is used to analyze the performance of a space vehicle or space system.



	Several other types of temporal variability in the galactic cosmic ray flux have been observed and are described in Ref. 6.2 a. These fluctuations in particle flux occur at energies below 100 MeV/nucleon and are referred to as "interplanetary weather." Their effect on space vehicles and space systems using current technology is minimal in most cases, but should be considered in cases where sensitive components are used and extremely high reliability of operation is required.  The software in Ref. 6.2 d provides for the effect of this variability on the environmental model by requesting the "interplanetary weather index" value as input.



	5.1.1.1.2 Access of Galactic Cosmic Rays�xe "Galactic Cosmic Rays"��xe "Cosmic Rays"�.  



	Spatial variation in the particle flux intensities within the magnetosphere occur because of the Earth's magnetic field and physical shadow at low altitude.  Where necessary, the primary environments specified in Paragraph 5.1.1.1 can be modified by incorporating geomagnetic cutoff rigidities and the effect of Earth's shadow in the model. Provision for calculating these effects has been made in the CREME computer software of Ref. 6.2 d.



	5.1.1.2  Solar Cosmic Rays�xe "Cosmic Rays"� (Solar Flare Particles).  



	Solar cosmic rays are present in space about two percent of the time.  The solar cosmic ray component of the environment can be ignored in analyses only if disruption of space vehicle or space system operation more than two percent of the time can be tolerated (see Paragraph 5.1.1.2.1 below), and total accumulated dose below about 100 krads (Si) is of no concern.  Otherwise, the recommendations and methods contained in Ref. 6.2 a, 6.2 b, 6.2 c, and 6.2 d should be followed.  Attention should be paid to the question of survival during at least one large flare, as defined by Ref. 6.2 a.  See also Paragraph 5.1.3.



	5.1.1.2.1 Variability of Solar Cosmic Rays�xe "Cosmic Rays"�. 



	 Major solar flares are characterized by a random frequency distribution, modulated by the eleven-year sunspot cycle.  Near the peak of the cycle., major flares occur at the rate of several per year, while during "solar minimum" the rate drops to less than one per year.  The particle fluxes associated with individual flares last anywhere from two hours to several days, and vary from flare to flare by several orders of magnitude.  Large flare-to-flare variations in particle composition (especially in the ratio of protons to heavier ions) are also observed.  On the average, cosmic ray particle environments enhanced by solar flares are encountered about two percent of the time.  All considerations of particle access to regions within the magnetosphere discussed in Paragraph 5.1.1.1.2 apply here.  As a minimum, space vehicles operating in polar or geosynchronous and trans-geosynchronous orbits should be capable of operating normally in the solar particle environment enhancements listed in Paragraphs 5.1.3.1 and 5.1.3.2.



	5.1.2  Trapped Radiation Belts�xe "Trapped Radiation Belts"�.  



	The Earth's magnetic field contains large fluxes of energetic particles including electrons with energies in excess of 5 MeV, protons with energies in excess of 400 MeV, and energetic higher-z ions (Z is the atomic number). The source of these particles is in-situ acceleration of lower energy particles by magnetic storms, trapping of decay products of energetic neutrons produced in the upper atmosphere by collisions of cosmic rays with atmospheric nuclei, and in some instances by trapping of solar flare particles.  The magnetospheric energetic particle population is normally categorized by region and species.  Large magnetic storms, with a Dst (an index which is a world-wide average of the change in the low-latitude horizontal component of the Earth’s magnetic field, in nanoteslas) of -200 nanoteslas or more, produce major perturbations in the magnetospherically trapped fluxes.  Smaller storms, with Dst of approximately -50 nanoteslas, produce substantially smaller, though significant, perturbations (see Paragraph 5.1.4).  For the purpose of defining the various regions of the magnetosphere which contain significant trapped fluxes of energetic particles, a two-parameter description of the geomagnetic field is used, B and L, where B is the field intensity and L is McIlwain's parameter (Ref. 6.2 e).  In a dipole field, the value of L corresponds to the radial distance in units of earth radii from the center of the Earth to the equatorial crossing of the field line labeled "L".



	The intensity numbers given in Paragraph 5.1.2 all refer to the highest intensity that may be encountered in the region defined within a given paragraph.  Changes in the design of the radiation resistance of satellites should not be made solely on the basis of the numbers listed in Paragraph 5.1.2.  If the listed values exceed the survival capability of a system in that particular orbit, more precise calculations should be made using the referenced NASA particle models before any changes in system design are made to provide survival margin.  Where two models are listed, MAX and MIN, the electron MAX model is more severe than the MIN model because magnetic storms during solar maximum add energetic electrons to the magnetosphere.  For energetic protons, the MIN model is more severe because during solar minimum the atmospheric scale height is smaller and fewer energetic protons are removed by the residual atmosphere.



	5.1.2.1 Inner zone.�xe "Inner zone."�  



	For the purpose of defining the inner radiation zone for this Handbook, the region from 100 kilometers altitude to an upper limit of L = 2 should be used, where L is McIlwain's parameter and corresponds to a dipole magnetic field line which crosses the equator at a geocentric distance of two earth radii (Re).  For a dipole field, this field line crosses the equator at about 6400 kilometers altitude and intersects the surface of the Earth at a latitude of about 45 degrees.  Intensity numbers in this section may be reduced to 20 percent of the listed value for satellites with apogees below 1000 km.  For low altitude polar orbits, also see Paragraph 5.2.3.













	5.1.2.1.1 Protons�xe "Protons"�.  



	Vehicles traversing the inner radiation zone should be capable of operating in a penetrating proton environment with maximum average omnidirectional fluxes of:

	a.	4 x l07  protons per  square centimeter per second above 0.1 MeV 

		(p/cm2-sec or p cm-2 sec-1)

	b.	1x107  p/cm2-sec above 1 MeV

	c.	5x105 p/cm2-sec above 10 MeV

	d.	2x104 p/cm2-sec above 100 MeV, and of 

	e.	8x102 p/cm2-sec above 400 MeV



For the purposes of calculating radiation dose or instantaneous interference levels in devices due to the inner zone protons, the AP8MIN model should be used (Ref. 6.2 f).



	5.1.2.1.1.1 Proton Variability.�xe "Proton Variability."�  



	The energetic protons in the inner zone are only slightly and slowly affected by atmospheric density variations as a function of solar cycle and by the secular variations of the Earth's magnetic field.  For the purposes of this Handbook, other than long-term planning, the inner-zone proton population may be considered static.  For long term planning, the effect of the secular variation of the Earth's magnetic field should be included in the high-energy proton environment (Ref. 6.2 g).



	5.1.2.1.2 Electrons�xe "Electrons"� 



	Vehicles traversing the inner radiation zone should be capable of operating in an electron environment with maximum average omnidirectional fluxes of:



	a.	2.3x108  e/cm2-sec above 0.1 MeV



	b.	1x107 e/cm2-sec above 0.5 MeV, and of



	c.	1x105 e/cm2-sec above 2 MeV



	For the purposes of calculating radiation dose or instantaneous interference levels in devices due to the inner zone electrons, the AE-8 (maximum) model should be used (Ref. 6.2 h).



	5.1.2.1.2.1 Electron Variability.�xe "Electron Variability."�  

	At L values below  1.7, the electron environment can be considered to be static. Electrons�xe "Electrons"� in the inner zone between L = 1.7 and L = 2 are subject to increases of several orders-of-magnitude at times of magnetic storms.  The increases decay exponentially with time constants of a few days to a few weeks.  At peak, these increases do not exceed the limits given above in Paragraph 5.1.2.1.2 and may be ignored for the purposes of this Handbook.



	5.1.2.2 Slot Region.�xe "Slot Region."� 



	 For the purpose of defining the slot region of the magnetospheric radiation zones in this Handbook, lower and upper limits of L = 2 and L = 2.8, respectively, should be used, where L is Mcllwain's parameter (see Paragraph 5.1.2.1 above).  For a dipole field, the field lines defined by L = 2 and L = 2.8 cross the equator at altitudes of about 6400 and 11500 kilometers, and intersect the surface of the Earth at latitudes of about 45 degrees and 53.3 degrees, respectively.



	5.1.2.2.1 Protons�xe "Protons"�.  



	Vehicles traversing the slot region of the magnetosphere should be capable of operating in a penetrating proton environment with maximum average omnidirectional fluxes of:

	a.	3x108  p/cm2-sec above 0.1 MeV

	b.	6x107  p/cm2-sec above 1 MeV

	c.	2x105 p/cm2-sec above 10 MeV and of

	d.	7x103 p/cm2-sec above 100 MeV



	For the purposes of calculating radiation dose or instantaneous interference levels in devices due to the slot protons, the AP8MIN model should be used (Ref. 6.2 f).



	5.1.2.2.1.1 Proton Variability.�xe "Proton Variability."� 



	For the purpose of this Handbook, the proton fluxes in the slot region with energies below 10 MeV should be assumed to have a short-term increase of an order-of-magnitude after major magnetic storms, with exponential decay times of several days.  The fluxes of protons with energies above 10 MeV should be assumed to be static.



5.1.2.2.2 Electrons�xe "Electrons"�.  



	Vehicles traversing the slot region of the magnetosphere should be capable of operating in an electron environment with maximum average omnidirectional fluxes of:

	a.	3x108 e/cm2-sec above 0.1 MeV

	b.	1x107 e/cm2-sec above 0.5 MeV, and of

	c.	1x104 e/cm2-sec above 2 MeV



	For the purposes of calculating radiation dose or instantaneous interference levels in devices due to the slot electrons, the AE-8 (maximum) model should be used (Ref. 6.2 h).



	5.1.2.2.2.1 Electron Variability.�xe "Electron Variability."�  

	Lower-energy electrons in the slot region show great variability in intensity in response to major magnetic storms, with as great as five orders-of-magnitude increase at 0.7 MeV in a 4-day period having been observed.  For the purposes of this Handbook, instantaneous fluxes between 0.1 and 0.5 MeV may be assumed to increase to 3x109 e/cm2-sec above 0.1 MeV and to 1x108 e/cm2-sec above 0.5 MeV.



	5.1.2.3 Outer Zone.�xe "Outer Zone."�  



	For the purpose of defining the outer radiation zone in this Handbook, lower and upper limits of L = 2.8 and L = 6.6 should be used, where L is McIlwain's parameter (see Paragraph 5.1.2.1 above).  For a dipole field, the field lines defined by L = 2.8 and L = 6.6 cross the equator at altitudes of about 11500 and 35700 kilometers, and intersect the surface of the Earth at latitudes of about 53.3 degrees and 67.1 degrees, respectively.



	5.1.2.3.1 Protons�xe "Protons"�.  



	Vehicles traversing the outer zone region of the magnetosphere should be capable of operating in a penetrating-proton environment with maximum average omnidirectional fluxes of:

	a.	4x108 p/cm2-sec above 0.1 MeV

	b.	4x107 p/cm2-sec above 1 MeV

	c.	1x104 p/cm2-sec above 10 MeV, and of

	d.	1x102 p/cm2-sec above 20 MeV



	For the purposes of calculating radiation dose or instantaneous interference levels in devices due to the outer zone protons, the AP8MIN model should be used (Ref. 6.2 f).



	5.1.2.3.1.1 Proton Variability.�xe "Proton Variability."�  



	For the purpose of this Handbook, the proton fluxes in the outer zone with energies below 10 MeV should be assumed to have a short-term increase of an order-of-magnitude after major magnetic storms, with exponential decay times of several days.  The fluxes of protons with energies above 10 MeV should be assumed to be static.



	5.1.2.3.2 Electrons�xe "Electrons"�.  



	Vehicles traversing the outer zone region of the magnetosphere should be capable of operating in an electron environment with maximum average omnidirectional fluxes of:



	a.	4x107 e/cm2-sec above 0.1 MeV	



	b.	1x107 e/cm2-sec above 0.5 MeV, and of



	c.	1x106 e/cm2-sec above 2 MeV



	For the purposes of calculating radiation dose or instantaneous interference levels in devices due to the outer-zone electrons, the AE-8 model (Ref. 6.2 h) should be used.



	5.1.2.3.2.1  Electron Variability.�xe "Electron Variability."�  



	High-energy electrons in the outer-zone region of the magnetosphere show great variability in intensity in response to major magnetic storms, with as great as 4 orders-of-magnitude increases at 1.5 MeV in a 1-day period having been observed.  For the purposes of this Handbook, instant�aneous omnidirectional fluxes may be assumed to increase to:



	a.	6x108 e/cm2-sec above 0.5 MeV



	b.	1x108 e/cm2-sec above 1 MeV, and to



	c.	4x106 e/cm2-sec above 2 MeV



	5.1.2.3.3 Higher-Z Particles.�xe "Higher-Z Particles."�  



	Higher-Z particles, particularly He and 0 ions, are trapped in the Earth's magnetosphere, predominantly near the geomagnetic equator.  At a given energy, He ions can be assumed to be 3 orders-of-magnitude less intense than the protons, and the 0 ions can be assumed to be 2 orders-of-magnitude less intense than the He ions.  See Paragraph 5.1.3.3.



	5.1.2.3.3.1 Higher-Z Particle Variability.�xe "Higher-Z Particle Variability."� 



	Little is known about the variability of higher-z particles in the outer zone other than the fact that major magnetic storms transport many of them to lower positions on the field line, producing temporary increases in the lower-altitude fluxes.  For the purposes of this Handbook, the higher-z fluxes may be assumed to be static.



	5.1.2.4 Geosynchronous Orbit�xe "Geosynchronous Orbit"�.  



	The geosynchronous orbit is that orbit that has a period which is the same as the rotation period of the Earth and with a near-zero inclination.  For the purpose of defining the radiation environment of the geosynchronous orbit region, L = 6.6 should be used, where L is McIlwain's parameter (see Paragraph 5.1.2.1 above).  For a dipole field, the field line defined by L = 6.6 crosses the equator at an altitude of about 35700 kilometers and intersects the surface of the Earth at a latitude of about 67.1 degrees.





	5.1.2.4.1 Protons�xe "Protons"�.  



	Vehicles in geosynchronous orbit should be capable of operating in a penetrating-proton environment with maximum average omnidirectional fluxes of:



	a.	1x107 p/cm2-sec above 0.1 MeV, and of

	b.	1x103 p/cm2-sec above 1 MeV



	For the purposes of calculating radiation dose or instantaneous interference levels in devices due to the geosynchronous orbit protons, the AP8MIN model should be used (Ref. 6.2 f).



	5.1.2.4.1.1  Proton Variability.�xe "Proton Variability."�  



	For the purpose of this Handbook, the proton fluxes in the geosynchronous orbit region should be assumed to have a short-term increase of an order-of-magnitude after major magnetic storms, with exponential decay times of several days.  The fluxes of protons with energies above 10 MeV should be assumed to be static with the exception of solar flare injection of protons into the geosynchronous region. For solar flare injections, see Paragraph 5.1.3.



	5.1.2.4.2 Electrons�xe "Electrons"�.  



	Vehicles in geosynchronous orbit should be capable of operating in an electron environment with average omnidirectional fluxes of:



	a.	2x107 e/cm2-sec above 0.1 MeV



	b.	8x106 e/cm2-sec above 0.5 MeV



	c.	2x106 e/cm2-sec above 1 MeV, and of



	d.	2x104 e/cm2-sec above 2 MeV



	For the purposes of calculating radiation dose or instantaneous interference levels in devices due to the geosynchronous orbit electrons, the AE-8 model should be used  (Ref. 6.2 h).



	5.1.2.4.2.1 Electron Variability.�xe "Electron Variability."�  



	During and for several days after a major magnetic storm, electron fluxes in the geosynchronous region will be assumed to increase by an order-of-magnitude above the average flux level given in Paragraph 5.1.2.4.2.



	5.1.2.5 Trans-geosynchronous Orbits�xe "Trans-geosynchronous Orbits"�.  



	For the purpose of defining the trans-geosynchronous radiation zone in this Handbook, lower and upper limits of L = 6.6 and L = 10 should be used, where L is Mcllwain's parameter (see Paragraph 5.1.2.1 above).  For a dipole field, the field lines defined by L = 6.6 and L = 10 cross the equator at altitudes of about 35700 and 57300 kilometers, and intersect the surface of the Earth at latitudes of about 67.1 degrees and 71.6 degrees, respectively.



	5.1.2.5.1 Protons�xe "Protons"�.  



	Vehicles traversing the trans-geosynchronous region of the magnetosphere should be capable of operating in a proton environment with maximum average omnidirectional fluxes of:



	a.	1x107 p/cm2-sec above 0.1 MeV, and of



	b.	1x103 p/cm2-sec above 1 MeV



	For the purposes of this Handbook, protons with energies above 10 MeV can be ignored except for injections of solar-flare protons(see Paragraph 5.1.3).  For the purposes of calculating radiation dose or instantaneous interference levels in devices due to the trans-geosynchronous protons, the AP8MIN model should be used (Ref. 6. 2 f) 



	5.1.2.5.1.1 Proton Variability.�xe "Proton Variability."�  



	For the purpose of this Handbook, the proton fluxes in the trans-geosynchronous region with energies below 10 MeV should be assumed to have a short-term increase of an order-of-magnitude during major magnetic storms and substorms, with exponential decay times of several hours.  The fluxes of protons with energies above 10 MeV should be assumed to be produced only during solar flare events (see Paragraph 5.1.3).



	5.1.2.5.2  Electrons�xe "Electrons"�. 



	 Vehicles traversing the trans-geosynchronous region of the magnetosphere should be capable of operating in an electron environment with maximum average omnidirectional fluxes of:

	a.	2x107 /cm2-sec above  1 MeV

	b.	8x106 /cm2-sec above 5 MeV

	c.	2x106 /cm2-sec above MeV, and of

	d.	1x104 /cm2-sec above  MeV



	For the purposes of calculating radiation dose or instantaneous interference levels in devices due to the trans-geosynchronous electrons, the AE-8 model should be used (Ref. 6.2 h).



	5.1.2.5.2.1 Electron Variability.�xe "Electron Variability."�  



	High-energy electrons in the trans-geosynchronous region of the magnetosphere show great variability in intensity in response to magnetic storms and substorms.  For the purposes of this Handbook, instantaneous omnidirectional fluxes may be assumed to increase by one order-of-magnitude above the averages given in Paragraph 5.1.2.5.2 during magnetic storms and substorms



	5.1.2.5.3 Higher-Z Particles.�xe "Higher-Z Particles."�  



	For the purposes of this Handbook, higher-z particles may be considered to be absent from the trans-geosynchronous region except for cosmic rays and solar-flare particles (see Paragraphs 5.1.l and 5.1.3).



	5.1.3 Solar Particles�xe "Solar Particles"�.  



	At times, solar flares eject coronal matter at very high velocities in large quantities.  This matter consists primarily of ionized hydrogen, helium, and electrons.  The geomagnetic field prevents most of these particles from entering the near-earth region except for the polar region, the trans-geosynchronous region, and, for energetic protons, the geosynchronous region.  These fluxes persist for a period of a few days after a major solar flare.  Solar flares which produce energetic particles are most prevalent near and just after the solar sunspot maximum.



	5.1.3.1 Electrons�xe "Electrons"�.  



	Electrons�xe "Electrons"� appear over the polar caps after major solar flares, but the fluxes are negligible compared to the proton fluxes.  These fluxes are isotropic except for the solid angle represented by the downward-looking atmospheric loss cone (the portion of the distribution that would mirror within the atmosphere).  Electron spectra are soft, with typical energy spectra of the form NE = N0E-k , where N0 is typically less than 103 e/cm2-sec-steradian, E is in units of MeV, and k is between 2 and 3.  The intensities usually persist for a few days.



	5.1.3.2 Protons�xe "Protons"�.  



	The typical fluence of energetic solar flare protons in the near-earth region is 2x107/cm2 per year above 30 MeV.  Over a 10-year period, the average annual fluence above 30 MeV is 4.8x108/cm2.  During a typical solar cycle, 90 percent of the fluence is due to a single large event which persists for a few-day period.  Polar-orbiting, geosynchronous, and trans-geosynchronous orbit satellites may experience, and should be expected to survive, one large event with the following omnidirectional integral fluences:

	a.	2x1010 greater than 10 MeV

	b.	5x109 greater than 30 MeV

	c.	2x109 greater than 60 MeV, and

	d.	5x108 greater than 100 MeV



	These numbers are representative of the October 1989 solar flare. The NASA model event is about a factor of 2 larger. 



	5.1.3.3 Higher-Z Particles.�xe "Higher-Z Particles."�  



	Solar flare events include some higher-Z (Z greater than 2) particles.  These higher-Z particles, while of concern to lightly shielded electronic components on interplanetary missions, may be neglected in comparison to the natural flux of galactic cosmic ray high-Z fluxes.



	5.1.4 Solar/Magnetic Storm Effects�xe "Solar/Magnetic Storm Effects"�.  



	Solar flares, high speed solar wind streams from coronal holes (regions on the sun which look dark because they are cooler than the surrounding areas), and solar magnetic field polarity reversals embedded in the normal solar wind all produce geomagnetic storms.  These storms accelerate energetic particles in the magnetic field.  They also precipitate some energetic particles into the atmosphere. Averaged over a solar cycle, major magnetic storms (producing major effects in the trapped particle populations) occur about once per year and minor magnetic storms occur about twice per year.  These storms peak at, and following, the sunspot maximum.  The flux numbers provided in Paragraph 5.1.2 include these storm effects.



	For space vehicles or space systems which are sensitive to the flux peaks, major magnetic storms should be assumed to occur once per year during the five year period around the sunspot maximum and twice per year during the remainder of the sunspot cycle. Minor magnetic storms should be assumed to occur with twice that frequency.





5.2 Plasma Environment�xe "Plasma Environment"�



	The plasma environment in the magnetosphere includes the ionosphere and the plasmasphere.  The ionosphere is typically considered to be the region from about 80 km to about 1000 km altitude and is a transition region from a relatively un-ionized atmosphere to a fully ionized plasmasphere.  The plasmasphere typically contains ion densities of the order of 104/cm3 to l05/cm3 at 1000 km and diminishes to about 103/cm3 around 12000 to 15000 km at the equator.  At higher latitudes, this dropoff in density occurs at lower altitudes, approximately following the magnetic field line configuration.  This region is bounded by the plasmapause, a boundary where a sharp drop of a factor of 30 to 100 in ion density occurs.  The ion composition is altitude dependent, with 0+, 02+, and NO+ being major constituents below 300 km; 0+ and H+ the primary constituents between 300 and 1000 km; and H+ and He+ the primary constituents above 1200 km.  The ionospheric reference models contain composition information.  In the auroral zone, acceleration and ionization processes produce bands of enhanced ion density aligned along contours of magnetic latitude. Densities can exceed 106/cm3 with energies of tens of volts. Within an auroral form, maximum plasma energies of several hundred volts may be encountered.  See Paragraph 5.2.3.



	5.2.1 Ionosphere�xe "Ionosphere"�.  



	A smooth, undisturbed ionosphere can degrade low frequency (less than 300 MHz) space-to-ground communications links and signals from space-based radars. Ionospheric impacts on wave propagation include radio-wave absorption, signal-time delay, polarization rotation, Doppler shift, refraction, and radar-pulse distortion.



	The electron concentration is essentially equal to the ion concentration everywhere in the ionosphere.  The only exception occurs during the daytime at altitudes below about 80 km, where electrons may combine with molecules to form negative ions. Solar radiation is principally responsible for the daytime ionosphere, although particle precipitation at auroral and midlatitude regions may serve to augment plasma concentrations. Because of the solar control, the ionosphere exhibits diurnal, seasonal, and solar cycle variations.  Representative examples of ionospheric electron concentration profiles are presented in Figure 5 for daytime and nighttime conditions at the minimum and maximum of the solar cycle.



	The ionospheric profiles of Figure 5 are averaged over the seasons.  The nighttime F-layer tends to be at higher heights in the summer than in the winter, the tendency being accentuated at lower latitudes.  In general, the nighttime F-region tends to be thicker when higher.  During the daytime, the electron concentration at the F-region peak is considerably larger in winter than in summer; this effect is more evident at high latitudes than at low latitudes.  Noontime electron concentration profiles are shown in Figure 6 for summer and winter conditions at three levels of solar activity.



	5.2.1.1 Ionospheric Models�xe "Ionospheric Models"�.  



	Several empirical models are available which furnish a statistically averaged ionosphere at a given location, local time, and month for a specified level of solar activity.  The primary model to be used is the International Reference Ionosphere�xe "Ionosphere"��xe "International Reference Ionosphere"� (Ref. 6.2 k and 6.2 1).



	Representative results from the International Reference Ionosphere�xe "Ionosphere"��xe "International Reference Ionosphere"� model are presented in Figures 7, 8, 9, and 10, calculated for a solar active period (sunspot number of 70) for January at a longitude and latitude of 0 degrees.  Figure 7 provides a nominal electron number density as a function of altitude for noon and midnight meridians.  Figures 8 and 9 provide a comparison of the ion temperatures, Ti, and electron temperatures, Te, for noon and midnight from the same source. Figure 10 provides a similar comparison of ion composition.
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FIGURE � SEQ FIGURE \* ARABIC �5� Season-averaged ionospheric electron concentration.
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FIGURE � SEQ FIGURE \* ARABIC �6� Solar - cycle effects on the noon meridian ionospheric electron concentration
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FIGURE � SEQ FIGURE \* ARABIC �7� Nominal electron number density profiles derived from the International      Reference Ionosphere�xe "Ionosphere"�.



�





















�

FIGURE � SEQ FIGURE \* ARABIC �8� Ion and electron temperatures derived from the International Reference Ionosphere�xe "Ionosphere"��xe "International Reference Ionosphere"� Model. 
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FIGURE � SEQ FIGURE \* ARABIC �9� Ion and Electron Temperatures�xe "Ion and Electron Temperatures"� Derived from the International Reference Ionosphere�xe "Ionosphere"��xe "International Reference Ionosphere"� Model

�



�



FIGURE � SEQ FIGURE \* ARABIC �10� Ion composition comparisons derived from the International Reference Ionosphere�xe "Ionosphere"��xe "International Reference Ionosphere"� Model

�



	5.2.2 Plasmasphere/Space Plasma�xe "Plasmasphere/Space Plasma"�.  



	These subparagraphs pertains to all orbits above 1000 km.



	5.2.2.1 High-Altitude and Mid- to High-Inclination Orbits.�xe "High-Altitude and Mid- to High-Inclination Orbits."� 



	The hot plasma electron and ion (proton) components in the near geosynchronous orbits and high-altitude (greater than 25000 km) orbits, mid- to nigh-inclination orbits, and in the polar auroral zones above approximately 150 km altitude can be represented, as a worst case, by the two-maxwellian function:



	f(v)=n1[m/(2(kT1)]3/2 exp(-mv2/~2kT1) +

		+  n2[m /(2(kT2)]3/2 exp(-mv2/2kT2)



where:   kT is in KeV

	m = 9.11 x 10-28 gms for electrons and

	m = 1.67 x 10-24 gms for protons



	mv2/2 is the particle kinetic energy in KeV



f(v) is the particle distribution function in units of sec3 cm-6



n1, kT1, n2, and kT2 are defined in Table III for both electrons and ions.







TABLE � SEQ TABLE \* ROMAN �III�.  Two Maxwellian Fit Parameters�xe "Maxwellian Fit Parameters"�



�n1 (cm-3 )�n2 (cm-3 )�kT1 (KeV)�kT2 (KeV)��������ELECTRONS�  2.67�    0.625�3.1�25.1��������PROTONS�0.6�1.2�0.2�28.0��

�

	A Plot of the electron velocity distribution function fe (v) is given in Figure 11.  The electrons are emphasized because they control the potentials of the materials and can penetrate into the materials causing a bulk charge build up.  For a more detailed description see Ref. 6.2.o.
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FIGURE � SEQ FIGURE \* ARABIC �11� Plasma electron distribution function.

�



	The corresponding plot of the ion distribution fi (v) is given in Figure 12.  The utilization of these environments for analysis satellite charging susceptibility and other vehicle-environment interactions are discussed in Chapter 7 of Ref. 6.2.o.
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FIGURE � SEQ FIGURE \* ARABIC �12� Plasma proton distribution function

�



	The satellite orbits above approximately 1000 km and below 25000 km altitude with equatorial- to high-latitude inclinations (0 degrees to approximately 60 degrees) are exposed to both an enhanced penetrating radiation (see Paragraph 5.1.2) and enhanced plasma density.  There are no statistical models based on data for this plasma regime.  There are, however, several theoretical models, all of which are too complicated to include.  The plasma density can be crudely, but not accurately, approximated as:



	N(h,() = Ni  [a/(a+h)]4 (4 - 3cos2()4/9  cos8/3 (



where:	h is the satellite altitude in kilometers,

	a is the earth's radius in kilometers (6371 km),



	Ni is the ionospheric density specified at approximately 770 km altitude at the satellite's longitude 		and a latitude (i in the ionosphere given by:



	(i = cos-1 (H cos2 ()



where:	(  is the satellite latitude, and

	H = [(a+770 km)/(a+h)]1/2 ,



	This approximation ignores the difference between the magnetic latitude and longitude and the geographic latitude and longitude of the satellite.  That is, it assumes an Earth-centered magnetic dipole with axis parallel to the Earth's rotation axis.  An upper altitude bound, hB, is necessary for the application of the above equation since the plasma density drops sharply at high altitudes.  This boundary varies greatly in longitude and time.  For the purposes of this handbook it is approximated as hB = (32,000 cos2() km, where ( is greater than 60 degrees.  Some sample plasma density values, based on a latitude-independent ionospheric density of 2 x l05 cm-3 are given in Table IV.  These values approximate upper limits for the density.  Note that the reference ionospheric density Ni is not constant with latitude and must be obtained from an ionospheric model (see Paragraph 5.2.1).



TABLE � SEQ TABLE \* ROMAN �IV�.  Sample Plasma Density Values�xe "Plasma Density Values"�



ORBITAL POSITION�����DENSITY (cm-3)��Altitude (km)�Latitude (degrees)���������20,000��0��680��20,000��30��600��20,000��50��330��



	



5.2.3 The Auroral Regions�xe "Auroral Regions"�  



	The aurorae are optical emissions produced by the interaction of precipitating energetic particles with air molecules in the upper atmosphere. The emissions include ultraviolet, visible, and infrared lines, with occasional intensities in excess of several kilo-Rayleighs.  The particles originate at very high altitudes and stream along magnetic field lines toward the earth.  As the field lines converge at low altitude, the particle intensity is also concentrated.  Physical processes may also accelerate the particles along the field line.  The depth in the atmosphere at which the interaction occurs is dependent on the energy of the particle, with 0.1 KeV electrons interacting primarily above 150 km, 1 to 10 KeV electrons in the 80 to 150 km region, and higher energy electrons interacting below 80 km. The occurrence frequency and intensity of aurorae are strongly correlated with magnetic activity.  Two general types of aurora occur:  discrete and diffuse, with the easily observed discrete aurora being responsible for only about 20 percent of the total particle energy input to the atmosphere in the auroral regions.  Discrete aurora extend only 1 to 10 km in latitude at the atmosphere, but may be many km in extent along a contour of magnetic longitude. The majority of discrete aurorae occur in a belt which is local-time dependent, typically covering the latitudinal range of about 60 degrees to 72 degrees (magnetic) at midnight and about 75 degrees to 77 degrees at noon.  Diffuse aurora occur in these areas and also to lower latitudes.



	For low-altitude polar orbiting satellites, the primary effects of aurorae are three:



	a.	direct particle impingement on a vehicle as the vehicle passes through an auroral structure;



	b.	the light emitted by the atmosphere when the particles impinge upon it;



	c.	modification of the conductivity of the ionosphere in the region of the aurora.



	The later is of concern for signal propagation purposes. For space vehicles or space systems that are particularly susceptible to one of these effects, a detailed analysis should be done.  An extensive discussion (Chapter 12 in Ref. 6.2 o) is available as a guide.  For relatively insensitive vehicles or systems, the following model of a diffuse aurora should be used:





	Latitudinal intensity distribution:	Gaussian with a FWHM of  3.2 degrees



	Energy distribution:	Gaussian,



	((E)  =                         Q               

                                   ___________________



                                     2(Em) 3E ( -E/Em)







where:	((E) is in electrons per cm2 sec KeV

	E is in KeV

	Q is in ergs/cm2-sec

	(The minimum, typical, nominal, and maximum values of Q and E should be as given in Table V.)





TABLE � SEQ TABLE \* ROMAN �V�  Diffuse auroral energy and flux parameters



�Minimum�Typical�Nominal�Maximum��������Q�0.25�1.0�3.0�12.0��Em�0.40�1.5�3.0�  9.0

��



	For the purpose of calculating particle impingement (e.g., surface charging), ionospheric modification, and/or light emission effects on satellite performance, the typical values should be assumed to occur at each auroral zone crossing, the nominal values should be assumed to occur daily, and the maximum values should be assumed to occur at monthly intervals.  Discrete aurorae should be modeled as having a Gaussian FWHM of 0.1 degrees and intensities a factor of ten larger than those in Table V.  If a "severe case" auroral spectrum is required, the following Maxwellian distribution function should be used (Ref. 6.2 p):



	for E equal or less than 17.5 KeV 

	f(E) = 4 x 10-30 sec3cm-6

	for E greater than 17.5 KeV

�

	

	f (E) = 

	



where:	No  = 2 cm-3

	kTo = 4KeV

	Eo   = 17.5 KeV

	me   = rest mass of the electron,  9.11 x 10-28 gms, and 



	f(E) is in units of sec3cm-6





5.3 Neutral Atmosphere�xe "Atmosphere"�.



	For the purposes of this Handbook, only the region of the neutral atmosphere from 80 km to 1000 km geometric altitude will be considered, effectively defining the thermosphere.  The mean state of the thermosphere is taken here as equinoctal for 0900 local time at the equator during a time of average solar EUV (solar 10.7 cm radio emission F10.7 = 150) and quiet geomagnetic activity (Ap = 4 in MSIS-86, Ref. 6.2 q).  Significant perturbations from the mean state occur according to local time, season, latitude, 11-year solar cycle and 27-day solar rotation period, and geomagnetic activity.  Perturbations are assumed to be negligibly small (factors of two or less) at 80 km and increase with altitude unless otherwise stated.  All figures in Subsection 5.3 are MSIS-86 thermosphere model predictions.



	5.3.1 Density.�xe "Density."�  



	Above 200 km the density varies approximately sinusoidally during the day with maximum density occurring at 1500 local time.  The amplitude of the diurnal variation is a factor of two at 300 km increasing to a factor of five at 600 km; from 80 km to 200 km the density variation is mostly semidiurnal with small amplitude.  Seasonal density variations are a factor two or less with a tendency for the greatest values in the summer hemisphere.



	The density profile is shown in Figure 13 for solar minimum (Fl0.7 = 50), mean (F10.7  = 150), and maximum (F10.7 = 250).



	Magnetic storms (Ap=240) increase density by a factor of four or less with greatest increase poleward of 75 degrees. Storm-induced density variations exhibit great spatial and temporal variability, however.  The time constant for exponential return to prestorm values is approximately 12 hours.



	5.3.2 Composition.�xe "Composition."�  



	Mean composition profiles for the principal species from 80 km to 600 km are shown in Figure 14; above about 600 km He is the main component.  Below about 105 km, the turbopause height, the atmosphere is well mixed at sea-level proportions.  Above the turbopause, components are nearly in diffusive equilibrium.



	Day-to-night number density ratios are approximately 4, 25, 30, and 80 for 0, 02, N2, and Ar above 500 km, and decrease to one at the turbopause.  The diurnal variation of lighter constituents is less than a factor of four.  Variations are small at all altitudes and latitudes near equinox; they are small at low latitudes throughout the year.  At mid and high latitudes, the thermosphere in the winter hemisphere experiences an order of magnitude increase in He from summer values and a factor of two decrease in 02, N2, and Ar from summer values.  H and 0 show only small seasonal variation.  Density profiles during solar maximum are shown in Figure 15.



	During magnetic storms (Ap = 240), 02, Ar, and N2 increase by a factor of five near the equator and by two orders of magnitude poleward of 75 degrees.  Atomic oxygen shows only small variation at all latitudes and H and He decrease by a factor of five.  Disturbances begin at high latitudes and spread toward the equator on a time scale of approximately 12 hours, which also characterizes the time scale for exponential return to prestorm conditions.
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FIGURE � SEQ FIGURE \* ARABIC �13� Neutral density at solar minimum.
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FIGURE � SEQ FIGURE \* ARABIC �14�   Mean composition profiles at solar minimum
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FIGURE � SEQ FIGURE \* ARABIC �15�  Mean composition profiles at solar maximum





�	5.3.3 Temperature.�xe "Temperature."�     



	 Above about 200 km, the temperature varies approximately sinusoidally with local time; the peak temperature occurs at 1500 local time.  The diurnal variation of exospheric temperature is approximately ( 15 percent at the equator.  The latitude of the diurnal exospheric temperature maximum follows the seasonal variation of solar declination.  From 80 km to 200 km the semidiurnal temperature variation dominates with approximately ( 10 percent variation.



	The temperature profile variation with solar F10.7 is shown in Figure 16 for solar minimum. mean, and maximum.  The variation at a particular altitude should be considered linear with F10.7 variation.  During active geomagnetic periods the exospheric temperature near the equator increases by 1.5 degrees K times the magnetic index Ap; at high latitudes exospheric temperature increases by 3 degrees K times Ap.



	5.3.4 Winds.�xe "Winds."�  



	The neutral thermospheric winds are highly variable, making a mean state difficult to specify.  The seasonal latitudinal circulation consists of upwelling over the summer pole and downwelling over the winter pole.  Both the summer easterly and winter westerly zonal winds contain a midlatitude jet at about 120 km.  Jet core velocities are about 40 m/s and 120 m/s for the easterly and westerly flow, respectively.



	Short period wind variations are caused by upward propagating gravity and tidal waves.  Gravity waves occur over a wide range of periods and wavelengths and are not subject to prediction, except that gravity wave activity from lower atmosphere forcing is greatest in the winter hemisphere.  Local variations of the order of 20 to 40 m/s are characteristic.  Tidal winds are also variable.  Above about 200 km the diurnal variation dominates with upwelling over the subsolar region and downwelling over the antisolar region; maximum zonal winds in the diurnal circulation are 100 m/s; maximum meridional winds are 100 m/s.  Below about 200 km the semidiurnal tide dominates; semidiurnal zonal winds generally increase with altitude from about 10 m/s at 80 km to about 100 m/s above 150 km.



	Polar thermospheric winds during magnetic storms, meridional and zonal, may reach 500-1000 m/s; exponential decay time constant is approximately twelve hours.



5.4 Meteoroids�xe "Meteoroids"�



	At any given time, approximately 200 kg of meteoroid material is traveling through the region of space below 2000 km altitude about the Earth.  Most of these particles are on the order of 0.1 mm in diameter and are moving at an average relative velocity of 20 km/sec.
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FIGURE � SEQ FIGURE \* ARABIC �16�. Neutral temperature profile



�	While man-made debris is not relevant to this Handbook, space systems should consider it, since recent measurements indicate that the flux of man-made debris smaller than 1 cm in diameter is comparable to or greater than the meteoroid flux and that while the meteoroid flux is stable, the man-made debris flux is increasing (Refs. 6.2 r and 6.2 s).  In low earth orbit, ejecta from meteoroid impacts on satellites and effluents from manned space operations constitute the major source of high velocity impacts.



	5.4.1 Meteoroid Size Density and Distribution.�xe "Meteoroid Size Density and Distribution."� 



	Figure 17 presents a curve depicting the meteoroid flux (broken curve). The data presented here are used to determine the number of expected collisions per year between a space vehicle of a given cross-sectional area (perpendicular to the meteoroid's velocity) and meteoroids of a given diameter or larger.  The meteoroid flux curve is roughly approximated by the following equation, assuming a meteoroid density of 0.5 gm/cm3:





	Log10 (F) = -14.14 - 1.22 Log10 (m)





where	F is the cumulative flux (particles/m2-sec)



	and	m is the mass in grams (valid for 10-6<m<l) .



5.5 Geomagnetic Field�xe "Geomagnetic Field"�.



	The magnetospheric B field is conveniently regarded as a superposition of internal, external, and induction fields.  The internal field is regarded as arising from geomagnetic dynamo currents that flow in the Earth's core and (in principle) from crustal concentrations of magnetic material.  The external field is regarded as arising from magnetospheric currents and (to a negligible extent) from the partial penetration of the magnetosphere by the solar-interplanetary magnetic field.  The induction field results from currents that flow in the ionosphere and in the Earth in response to temporal variations in the magnetospheric currents.



	For most space vehicles or space systems, only an internal field component may be required.  For orbits with altitudes above about 25000 km, space vehicles may require the addition of an external field component to get more accurate modeling of the actual magnetic field.  External field models are available in various configurations.  Individual models may consider the tilt of the dipole axis with respect to the solar wind direction, magnetic disturbance conditions, or both.  If external field models are to be used, they should be specified by the user.
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FIGURE � SEQ FIGURE \* ARABIC �17� Meteoroid flux size distribution.
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	5.5.1 Internal Field.�xe "Internal Field."�  



	The internal magnetic field is represented outside the core as the gradient of a scalar potential expanded in spherical harmonics of degree n and order m (m is equal to or less than n and n is equal to or less than 10). The corresponding Schmidt-normalized expansion coefficients (gmn, hmn) constitute a model known currently as the IGRF (International Geomagnetic Reference Field, Ref. 6.2 t) and retrospectively as the DGRF (Definitive Geomagnetic Reference Field) for the epoch of interest. Tables of coefficients are published at five-year intervals, the most recent being IGRF85. Time derivatives (dgmn/dt, dhmn/dt) are included in the IGRF and DGRF for interpolation and extrapolation.  Table VI provides the coefficients for IGRF85.



	The spherical expansion of the scalar internal field potential is given by:



�EMBED Equation.3���



where:



	a is the earth radius in km



	�EMBED Equation.3���are the Schmidt functions





	�EMBED Equation.3���



where:	k = 1 for m = 0

	

	and	k = 2 for m greater than 0.



Since B = -(V, the Cartesian components X, Y, and Z are:



	�EMBED Equation.3���	(northward)



	�EMBED Equation.3���	(eastward)

		

	�EMBED Equation.3���	(downward)	









TABLE � SEQ TABLE \* ROMAN �VI�   IGRF85  Internal Field Expansion Coefficients



n�m�g�h�dg/dt�dh/dt�n�m�g�h�dg/dt�dh/dt���������������1�0�-29988��22.4��8�0�20��0.8���1�1�-1957�5606�11.3�15.9�8�1�7�7�-0.2�-0.1��������8�2�1�-18�-0.3�-0.7��2�0�-1997��-18.3��8�3�-11�4�0.3�0.0��2�1�3028�-2129�3.2�12.7�8�4�-7�-22�-0.8�-0.8��2�2�1662�-199�7.0�-25.2�8�5�4�9�-0.2�0.2��������8�6�3�16�0.7�0.2��3�0�1279��0.0��8�7�7�-13�-0.3�-1.1��3�1�-2181�-335�-6.5�0.2�8�8�-1�-15�1.2�0.8��3�2�1251�271�-0.7�2.7��������3�3�833�-252�1.0�-7.9�9�0�6�����������9�1�11�-21����4�0�938��-1.4��9�2�2�16����4�1�783�212�-1.4�4.6�9�3�-12�9����4�2�398�-257�-8.2�1.6�9�4�9�-5����4�3�-419�53�-1.8�2.9�9�5�-3�-7����4�4�199�-298�-5.0�0.4�9�6�-1�9����������9�7�7�10����5�0�-219��1.5��9�8�1�-6����5�1�357�46�0.4�1.8�9�9�-5�2����5�2�261�149�-0.8�-0.4��������5�3�-74�-150�-3.3�0.0�10�0�-3�����5�4�-162�-78�0.2�1.3�10�1�-4�1����5�5�-48�92�1.4�2.1�10�2�2�1����������10�3�-5�2����6�0�49��0.4��10�4�-2�5����6�1�65�-15�0.0�-0.5�10�5�5�-4����6�2�42�93�3.4�-1.4�10�6�3�-1����6�3�-192�71�0.8�0.0�10�7�1�-2����6�4�4�-43�0.8�-1.6�10�8�2�4����6�5�14�-2�0.3�0.5�10�9�3�-1����6�6�-108�17�-0.1�0.0�10�10�0�-6�����������������7�0�70��-1.0���������7�1�-59�-83�-0.8�-0.4��������7�2�2�-28�0.4�0.4��������7�3�20�-5�0.5�0.2��������7�4�-13�16�1.6�1.4��������7�5�1�18�0.1�-0.5��������7�6�11�-23�0.1�-0.1��������7�7�-2�-10�0.0�1.1����������������������

5.6 Electromagnetic Radiation�xe "Electromagnetic Radiation"�



	This subsection covers only natural electromagnetic radiation.  It does not cover radiation from man-made sources, either spaceborne or radiated from the ground; nor does it cover waves generated by vehicle-plasma interactions. It should be pointed out that man-made electromagnetic radiation is often the dominant factor here.



	5.6.1 Magnetospheric Plasma Waves�xe "Magnetospheric Plasma Waves"�.  



	The term “plasma wave” is used to identify all waves that are generated in the magnetospheric plasma or whose propagation is strongly affected by the magnetospheric plasma.  Plasma waves can be both electromagnetic waves in which energy is exchanged between the electric and magnetic component of the wave or electrostatic waves in which energy is exchanged between the electric field of the wave and charged particles in the plasma.  Plasma waves exist in the magnetosphere at all frequencies from ULF to HF. The term also applies to waves generated by lightning.  These waves are known as whistlers and propagate extensively within the plasmasphere.  Figure 18 (from Tables 20.1 to 20.3 in Ref. 6.2 u) summarizes the expected upper limit for the magnetic and electric energy density in plasma waves within the magnetosphere as a function of frequency.



	5.6.2 Terrestrial Radio Noise�xe "Terrestrial Radio Noise"�.  



	Two principal types of electromagnetic radio emissions come from the terrestrial magnetosphere, auroral kilometric radiation and continuum radiation.  Auroral kilometric radiation has an intense peak in the frequency spectrum at about 100 to 300 kHz.  This radiation is generated at altitudes of several thousand kilometers in the auroral regions.  The upper limit is shown in Figure 19. Continuum radiation is a relatively weak radiation generally in the frequency range from 30 to 110 kHz.  It is generated in the outer magnetosphere near the plasmapause.  Figure 19, from Ref. 6.2 v, shows the spectrum of both the continuum radiation and the auroral kilometric radiation.



	5.6.3 Galactic Radio Noise�xe "Galactic Radio Noise"�.  



	The sum of all external radio sources in the Milky Way Galaxy produces a relatively uniform source of radio noise known as Galactic Radio Noise�xe "Galactic Radio Noise"�. This noise is present in all orbits above the plasma frequency cutoff in the ionosphere.  The spectrum of this Galactic Radio Noise is shown in Figure 19.



	5.7 Solar Radiations�xe "Solar Radiations"�.



	The solar electromagnetic spectrum shown in Figure 20 should be used for all space vehicles operating in the magnetospheric environment.  These data  can be user to calculate the photocurrents from satellite materials.  In Figure 20, the continuous component of the spectrum is represented by the
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FIGURE � SEQ FIGURE \* ARABIC �18� Magnetic and electric energy density.
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FIGURE � SEQ FIGURE \* ARABIC �19� Electromagnetic frequency power spectrum.
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FIGURE � SEQ FIGURE \* ARABIC �20� Solar photon  flux density spectrum

�

histogram.  The symbols represent the intensity of the important discrete lines in the spectrum which should be added to the continuum by assuming they are formed by a Dirac pulse whose area is represented by the product of the height indicated by the symbol and a width of 1 eV.  (e.g., the Lyman - ( has a height of 2.7 X 1015  photons 

sec-1m-2  (Ref. 6.2 w). 



5.8 Gravitational Field�xe "Gravitational Field"�

	The accepted gravitational field model for use with Earth-orbiting satellites is defined by the World Geodetic System 1984 (WGS 84), which summarizes physical constants, global geometry, and coefficients of the gravitational potential. 









































































5.9 Environmental Effects On Spacecraft�xe "Environmental Effects On Spacecraft"�



	The purpose of this document is to facilitate the design of USAF space vehicles. Toward this end, this section discussed the effects of the various natural space environments on space vehicles. This material is presented as a function of the relevant spacecraft parameter so that the designer can calculate the forces, torques, etc. on his specific spacecraft. In order to do this, the designer will need the mass, size, power and other relevant parameters for his spacecraft, which he will have obtained by the usual design processes(i.e. By designing a vehicle which meets his specific mission requirements).



	The major effects of each of the near earth space environments (LEO to GEO) are listed in TABLE VII. Most of these effects are obvious, the gravitational field controls the orbit once the initial spacecraft position and velocity are determined (by the launch vehicle), the sunlight heats the sun facing spacecraft surfaces except under eclipse conditions, the neutral atmosphere produces spacecraft drag, especially at lower altitudes, etc. 



TABLE � SEQ TABLE \* ROMAN �VII� List of effects produced by each earth orbit environment



ENVIRONMENT�EFFECTS ON SPACECRAFT IN EARTH ORBIT��Gravitational Field�xe "Gravitational Field"�

(Reference 5.8)�Controls Spacecraft Orbit

Produces Gravity Gradient Torque��Magnetic Field

(Reference 5.5)�Produces Torques On Spacecraft

Produces Small VXB Voltage On Spacecraft��Sunlight 

(Reference 5.7)�Heats Spacecraft Surfaces

Produces Small Pressure, Torques On Spacecraft

Reduces/Limits Spacecraft Charging.��Neutral Atmosphere�xe "Atmosphere"�

(�EMBED Equation.3��� 1000 Km)

(Reference 5.3)�Produces Spacecraft Drag, Torques, Limits Spacecraft Life

Erodes Spacecraft Ram Facing Organics (0)

Produces Spacecraft Glow��Ionosphere�xe "Ionosphere"�

(Reference 5.2.1)�Delays, Refracts Radio Signals

Limits Spacecraft Charging��Hot Plasma

(�EMBED Equation.3��� 20,000 Km, Sporadic)

(Reference 5.2.2.1)�Charges Spacecraft Surfaces, Produces Discharges��Van Allen Belts

(Reference 5.1.2)�Produces Total Dose, Limits Spacecraft Life��Solar Flare Particles

(Sporadic) 

(Reference 5.1.1.2)�Produces Total Dose, Limits Spacecraft Life��Galactic Particles

(Reference 5.1.1.1)�Upsets Spacecraft Electronics��Micrometeoroids, Space Debris (Reference 5.4)�Erodes/ Punctures Spacecraft Surfaces��

	In reviewing TABLE VII it is seen that the space environmental effects may be separated into three groups, those that limit the on orbit lifetime of the spacecraft, those that can produce torques on the spacecraft (effecting spacecraft orientation) and those that can affect electrical charging (and subsequent discharges) on the spacecraft. Some of the environments (e.g. Van Allen Belts, Sunlight etc. ) can affect both spacecraft on orbit lifetime and spacecraft charging or produce torques and limit on orbit lifetime etc. Thus it is convenient to prepare Tables VIII, IX and X which list the environments which act to limit on orbit lifetime (TABLE VIII), produce torques on the spacecraft (Table IX) and those which act to produce electrical charging/discharges on the spacecraft (TABLE X). Each table lists the environments in decreasing order of importance, although this order is a function of several factors, orbit altitude, spacecraft geometry, mass and composition, level of solar activity, etc. In this section these space environmental effects are discussed in some detail.







TABLE � SEQ TABLE \* ROMAN �VIII� Environments that limit spacecraft on-orbit lifetime.



Neutral Atmosphere�xe "Atmosphere"��Altitudes �EMBED Equation.3��� 1000 km

(�EMBED Equation.3��� 10 years at �EMBED Equation.3��� 500 km altitude)��Van Allen Belts, Solar Flare Particles �Altitudes �EMBED Equation.3��� 300 km, �EMBED Equation.3��� GEO

(�EMBED Equation.3��� 30 years)��Micrometeoroids �All Altitudes

(�EMBED Equation.3��� 100 years)��Space Debris�Altitudes �EMBED Equation.3��� 300 km, �EMBED Equation.3��� 5000 km

(�EMBED Equation.3��� 100 years)��







TABLE � SEQ TABLE \* ROMAN �IX� Environments that produce torques on spacecraft. 



Gravitational Field�xe "Gravitational Field"�

(Depends on Spacecraft Geometry, Mass)�All Altitudes           (Esp.�EMBED Equation.3��� 10,000 km)

(�EMBED Equation.3��� 10 N-M)��Neutral Atmosphere�xe "Atmosphere"��Altitudes �EMBED Equation.3��� 3,000 km

(�EMBED Equation.3��� 10-2  N-M above ~ 300 km)��Magnetic Field

(Depends on Field Spacecraft Produces)�All Altitudes          (Esp. �EMBED Equation.3��� 10,000 km)

(�EMBED Equation.3��� 10-4 N-M)��Sunlight�All Altitudes

(�EMBED Equation.3��� 10-6 N-M)��Micrometeoroids, Space Debris (Sporadic)�All Altitudes

(Typically �EMBED Equation.3��� 10-6 N-M)��















TABLE � SEQ TABLE \* ROMAN �X� Environments that affect spacecraft charging/discharges



Hot Plasma

(�EMBED Equation.3��� 20,000 km, Sporadic)�Can Produce Surface Voltages �EMBED Equation.3��� 104 

(�EMBED Equation.3���10-7 amp/cm2)��Ionosphere�xe "Ionosphere"�

(�EMBED Equation.3���GEO)�Limits Surface Voltage in LEO

(�EMBED Equation.3��� 10-3 amp/cm2 in LEO, �EMBED Equation.3��� 10-8 amp/cm2  at GEO)��Sunlight

(All Altitudes)�Limits Surface Charging Rates

(�EMBED Equation.3��� 5 �EMBED Equation.3��� 10-8 amp/cm2)��Magnetic Field

(�EMBED Equation.3���GEO)�Can Produce Surface Voltages �EMBED Equation.3��� 1 Volt��Van Allen Belts�Can Produce Deep Discharges

(�EMBED Equation.3��� 10 / Hour)��Solar Flare

(Sporadic)�Can Produce Deep Discharges

(�EMBED Equation.3��� 1 / Hour)��Galactic Particles�Can Produce Deep Discharges

(�EMBED Equation.3��� 1 Month)��



5.9.1 Environments that Limit Spacecraft On-orbit Lifetime�xe "Environments that Limit Spacecraft On-orbit Lifetime"�



5.9.1.1 Neutral Atmosphere�xe "Atmosphere"� (Drag Forces)



	TABLE VIII lists the neutral atmosphere as the most important environment which acts to limit spacecraft on-orbit lifetime for spacecraft in orbits �EMBED Equation.3��� 500 km. Figure 21 shows the drag force on a unit spacecraft as a function of circular orbit altitude. A unit spacecraft is one for which the product CD A is 1 m², where CD is the drag coefficient and A is the frontal spacecraft area. Since CD is �EMBED Equation.3��� 2 for many geometries and spacecraft are not usually streamlined,  typical spacecraft will have a CD A product of �EMBED Equation.3��� 10 m² (108 ft²). Thus at 200 km altitude the drag on such a spacecraft will be �EMBED Equation.3��� 0.2 newtons. (Newton = �EMBED Equation.3��� 0.45 lb. force) This assumes that the sun is relatively quiet (i.e. the 1976 Standard atmosphere). If the sun is active the atmospheric density at this altitude can increase an order of magnitude.  These lower altitudes are suitable only for short duration missions. e.g. The Space Shuttle. For longer duration missions (e.g. 10 years) altitudes above �EMBED Equation.3��� 500 km are necessary for a typical spacecraft. (i.e. a mass of �EMBED Equation.3��� 1000 kg and CD A of 10 m²) unless the spacecraft has on board propulsion capability to make up the ( V lost by air drag. The on-orbit lifetimes as a function of� EQ � �EMBED Equation.3��� are shown in Figures 22,23 and 24 for sunspot minimum conditions, intermediate solar orbit and sunspot maximum conditions respectively. The quantity �EMBED Equation.3��� is in lbs mass/ft² frontal area of the satellite effective (which includes the drag coefficient CD) The on-orbit lifetime is about twice the time it takes a satellite to lose 10% of its initial altitude (for circular orbits). While relatively dense satellites, those with �EMBED Equation.3��� �EMBED Equation.3��� 30 lb/ft² �EMBED Equation.3��� 150 kg/m² can expect �EMBED Equation.3��� 1 year lifetimes �EMBED Equation.3��� 400 km altitude, low density satellites (those with �EMBED Equation.3��� �EMBED Equation.3��� 3 lbs/ft² �EMBED Equation.3��� 15 kg/m²) will require altitudes of greater than 500 km under the same conditions. In calculating the frontal areas of earth orbiting satellites, the effects of the various torques must be considered (the satellite will assume the orientation in space for which the net torque is zero) see Table IX.



	The neutral atmosphere produces other life limiting effects on an earth orbiting spacecraft. One such effect is the erosion of forward (ram) facing organic material, primarily due to the atomic oxygen in the atmosphere. Experimental data from the Long Duration Exposure Facility (LDEF) have shown that kapton loses about  � EQ �� EQ ��EMBED Equation.3���  cm³ / O+ atom, teflon about �EMBED Equation.3��� cm³ / O+. Since the density of the O+ atom varies with solar activity, so do the erosion rates. (See Figure 25) The erosion due to the O+ atoms may cause electrical shorts, and temperature specifications to be exceeded, etc. However, at the altitudes at which atomic oxygen erosion is a factor, atmospheric drag will usually be the more important life limiting factor. 
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FIGURE � SEQ FIGURE \* ARABIC �21� Air drag force as a function of altitude. 
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FIGURE � SEQ FIGURE \* ARABIC �22� Satellite lifetime as a function of altitude for sunspot minimum conditions.
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FIGURE � SEQ FIGURE \* ARABIC �23� Satellite lifetime as a function of altitude for intermediate solar activity.

�



��������������



FIGURE � SEQ FIGURE \* ARABIC �24� Satellite lifetime as a function of altitude for sunspot maximum conditions.
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FIGURE � SEQ FIGURE \* ARABIC �25� Erosion rate due to atomic oxygen

�5.9.1.2 Nuclear Radiation (Ionization/Displacement Damage)�xe "Nuclear Radiation (Ionization/Displacement Damage)"�



	For spacecraft in relatively high earth orbits, greater than 1000 km, the primary life limiting environment will be the natural nuclear (ionizing) radiations which are present. These nuclear radiations (Van Allen belt and solar flare) particles, act to damage spacecraft materials and components. Because of their sensitivity to radiation and their importance to spacecraft performance, semiconductor electronic components are usually the first to fail. Their failures limit the useful life of the spacecraft of which they are a part. 



	It is customary to divide the semiconductor components into two categories, circuit semiconductors and solar cells. The former contain junction widths measured in microns and are mounted on circuit boards which are protected inside aluminum boxes inside the spacecraft. The latter (solar cells) contain junctions measured in millimeters and are exposed to sunlight, protected only by a few mils of transparent coverslide materials and �EMBED Equation.3��� ¼ microns of transparent antireflectant MgF2. In addition to being relatively exposed, solar cells are especially vulnerable to atomic displacement radiation damage because of their large junction widths. Therefore, solar cell radiation tolerances are usually given in units of 1 MeV electrons/cm² equivalent while circuit semiconductors have their radiation tolerances specified in total dose (rads) for non-nuclear weapon environments. 



5.9.1.2.1 Solar Cells�xe "Solar Cells"�



	While there are various solar cell compositions e.g. GaAs, InP, etc., the vast majority of spacecraft obtain their electrical energy from silicon solar cells backed up by batteries when the spacecraft is in the shadow of the earth (eclipse conditions). The relative power output for 10 ohm-cm N/P solar cells (typical) as a function of 1 MeV electrons fluence is shown in Figure 26. The choice of 1 MeV electrons is that there are several facilities for solar cell testing that produce 1 MeV electrons. 



	Since the natural nuclear radiations in space include electrons, protons, alpha particles, etc. of many energies, JPL (Jet Propulsion Laboratory) publication 82-69 has been prepared. This publication lists the equivalent 1 MeV electron fluence / year as a function of altitude, orbit inclination, and solar cell coverslide thickness. This publication also lists power output, open circuit voltage, short circuit current, etc. for several different silicon solar cells (addenda are available which provide similar information for Ga As cells as well have been prepared.)



	The relative output power as a function of altitude for 0.1 year, 1 year and 10 year missions is shown in Figure 27 for 10 ohm-cm silicon solar cells when protected by 6 mil coverslides. It is seen that the output power decreases drastically in the 1000 to 10,000 km altitude region. Even using thick coverslides doesn't help much. (See Figure 28). Most spacecraft use �EMBED Equation.3���6 mil coverslides as the weight of thicker coverslides is greater than that of extra solar cells if more end of life (EOL) power is needed. 



	It is obvious that the relative output of solar cells will decrease with time, even in relatively benign orbits (�EMBED Equation.3��� 1000 km or �EMBED Equation.3��� 10,000 km). Since most spacecraft are designed with a Beginning of Life (BOL) power surplus of �EMBED Equation.3��� 25%, solar cell degradation will limit spacecraft on-orbit life. 



	It should be pointed out that there are other effects that act to limit solar cell output power on orbit. These include micrometeoroid and orbital debris impacts, contamination from the spacecraft itself, etc. Batteries, which back up solar cells, have a finite number of charge-discharge cycles. These effects are not discussed here, but must be considered in designing a spacecraft. 



5.9.1.2.2 Circuit Electronics�xe "Circuit Electronics"�



	The effects of the natural nuclear radiations in space (Van Allen belts, solar flare particles) will be to deposit energy (total dose) in circuit semiconductor electronics. The galactic (cosmic ray) particles can be ignored here because while they can cause upsets in various circuits, they contribute only about 15 rads/year at most. Even relatively sensitive electrical components can tolerate �EMBED Equation.3��� 3000 rads before failing. (See Figure 29) A rad is 100 ergs/gm = 10�EMBED Equation.3��� joules/kg of deposited energy. 



	The deposited energy for protons and electrons (which are by far the most numerous particles in the natural nuclear radiations in space) depends upon the material as well as the particle energy. For silicon (the basic material in the vast majority of semiconductor devices) the fluence-to-dose conversion factors are shown in Figure 30. Multiplying the Van Allen particle fluxes by these conversion factors yields the equatorial Van Allen belt dose rates shown in Figure 31. For altitudes above ~ 1000 km, the dose rates in circular earth orbits or other inclinations are lower by the approximate factors shown in Figure 32. At lower altitudes the particle fluxes and hence the dose rates are greatest near a region called the South Atlantic Anomaly. (See Figure 33) At increasing altitudes above ~ 300 km the anomaly expands in length and width until it covers the earth at all longitudes and at latitudes below ~ 60º. Figure 34 shows typical dose rates in circular orbits with inclinations of 28º as a function of .4( solid angle shield thicknesses, (because of the various motions of the Van Allen Belt particles, their fluxes are essentially isotropic.)



	The other major contributor to total radiation dose to a spacecraft in earth orbit is the particle radiation which results from a solar flare. While not all flares (on the sun) produce particle radiation at the earth, those originating on the west side of the sun (as seen from earth) often do. While the timing and size of a solar flare can only be estimated statistically ahead of time, the NASA has developed a solar flare model which conservatively represents the sum total of the protons produced during a year when the sun is active. See Figure 35. This model is a little larger than the August 1972 flare which produced as many protons at 1 AU as any on record. The free space dose due to this model is shown in Figure 36 for 1 year (1 model event.) and for 10 years, (5.5 �EMBED Equation.3��� the model event). The insert table in Figure 36 shows the conservatively expected solar flare particle dose ratio when the sun is less active. 



	Since the earth's magnetic field affects solar flare particles even more than it does galactic (cosmic ray) particles, spacecraft in low altitude, low inclination orbits will receive less than the free space doses shown in the previous figures. Figure 37 shows the factor by which the free space solar flare particle doses should be multiplied to obtain the doses at the spacecraft. Note that shielding will still be needed to stop the particles which reach the spacecraft. The more energetic, (more penetrating particles) will still be able to reach the spacecraft.  



	The orbit lifetimes will depend upon the total dose capability of the spacecraft electronics as well as the effective 4 (, shielding surrounding the electronics. For medium solar activity, the orbit lifetimes expected in 0º inclination circular earth orbits for electronics which can tolerate 10�EMBED Equation.3���rads are shown in Figure 38. Below ~GEO the Van Allen Belts are the major factor limiting on-orbit lifetimes, above ~ GEO the solar flare particles dominate. For other orbit inclinations the expected lifetimes may be multiplied by the inverse of the values shown in Figure 32. For other total dose limits, the lifetimes may be estimated by ratioing. (e.g. for 10�EMBED Equation.3���rad limits, the lifetimes will be 1/10 of those shown). 



	A few additional remarks are in order. The total dose that electronics, or any spacecraft component, can tolerate depends upon many factors. The role that component plays in the circuit, the degree that the component is stressed electrically, thermally, mechanically etc., the rate at which the dose is received, the relative amounts of ionization and displacement damage produced by the total dose, the prior history of the component, etc. Since it is nearly always impossible to know all these factors, it is customary to rely on the self annealing of the component to provide an additional margin of safety in addition to the margin above the expected total dose to which non-flight components are tested. Thus the actual lifetimes which semiconductor components and their circuits exhibit often vary by factors of 3 to 5 from what was expected. Similar uncertainties exist in the behavior of organic materials when exposed to total dose (even though most organic materials can tolerate �EMBED Equation.3���10�EMBED Equation.3��� rads) (See Figure 39), but total ionizing dose will ultimately cause some spacecraft component to fail, limiting its lifetime. 



	The major effect of galactic (cosmic ray) particles on a spacecraft will be to upset a component of the circuit electronics. Since these components are being make smaller (to conserve weight and power, as well as to increase their operating speed), the amount of charge that must be deposited to produce an upset is quite small. (�EMBED Equation.3��� 106 electrons). See Figure 40. Therefore upset rates of ~ 1 bit/day may be expected, even though the device itself is very small (and upset rates �EMBED Equation.3��� 10-5  bit/day are hard to achieve). Since circuits which may contain thousands of sensitive semiconductor components are common, provisions for coping with such upsets are necessary. In addition to various current limiting devices, having multiple circuits which should all provide the same output is sometimes used. If a "vote" among 3 identical circuits yields a discrepancy, the output of the odd circuit is ignored for that cycle. In this way potentially incorrect signals are kept from damaging the spacecraft. 
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FIGURE � SEQ FIGURE \* ARABIC �26� Relative power output for 10 ohm-cm N/P (typical) solar cells as a  function of nuclear radiation
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FIGURE � SEQ FIGURE \* ARABIC �27� Relative output power for typical solar cells in orbit as a function of mission duration.
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FIGURE � SEQ FIGURE \* ARABIC �28� Relative output power for typical solar cells in orbit as a function of coverslide thickness.
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FIGURE � SEQ FIGURE \* ARABIC �29� Hardness of electronics to total dose.
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FIGURE � SEQ FIGURE \* ARABIC �30� Fluence to dose conversion factors for protons and electrons in silicon.��

FIGURE � SEQ FIGURE \* ARABIC �31� Earth's Van Allen belt dose rate versus altitude.�
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FIGURE � SEQ FIGURE \* ARABIC �32� Van Allen belt dose rate versus orbit inclination.�
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FIGURE � SEQ FIGURE \* ARABIC �33� Van Allen belt proton fluxes at an altitude of 300 km (electrons are similar).�
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FIGURE � SEQ FIGURE \* ARABIC �34� Earth's Van Allen belt dose rate versus shield thickness.�
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FIGURE � SEQ FIGURE \* ARABIC �35� The NASA model solar flare particle event. �
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FIGURE � SEQ FIGURE \* ARABIC �36� Free space solar flare particle doses.�
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FIGURE � SEQ FIGURE \* ARABIC �37� Solar flare dose normalization factors.��

FIGURE � SEQ FIGURE \* ARABIC �38� On-orbit endurance due to natural radiations.��

FIGURE � SEQ FIGURE \* ARABIC �39� Relative radiation resistance of organic materials based upon changes in physical properties. �
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FIGURE � SEQ FIGURE \* ARABIC �40� Single event upset rates in earth orbit.�5.9.1.3 Micrometeoroids/Space Debris (Hits/Penetrations)�xe "Micrometeoroids/Space Debris (Hits/Penetrations)"�



	While micrometeoroid impacts on spacecraft are relatively rare, especially impacts with objects large enough to threaten the ability of the spacecraft to function, they do occur. Data from the Long Duration Exposure Facility (LDEF) which was recovered after 69 months in earth orbit, shows that microgram objects and larger do hit spacecraft. While many of the impacts were micrometeoroids, the flux of orbital debris objects is comparable at altitudes �EMBED Equation.3��� 800 km. See Figure 41. Since the debris object flux is increasing with time and have comparable penetrating capability, it is convenient to consider them together. 



	The meteoroid flux size distribution, shown in Figure 17 may be replotted to show the particle flux as a function of particle mass. See Figure 42. These cometary micrometeoroid particles have an average density of ~0.5 gm/cm3  and a velocity , relative to earth orbiting spacecraft in low inclination posigrade orbits of ~ 20 km/sec. For comparison debris objects have an average density of ~ 2.8 gm/cm2  and a relative velocity of ~ 9 km/sec. Asteroidal micrometeoroids, which have densities of ~ 2.8 gm/cm3  rarely approach the earth. 



	While cometary micrometeoroids have a non-uniform time dependence, (they are especially noted when the earth crosses the orbits of old comets-See Table XI) the graphs of Figures 17 and 42 include these stream as well as sporadic micrometeoroids.



TABLE � SEQ TABLE \* ROMAN �XI� Major meteoroid streams observed at the earth.

NAME �PERIOD OF 

ACTIVITY�PERIOD OF 

MAXIMUM�FMAX.

(RATIO TO SPORADIC)�GEOCENTRIC VELOCITY

(KM/SEC)��QUADRANTIDS�JAN 2-4�JAN 3�8.0�42��LYRIDS�APR 19-22�APR 21� 0.85� 48���EMBED Equation.3��� AQUARIDS�MAY 1-8�MAY 4-6�2.2�64��O-CETIDS�MAY 14-23�MAY 14-23�2.0�37��ARIETIDS�MAY 29-JUNE 19�JUN 6�4.5�38��Z PERSEIDS�JUN 1-16�JUN 6�3.0�29��( TAURIDS�JUN 24- JUL 5�JUN 28�2.0�31��( AQUARIDS�JUN 26-AUG 5�JUL 8� 1.5�40��PERSEIDS�JUL 15- AUG 18�AUG 10-14�5.0�60��ORIONIDS�OCT 15-25�OCT 20-23�1.2�66��ARIETIDS, SOUTHERN�OCT THRU NOV�NOV 5�1.1�28��TAURIDS, NORTHERN�OCT 26-NOV 22�NOV 10�.04�29��TAURIDS, NIGHT�NOV��1.0�37��TAURIDS SOUTHERN �OCT 26-NOV 22�NOV 5�0.9�28��LEONIDS, SOUTHERN�NOV 15-20�NOV 16-27�0.9�72��BIELIDS�NOV 12-16�NOV 14�0.4�16��GEMINIDS�NOV 25-DEC 17�DEC 12-13�4.0�35��URSIDS �DEC 20-24�DEC 22�2.5�37��B.G. COUR-PALIS, METEOROID ENVIRONMENT MODEL-1969(NEAR EARTH TO LUNAR SURFACE) NASA REPORT SP-8013 (1969) (U)







	In the vicinity of the earth, these micrometeoroid fluxes are modified by two effects, the solid angle (body) shielding provided by the earth, and the gravitational fields of the earth.( the defocusing factor). The altitude effects of these factors are shown in Figure 43. Their net effect is to reduce the micrometeoroid flux by ~ 1/3 at altitudes below GEO.



	The penetrating capability of micrometeoroids is surprisingly great considering their small masses. To a first approximation, a hypervelocity particle (one whose velocity appreciably exceeds the velocity of sound in the target material) can penetrate a thickness of material T given by the formula:   



T = K m0.352 p 1/6 V 0.875 



Where: T (target material thickness) is in cm.

m (projectile mass) is in gms.

	p (projectile density) is in gm/cm3.

	V (projectile velocity) is in km/sec.

		K (a constant) ~ 0.57 for hard aluminum. 

				~ 0.32 for stainless steel. 

�EMBED Equation.3���

	For other materials, K is approximately proportional to the 4th root of its Brinell hardness. If the Brinell hardness is not available, the 4th root of the ultimate yield strength will yield an approximate value. The above equation is shown graphically in Figure 44. 



	The probability (P) of an impact by a micrometeoroid of mass m or larger on a spacecraft of projected area A (m2) exposed for time t (sec) will be:



P=�EMBED Equation.3��� A t

	where �EMBED Equation.3��� is the particle flux in micrometeoroids/ m2-sec. As P approaches unity the formula for a normal statistical distribution must be used. In order to have a margin of safety, usually P is  < 0.1. For hit probabilities or 0.1%, 1%, and 10%, the approximate single sheet thicknesses of aluminum to prevent punctures for 10 years in space are shown in Figure 45. In an analysis of this sort, the largest projected area of the spacecraft (which usually includes the solar panels) should be used.



	The penetrating ability of a hypervelocity particle is considerably reduced if a "bumper" is used. A "bumper" is a thin sheet of material which acts to break the incoming particle into many smaller fragments distributed within a conical region. Since each of these fragments has far less ability to penetrate than its parent particle did, the second sheet thickness can be reduced. Under optimum conditions a "bumper" of thickness T/30, followed by a shield of thickness T/6, can stop a particle for which a single sheet thickness of T would otherwise be needed (if the bumper is at least a distance of 5T in front of the shield of thickness T/6). While few spacecraft employ an optimized bumper to protect against micrometeoroid punctures, the honeycomb panels sandwiched between face plates perform the same function. The greatest risk is that a micrometeoroid will hit a solar cell and/or its interconnects, putting the cell out of operation. Since each cell usually has two parallel interconnects on each end, the probability that such a hit would disable a string of solar cells is very small.
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FIGURE � SEQ FIGURE \* ARABIC �41� Projected debris object flux.�

�

FIGURE � SEQ FIGURE \* ARABIC �42� Meteoroid particle flux at 1 A.U.��

FIGURE � SEQ FIGURE \* ARABIC �43� Meteoroid flux normalization factors at 1 A.U. �
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FIGURE � SEQ FIGURE \* ARABIC �44� Single sheet thicknesses of Al (aluminum) and SS (stainless steel) to stop meteoroids of a given mass. �

�

FIGURE � SEQ FIGURE \* ARABIC �45� Aluminum thickness to limit meteoroid punctures. �5.9.2 Environments that produce torques on spacecraft.�xe "Environments that produce torques on spacecraft."� 



	An object placed in earth orbit will have, at any particular instant, an orientation such that there will be no net torque on it, if it is in equilibrium. This orientation will not, as a rule, be independent of its location on the orbit, it may vary with the direction and strength of the ambient magnetic field, vary from sunlight to earth eclipse, etc. Thus a spacecraft may wobble in its orbit unless means are taken to prevent it. Since most spacecraft, to perform their missions, must maintain a specific orientation in space, they will need an attitude-control system. Such attitude-control systems usually consist of thrusters (rockets), magnetic torquerods, momentum wheels and combinations thereof. In sizing these attitude control system components, the magnitudes and directions of the torques produced by the natural environments on  the spacecraft must be known. Some of these torques are cyclical in time (average to zero) others are secular (accumulate in one direction over time).



	Table IX lists the major torque producing environments which act on a spacecraft in earth orbit. The most important in most cases is the gradient of the earth's gravitational field. 



5.9.2.1 Gravity Gradient Torques�xe "Gravity Gradient Torques"�



	Every solid object has a tensor of inertia- a 3 �EMBED Equation.3���3 array of numbers in kg m2 or the equivalent (slug ft2 is sometimes still used). If the coordinate system used to obtain the tensor of inertia has its origin at the center of mass of the spacecraft and the coordinate axis lie in the planes of symmetry of the spacecraft, the inertia tensor will have only diagonal terms (the products of inertia vanish). Of these three diagonal terms (moments of inertia) the largest is the principal moment of inertia. Objects have stable orientations only about their largest and their smallest moments of inertia (they are unstable about their intermediate moment of inertia). Since the dominant term in the earth's gravitational field is its monopole, the gravity gradient lies along the local vertical. An object in earth orbit will usually orient itself with its principal moment of inertia lying along the local vertical. The maximum torque due to this gravity gradient torque (T) is given by the formula:



T = �EMBED Equation.3���



			Where T is in Newton-meters.

			I max. is the maximum spacecraft moment of inertia (kg-m2).

			I min is the minimum spacecraft moment of inertia (kg-m2).

			r is the distance from the center of the earth (m).

			K = 3.986 �EMBED Equation.3��� 1014 (m3/sec2)

			�EMBED Equation.3��� is the angle between I max. and local vertical. 

	Applying this formula to a planar spacecraft for which:

I max. = m�EMBED Equation.3���



I min = �EMBED Equation.3���



	Thus 				T = 4.98 �EMBED Equation.3��� 1013 �EMBED Equation.3���

	For a unit spacecraft m = 1 kg, b = 1 meter, and �EMBED Equation.3��� =45º (the angle of maximum torque), the gravity gradient torque is shown in Figure 46. This torque when multiplied by the spacecraft mass and linear dimensions, would apply if the spacecraft were dominated by a large planar solar array. For a cylindrical, symmetrical spacecraft:



I max. = m �EMBED Equation.3���



I min = �EMBED Equation.3���



			Where: L is the length of the spacecraft,

			and	r is the radius of the spacecraft. 

	

	Note that if L ( �EMBED Equation.3���r, the I max.  and I min will be reversed. The moments of inertia for other geometries can be found in many textbooks of mechanics, but the magnitudes of the gravity gradient torques will be comparable to those obtained by multiplying the graph of Figure 46 by the spacecraft mass and the square of the maximum spacecraft dimension. 



5.9.2.2 Atmospheric Drag Torques�xe "Atmospheric Drag Torques"�



	The torque on a spacecraft due to the earth's neutral atmosphere depends upon the offset between the spacecraft center of mass and the center of pressure. The force on a spacecraft due to the atmosphere is:

F = ½ CD A V2 P



			Where F (the drag force)is in newtons.

				CD (the drag coefficient) ~ 2.

				A (the spacecraft frontal area) is in meters2.

				V is spacecraft velocity (m/sec).

				P is the ambient atmosphere density (kg/m3).



	The spacecraft orbital velocity (for circular orbits) is ~7.9 �EMBED Equation.3��� km/sec and the ambient atmosphere density is shown in Figure 47. This figure corresponds to the envelopes of Figures 14 and 15 and is essentially the same as Figure 13. Thus the drag force on a unit spacecraft (i.e. A = 1 m2) varies from ~ 6.0 newtons/m2 (at 100 km altitude) almost independent of solar activity level to ~ 3 �EMBED Equation.3��� 10-5 N/m2  ( an order of magnitude (at 500 km altitude) very dependent upon level of solar activity. 



	The torque these atmospheric drag forces will produce depends upon the asymmetry of the spacecraft. For a symmetrical spacecraft the net torques due to the atmosphere will be zero, and only the drag force (which limits spacecraft on-orbit lifetime, as discussed earlier) will remain. For a non-symmetrical spacecraft, (one for which the center of mass and center of frontal atmospheric pressure do not lie along the spacecraft velocity vector), an atmospheric drag torque will result. For spacecraft with asymmetrical solar cell panels, radiators, antennas, or other sensors, these offsets can be a meter or more. Figure 48 shows these torques for a right circular cylinder 30 feet (9.15m) long �EMBED Equation.3��� 5 feet (1.53m) in diameter which has its center of mass lying on its axis but offset 1 foot (.305m) toward one end. For such a spacecraft orbiting in its gravity gradient orientation (vertical with the heavy end pointing toward the earth) the atmospheric torque is shown in Figure 48. For comparison the gravity gradient torques on the same cylindrical spacecraft in other orientations are shown in Figure 49 (assuming a spacecraft mass of 1000 kg (2200 lb.). At low altitudes the two torques on this spacecraft are comparable, at altitudes above ~300 km the aerodynamic drag torques are negligible. 



5.9.2.3 Magnetic Field Torques�xe "Magnetic Field Torques"�



	The earth's magnetic is basically that of a dipole, offset ~ 11º from the spin axis of the earth. This magnetic axis wanders around the spin axis on a time scale of years, so the coefficients in Table VI will vary especially those for large values of n and m (Legendre parameters). However, the dominant term is the basic dipole (n = 1, m = 0) which has a value of ~ 0.3 gauss      (3 �EMBED Equation.3���10-5 webers /m2) at the surface of the earth at the equator. 



	The torque of a uniform magnetic field on an current loop of i A sin ( is:



T = B i A sin (



			Where	T= torque (n-m)

				i = current in the loop (amps) 

				A = area of current loop (m2)

				( = angle between normal to current loop and the ambient 					magnetic field.

				B = strength of the ambient field (webers/m2)



	The current loop itself acts like a magnetic dipole of moment i A. Sometimes the dipole moment of magnetic torque rods is given in pole cm (1000 pole cm = 1 amp m2)



	Usually spacecraft circuits are designed to minimize the net magnetic dipole they produce in order to limit the magnetic torques on a spacecraft (by using twisted pairs of wires carrying opposite currents, coax shielding, etc.) This is especially important for solar panels where appreciable currents flow at relatively large distances from the center of gravity of the spacecraft. It will be noted that these current vary with the electrical load (i.e. with time) and time dependent magnetic torques are not desirable except those produced by torquerods when momentum wheels are being unloaded (slowed down).



	Since the earth's magnetic field is a function of position, so is the magnetic torque on a unit dipole moment. To a first approximation:



�EMBED Equation.3���





			Where 	B (the earth's magnetic field strength) is in webers/m2.

					BO ~ 3 �EMBED Equation.3��� 10-5  webers/ m2.

					�EMBED Equation.3���= magnetic latitude (degrees).

					r = distance from the center of the earth (m).

					RE = radius of the earth (~6.4 �EMBED Equation.3��� 106 meters)



	The altitude dependence of the magnetic torque on a unit (1 amp-m2) dipole is shown in Figure 50 and the torque as a function of magnetic dipole moment is shown in Figure 51. For both of these figures the angle between the plane of the current loop and the direction of the earth's magnetic field is 90º (which result in the maximum torque.). The torque vanishes when this angle is 0º. However, unless the spacecraft orbit lies in the plane of the earth's magnetic equator the directions of the geomagnetic field will vary as a function of time. Usually the net magnetic dipole moment of a spacecraft is kept small to minimize these torques. 



5.9.2.4 Radiation (e.g. sunlight) Torques�xe "Radiation (e.g. sunlight) Torques"�



	Another torque which acts on a spacecraft in earth orbit is that due to radiation (sunlight and earth emitted infrared) pressure. This is a small torque, since the pressure of direct sunlight at 1 AU is only �EMBED Equation.3���/c ~ 4.55 �EMBED Equation.3��� 10-6 Newton/m2 and the pressure due to reflected sunlight is even less. While the intensity of direct sunlight under AM0 (air mass zero) conditions is ~ 1367 watts/m2, the intensity of earth-reflected sunlight is less. See Figure 52. At the sub-solar point (local noon) the maximum intensity of the reflected sunlight as a function of altitude is shown in Figure 53. It will be noted from Figure 52 that while the direction of the direct sunlight is radially outward from the sun, the direction of the reflected sunlight approximately follows Snell's Law (sin i =sin r).



	It must be appreciated that these reflected sunlight intensities are somewhat variable. The intensity of direct sunlight depends upon the level of solar activity, the intensity of reflected sunlight also depends upon the cloud, snow and other environmental factors at the earth. 



	The earth emits radiation of its own (infrared) which lies between that of black bodies at ~218º K and ~ 288º K (See Figure 54). While the wavelength dependence is mainly of concern to designers of optical sensors, the intensity of this earth emitted infrared amounts to ~200 watts/m2 close to the surface of the earth. At orbit altitude the effective solid angle of the earth reduces this to ~100 watts/m2 (at LEO) to �EMBED Equation.3��� 15 watts/m2 (at GEO). This infrared radiation is directed radially outward from the center of the earth. 



	For all of these electromagnetic radiations (direct sunlight, reflected sunlight, earth-emitted infrared radiations) the radiation pressure is:



P (newtons/m2) = �EMBED Equation.3���



	Even for direct sunlight this is 4.55 �EMBED Equation.3���10-6  newtons/m2  and (like all forces and pressures) will produce a torque only if the spacecraft center of gravity does not lie on the force (or pressure) vector. For most spacecraft there will thus be small radiation torques, but they are relatively unimportant. 



5.9.2.5 Micrometeoroid Hit/Puncture Torques.�xe "Micrometeoroid Hit/Puncture Torques."�



	The final source of torques on spacecraft acts sporadically, while the proceeding torques were quasi-continuous in nature (sunlight-produced torques decrease to zero when the spacecraft enters the earth's shadow, but are continuous when the spacecraft is exposed to sunlight). The torque produced by micrometeoroid (and debris object) impacts are impossible to predict in time, magnitude, or orientation because they result from impact collisions. However, while quite rare, they can disturb a carefully pointed spacecraft sensor, or even induce spacecraft tumbling.  



	An impact might produce a longer-term torque if it caused a puncture in a pressurized tank, permitting the fluid therein contained to leak out. While pressurized tanks are often protected inside the spacecraft body, the torques due to any leak should be considered as a possible risk. 
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FIGURE � SEQ FIGURE \* ARABIC �46� Maximum torque due to earth's gravity gradient on a unit planar spacecraft.
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FIGURE � SEQ FIGURE \* ARABIC �47� Air density as a function of altitude.�
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FIGURE � SEQ FIGURE \* ARABIC �48� Calculated torque due to aerodynamic force on a model spacecraft.�
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FIGURE � SEQ FIGURE \* ARABIC �49� Gravity gradient torques on a model cylindrical spacecraft.��

FIGURE � SEQ FIGURE \* ARABIC �50� Maximum torque due to earth's magnetic field.��

FIGURE � SEQ FIGURE \* ARABIC �51� Magnetic torque on a spacecraft as a function of its magnetic dipole moment. ��

FIGURE � SEQ FIGURE \* ARABIC �52� Average intensity of earth-reflected sunlight.�
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FIGURE � SEQ FIGURE \* ARABIC �53� Maximum intensity of reflected sunlight.�

�

FIGURE � SEQ FIGURE \* ARABIC �54� Time-averaged infrared radiation emitted by the earth. �

5.9.3 Environmental Effects on RF Communications�xe "Environmental Effects on RF Communications"�



5.9.3.1 Time Delay (Ionosphere�xe "Time Delay (Ionosphere"��xe "Ionosphere"�)



	The ionosphere is basically a cold, partially ionized plasma which delays, refracts, attenuates and rotates r f (radio frequencies) signals traveling through it. Since almost all spacecraft communicate with the earth using r f signals, these effects must be considered in designing spacecraft communications. 



	Without going into many of the details of a complex subject, the major effects may be estimated using the simplified formulae presented here. The time delay will be approximately:



(( �EMBED Equation.3���1.34 �EMBED Equation.3���10-7 �EMBED Equation.3���



			Where:	(( is the time delay (seconds).

					(TEC is the total electron areal density along the 							propagation path (e/m2).

					f is the frequency of the r signal. (Hz) 



	It will be noted that only signals which have a frequency above the plasma frequency can propagate through the ionosphere. The plasma frequency fP  is: 



fP = �EMBED Equation.3���



			Where:	e is the electron charge (1.6 �EMBED Equation.3��� 10-19 coulombs).

					m is the electron rest mass (9 �EMBED Equation.3��� 10-31 kg)

					(o is the permittivity or free space (8.854 �EMBED Equation.3��� 10-12 farad/m). 

					N is the electron number density (e/m2)



	This plasma frequency normally varies between ~ 8 MHz and ~ 15 MHz but can reach 5 MHz nighttime, very quiet sun) and 20 MHz (daytime, very active sun). Since most spacecraft communications are (100 MHz (often ( 1 GHz) no natural phenomenon will disturb the ionosphere sufficiently to block them. 



	The (TEC typically varies from ~ 10-17 e/m2 (night time, quiet sun) to ~ 1018 e/m2 (daytime, active sun). Thus the time delay will be approximately ~ 1.34 �EMBED Equation.3��� 1010/(f)2 sec (night, quiet sun) to ~ 1.34 �EMBED Equation.3��� 1011/(f)2 sec (day, active sun). It is obvious that these delays are in addition to the delays produced by the distance involved. Since r f signals in free space travel at a velocity of ~ 3 �EMBED Equation.3��� 108 m/sec, a signal from a GEO satellite directly overhead would require ~ 0.12 sec to reach the surface of the earth if there were no ionosphere (the ionosphere only delays it a little more).



5.9.3.2 Signal Attenuation (Ionosphere�xe "Signal Attenuation (Ionosphere"��xe "Ionosphere"� and Atmosphere�xe "Atmosphere"�)



	The ionosphere also induces an additional signal attenuation above that due to the geometrical spreading (�EMBED Equation.3���) involved. This geometrical spreading is different for near field and far field conditions, and the resulting loss in signal strength will usually be much greater than the ionospheric effect. However, for frequencies appreciably above the plasma frequency:



attenuation ~ �EMBED Equation.3��� db



			Where:	f is the signal frequency (Hz).

					(Nvds is the electron collision column density. 



	The approximate relationship between the electron column and collision areal densities

is shown in Figure 55. For quiet sun, night time conditions, electron-atom collisions dominate while for active sun, daytime conditions electron-ion collisions dominate. Since for the latter active conditions the electron and the ion densities both increase, the collision density curve has a slope of 2, while for quiet conditions only, the electron density increases linearly (the neutral atom density doesn't change much). Therefore the ionosphere induced attenuation's are: ~



attenuation ~ �EMBED Equation.3��� db (night, quiet sun)



					~�EMBED Equation.3��� db (day, active sun)



	Since f will be ( 108 Hz, these attenuations are small. 



5.9.3.3 Plane of Polarization Rotation (Ionosphere�xe "Plane of Polarization Rotation (Ionosphere"��xe "Ionosphere"�, Magnetic Field)



	Because of the earth's magnetic field, a plane polarized r f signal will have its plane of polarization rotated in passing through the ionosphere, This rotation can consist of several revolutions for relatively low frequency (�EMBED Equation.3��� 1 GHz) signals in a disturbed ionosphere. For quasi-longitudinal waves the angle of rotation will be approximately:

w =�EMBED Equation.3���



			Where:	w is the rotation angle of the plane of polarization 							(degrees)

					K is a constant �EMBED Equation.3���

					f is the signal frequency (Hz)

					N is the local electron density (e/m3)

					H is the magnetic field strength (amp turn/m)

					( is the angle between the magnetic field and the 							direction of signal propagation (degrees).

					i is the angle between the local vertical and the direction 						of signal propagation (degrees).



	The approximate relationship between �EMBED Equation.3��� and (N ds is:



(N ds = 1000 (�EMBED Equation.3���)1.2



			Where: (N ds = (TEC in electrons/m2

				�EMBED Equation.3��� is the maximum electron local density (See Figure 56)



	The Faraday rotation for frequencies �EMBED Equation.3���100 Hz is approximately: 



�EMBED Equation.3���



			Given: Quiet sun, night time. ((TEC = 1017 e/m2)



�EMBED Equation.3���



			Given: Active sun, day time. ((TEC = 1018 e/m2)



	It is seen that w will be several revolutions. In addition, as ionospheric conditions change, w will vary considerably. In order to minimize the effects of Faraday rotation on the strength of the received signal, circuitry polarized signals and dish antennas are usually used when communicating with spacecraft. 



	There are other effects which the ionosphere can have upon an r f signal passing through it. These include birifringant splitting of the signal into an ordinary ray and an extraordinary ray, (the same effect calcite has on visible light) and the Luxembourg effect (sum and difference frequencies produced when signals are propagating through an ionosphere being vibrated by another rf source e.g. a powerful radar).However, the time delay, attenuation and Faraday rotation are the major effects which the natural ionosphere produces. 



	At very high frequencies (( 10 GHz), the earth's neutral atmosphere can produce a non negligible r f attenuation (See Table XII) This table shows that O2 and H2O are the molecules largely responsible. Since the H2O (water) content of the earth's atmosphere is highly dependent upon the weather, so is the attenuation. That attenuation will be in addition to the ionospheric attenuation:

attenuation = e-MX  db



			Where"	M is the attenuation coefficient (cm-1 atm-1)

					X is the total water content along the path (atm-cm)



	Except at very high frequencies this attenuation is small (it becomes very important at infrared wavelengths as Figure 54 shows).



TABLE � SEQ TABLE \* ROMAN �XII� Attenuation coefficients for radio frequency signals propagating normally through the atmosphere. 



ATTENUATION COEFFICIENTS��WAVELENGTH

(cm)�FREQUENCY

(MHz)�O2�H2O��.03�100,00�.0.1�0.03��.04�75,000�0.4�0.02��.05�60,000�25�0.01��.06�50,000�.04�0.01��.08�37,500�0.05�0.01��1.0�30,000�0.03�0.02��1.2�25,000�0.02�0.06��1.5�20,000�0.02�0.02��2.0�15,000�0.015�0.003��3.0�10,000�0.013�0.0009��	The atmosphere is composed of 167,000 atm-cm of O2

	and typically 1,245 atm-cm of H2O (1 cm of perceptible water)





	5.9.3.4 Ionospheric Irregularities�xe "Ionospheric Irregularities"�.  



	Irregularities in ionospheric electron density cause signals transiting the ionosphere to fluctuate in phase and amplitude.  This effect is referred to as scintillation.  The parameters which serve to characterize a scintillating signal include the signal decorrelation time (t), the frequency selective bandwidth (f0), and the so-called S4 index.



	





	The S4 index is a measure of the scintillation depth in received signal power.  It is defined as:

�

	













where R is the amplitude of the wave and a horizontal bar denotes the mean value of the quantity below it.



	In Table XIII, estimates of reasonable worst case values of the S4 index, signal decorrelation time, and frequency selective bandwidth are listed for VHF (approximately 150 MHz) signals propagating through the ionosphere.  Also included are ionospheric absorption losses. which are generally very small.  At equatorial latitudes, signal scintillation at VHF can be severe (S4 = 1), giving rise to intense Rayleigh fading.  This situation is worst during the maximum of the solar sunspot cycle.  At solar maximum, S4 = 1 conditions may occur for four hours each night (nominally between 2100 and 0100 local time), a few days a week for approximately six months a year.  The particular six months of the year affected is dependent upon geomagnetic longitude.  At high latitudes and midlatitudes the scintillation’s are weaker. and Rayleigh fading is not typically encountered.



TABLE � SEQ TABLE \* ROMAN �XIII�.  Worst-case Signal Propagation Parameters�xe "Worst-case Signal Propagation Parameters"� 

		(Scintillation Parameters in the Natural Ionosphere�xe "Ionosphere"� at VHF) 

		(Approximately 150 MHz)



�S4�(�fo�Absorption��������Equatorial�1*�0.5 - 0.05 sec�80 - 1 MHz�below 0.5 dB��������Midlatitudes�0.2�several

seconds�***�negligible��������Auroral�0.5**�2.0 - 0.2 sec�***�negligible��������*           4 hours per night,  a few days per week, 6 months per year��**         4 hours per night��***       Not limited by scintillation��

	Except for the equatorial S4 index, the VHF results of Table XIII can be scaled to higher frequencies using the relations ( approximately equal to fr, fo  approximately equal to (fr)4 (e.g., Ref. 6.2 m), and S4 approximately equal to (fr)-1.4 for S4 less than 0.7 (Ref. 6.2 n), where fr is radio wave frequency.  In the equatorial region, the condition S4 = 1 occurs less frequently at higher frequencies. At L-band (1.2 GHz), S4 = 1 conditions may occur half as often as at VHF, and at C-band (4 MHz) this condition is fairly rare.
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FIGURE � SEQ FIGURE \* ARABIC �55� Relation between collision and areal electron densities.

�

�



FIGURE � SEQ FIGURE \* ARABIC �56� Relation between areal and volume electron densities. �

5.9.4 Environments That Affect Spacecraft Charging/Discharges.�xe "Environments That Affect Spacecraft Charging/Discharges."� 

5.9.4.1 Surface Charging�xe "Surface Charging"�



	In addition to limiting spacecraft on-orbit lifetimes and producing torques on orbiting spacecraft, the natural space environments in the vicinity of the earth can act to electrically charge a spacecraft. Such charging is usually of little concern unless it leads to electrical discharges on or in the spacecraft. If an electrical discharge occurs , it releases two kinds of energy, conduction currents and r f emissions. If either kind of energy reaches the electronic circuits of the spacecraft, it can produce problems ranging from electrical noise to undesirable action by the spacecraft, to (in extreme cases) the loss of the spacecraft. Before the environments which can cause electrical charging were understood, some spacecraft (mostly in GEO orbits) were lost this way.



	Table X lists the natural space environments which can cause spacecraft charging. By far the most significant source of surface charging is the hot plasma which results from solar activity. The way this takes place is described below. 

5.9.4.1.1 Hot Plasma (Near GEO)�xe "Hot Plasma (Near GEO)"�

	The sun is continually emitting a flux ~ 108 �EMBED Equation.3��� of electrons and protons from its surface at a velocity of ~ 400 km/sec. These ~ 1 kev protons and ~ 0.5 eV electrons (the solar wind) pass around the geomagnetosphere (the teardrop-shaped region of space which surrounds the earth) and do not normally approach the earth closer than ~ 10 RE on the sunward side when the sun is quiet. Some of these solar wind particles enter the geomagnetosphere at the cusps and many of these entering particles become part of the Van Allen belts. Other entering particles tend to collect in the tail of the geomagnetosphere (this tail, which points approximately in the anti-solar direction, is typically �EMBED Equation.3��� 200 RE long). (See Figure 59) However when the sun is active, the solar wind "blows" harder, increasing to ~ 109 particles/cm2-sec at ~700 km/sec in some cases. This squeezes the geomagnetosphere, especially the tail sections. The cold plasma (the neutral sheet) in the tail is compressed (heated) and projected toward the earth on its anti-solar side. This moving hot plasma travels toward the earth until it reaches an altitude where the earth's magnetic field is strong enough to separate the electrons from the protons (which usually occurs in the vicinity of GEO altitudes). The electrons then move into the midnight-to-dawn gradient while the protons move in the opposite direction (midnight-to-dusk). Since the electrons have much greater thermal velocities than the protons they dominate, charging the spacecraft surface negatively to large voltages (in some cases, to -20,000 volts), primarily in this midnight-to-dawn gradient. 



	These electron charging currents are typically ~ 10-8 amp/cm2 and are present ( 10% of the time at GEO altitudes (~35,800 km). The probability rapidly decreases to ~ 0.1 % at GPS altitudes (~20,000 km) but the charging current density (when it is present) will be larger - ~10-7 amp/cm2. This hot plasma has not been observed at lower altitudes. There have been four large conferences dealing with this hot plasma and its effect on spacecraft and the reader is referred to them for further details. ( The IEEE transactions on nuclear science also usually have a section on spacecraft charging in the December issues on nuclear radiation effects on electronics).

5.9.4.1.2 Auroral Electrons�xe "Electrons"�( Near The Earth's Poles)�xe "Auroral Electrons( Near The Earth's Poles)"�.



	Auroral electrons are the only other significant surface charging space environment. These electrons precipitate from the Van Allen belts near the poles when the sun is active (and compressing the geomagnetosphere). These charging  currents are typically �EMBED Equation.3��� 10-6 amp/cm2 and lie at altitudes of �EMBED Equation.3��� 1000 km. Like the hot plasma at GEO altitudes, they are present ( 10% of the time and act to produce negative voltages on spacecraft surfaces. 



	A charging mechanism which is negligible for all spacecraft flown to date is the v �EMBED Equation.3���B effect, where v is the spacecraft velocity in (m/sec) and B is the earth's magnetic field in webers/m2. Even for a very long (~100 meters) spacecraft member, this v �EMBED Equation.3���B effect will only produce ~ 0.2 volts in LEO and ~3 �EMBED Equation.3��� 10-4 volts in GEO. This effect, if it causes electric currents to flow, also acts as a minute drag force on the satellite, ultimately limiting the on-orbit life of even an inert piece of matter, but the lifetimes will be measured in centuries. Thus this effect is nearly always ignored. 



5.9.4.2 Surface Discharging�xe "Surface Discharging"�



	There are two environments that act to limit surface voltages on spacecraft- sunlight and the ionosphere. 



5.9.4.2.1 Sunlight�xe "Sunlight"�

	

	The ultraviolet (UV) light in sunlight can eject photoelectrons from most surfaces, especially metals. The typical photoelectron current density at 1 Au from the sun is ~ 5 �EMBED Equation.3��� 10-9 amp/cm2 for many metals. For surfaces exposed to AMO sunlight, his acts to reduce negative voltages (or to produce a potential of �EMBED Equation.3��� +5 volts if hot plasma and auroral electrons are absent).

5.9.4.2.2 Ionosphere�xe "Ionosphere"�

	The other voltage limiting environment is the earth's ionosphere. The altitude dependence for active and quiet sun conditions is shown in Figure 57 and is mirrored by the altitude dependencies of the discharge currents (See Figure 58) As expected the discharge currents increase as the spacecraft voltages increase with the electrons acting to neutralize + voltages and the ions acting to neutralize - voltages at low altitudes (( 1000 km) the ionosphere dominates even auroral electrons, limiting spacecraft surfaces to �EMBED Equation.3��� 103 volts (and most insulating materials can withstand �EMBED Equation.3��� 500 volts/mil so surface discharges are not expected in this altitudes region for surfaces ( 2 mils thick).



5.9.4.3 Deep (Interior) Charging�xe "Deep (Interior) Charging"�



	A phenomenon which is being taken more seriously lately is that of deep charging. This is the deposition of electrical charge inside a spacecraft due to the accumulation of electrons and protons in insulating bodies (e.g. in coaxial cables, circuit boards, etc.). The electrons and protons are primarily Van Allen belt particles (solar flare particles also contribute) which are stopped after penetrating a distance which depends upon their energies. There may also be secondary electrons which have been displaced from their equilibrium positions by the penetration of the primary Van Allen belt and solar flare particles. The CREES spacecraft experienced ~ 4300 discharges in 13 months in a 10 hr, 18.2º elliptical orbit, most of them due to deep discharges. After an initial charging-up time of a few months the discharge rate correlated well with the ambient Van Allen belt electron flux. 



	To a first approximation deep charging will be a problem if the electrical resistivity (() exceeds:

�EMBED Equation.3���



		Where:	E is the electrical field at which the insulation will suffer 						electrical breakdown (volts/meters).

				J is the charging current (amps/m2)

				q =1.6 �EMBED Equation.3��� 10-19 coulombs (the electron's charge)

				( = flux of penetrating particles (particles/m2-sec).

				( = bulk resistivity (ohm-m)



	For most materials, discharges will result if ( exceeds ~ 1010 ohm-m (1012 ohm-cm). Unfortunately, most insulators (teflon, kapton, mylar, etc.) have resistivities greater than this. 



	For many spacecraft, based on CREES experience, �EMBED Equation.3��� 10 discharges/hr may be expected due to the Van Allen belts, �EMBED Equation.3��� 1 discharge/hr due to solar flare particles (which are present ~3% of the time) and ~ 1 discharge/month due to galactic particles. Galactic particles can also cause single event upsets in electronic circuit components, as discussed earlier. 



	The approaches to spacecraft charging include:

	a.	Preventing charging if possible 

	b.	Preventing discharges if charging takes place. 

	c.	Coping with the effects of discharges. 



	Usually approach (c) is used after reasonable attempts to limit charging and discharges have been undertaken. Coating insulating surfaces with a few hundred angstroms of ITO (indium- tin oxide) has been used with success on many spacecraft components (including solar panels) but is not suitable for r f antennas (astroquartz works here, but is heavy). Deep discharges can be limited by substituting materials which are slightly conducting (by doping them) for usual insulators. But since completely limiting discharges does not appear to be practical, designing electronic circuits that can cope with discharges is usually the approach taken. 



��

FIGURE � SEQ FIGURE \* ARABIC �57� Earth's natural daytime ionosphere. ��

FIGURE � SEQ FIGURE \* ARABIC �58� Discharge currents due to earth's ionosphere.

��

FIGURE � SEQ FIGURE \* ARABIC �59� Idealized size and shape of the geomagnetosphere.
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6 NOTES�xe "NOTES"�



6.1 Intended Use�xe "Intended Use"�



	This handbook is intended for use as a guide in determining natural space environment parameters and requirements in acquisition contracts for selected space vehicles, upper stage vehicles, payloads, and space experiments.  



	Note that this handbook does not address effects of human operations in space such as transmitter radiations, fluid discharges from space vehicles (including rocket exhausts and vehicle outgassing) or surface contamination. While it does discuss many of the interactions between the environment and an orbiting space vehicle and the effects of the environment on the space vehicle and its subsystems, these discussions are only intended to provide general guidance. More detailed calculations using refined methods will be needed in order to complete a spacecraft design and determine the environmental effects on that spacecraft. These more detailed calculations will depend upon the specifics of the spacecraft design involved. 



	Although this handbook does not address the effects of human operations or the induced environment which may result from such operations, this should not be interpreted as indication that these areas are not important. These effects on a space system may be greater than that due to the natural environment. These areas vary with human activities, tend to be program peculiar and therefore are not appropriate for inclusion in this handbook. However these areas should also be included in the analysis of the effects of the total environment on space systems, to the extent that they are applicable. 
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6.3 Tailored Application�xe "Tailored Application"�



	The technical requirements in each contract should be tailored to the needs of that particular acquisition.  Military specifications and standards need not be applied in their entirety.  Only the minimum requirements needed to provide the basis for achieving the program requirements should be imposed. The cost of imposing each requirement of this handbook should be evaluated by the program office against the benefits that should be realized  However, the risks and potential costs of not imposing requirements must also be considered.



Contractors are encouraged to report to the contracting officer, for program office review and consideration, those specific requirements that seem inappropriate, are believed excessive, or are conflicting with other contract requirements. However, contractors are reminded that any departure from contractually imposed requirements can be granted only by the contracting officer.



6.4 Subject Term (Key Word) Listing�xe "Subject Term (Key Word) Listing"�



	Atmosphere�xe "Atmosphere"�

	Cosmic Rays�xe "Cosmic Rays"�

	Electrons

	Environment

	Geomagnetic Field

	Gravitational Field

	Ionosphere

	Meteoroids

	Particles

	Protons

	Radiation Belts

	Radio Noise

	Scintillation

	Solar Storm

	Space

	Thermosphere
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