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The discovery of the Van Allen radiation belts in 1958, starting with data from the United
States’ first two successful orbiting spacecraft, Explorer’s I and III, was an astounding sur-
prise and represented the founding of what we now call magnetospheric physics. Since that
time many spacecraft have traversed the radiation belts en route to other more distant parts
of Earth’s magnetosphere and other worlds beyond Earth’s orbit. After initial climatolog-
ical models of the radiation belts were obtained in the 1960’s and early 1970’s, the main
concern about them was the ability of spacecraft and astronauts to survive their intense ra-
diation. And yet there were true scientific mysteries to be solved, glimpses of which came
in the 1990’s from spacecraft like CRRES and SAMPEX. CRRES observed the unexpected
creation of a brand new radiation belt and also a variety of unanticipated features includ-
ing peculiar distributions of strong electric fields deep within the belts during geomagnetic
storms. SAMPEX, observed the slot region between the inner and outer belts to contain
anomalous cosmic rays and also observed high cadence variations in the energetic electrons
within that region that were unanticipated from known radiation belt drivers. In addition,
measurements by spacecraft transiting the radiation belts showed them to contain a rich va-
riety of strong plasma waves with frequencies from mHz to 10’s of kHz, known to interact
resonantly with the various periodicities of the charged particles, transporting them, scatter-
ing them, and causing them to precipitate into the atmosphere. But the mechanisms of those
interactions, for example whether they are principally linear or strongly non-linear, and how
robustly they influence the belts, are poorly determined. While new discoveries will always
be made by spacecraft visiting new places, improved measurements made in old places can
make equally exciting discoveries and also lead to deep understanding. The radiation belts
have clearly become a place ripe for renewed exploration.

N.J. Fox
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With the advent of the National Space Weather (NSW) and Living With a Star (LWS) pro-
grams, there was renewed interest in the radiation belts and other near-Earth space phenom-
ena, especially those that affect technological systems. The 2002 Solar and Space Physics
Decadal Survey gave high priority to a Geospace Network mission, which comprised a
radiation-belt component (called then the Radiation Belt Storm Probes, RBSP) and an iono-
spheric component (Ionospere-Thermosphere Storm Probes, ISTP). That report noted crit-
ical gaps in understanding of space weather, including the fact that the strongest effects of
severe magnetospheric storms are produced by radiation belt particles, which often appear
and disappear in unexpected ways. Noting that changes in the particle distribution functions
and electric and magnetic fields in the inner magnetosphere are measured at satellite orbital
periods rather than at particle drift periods, the report called for a multiple-spacecraft RBSP
mission.

The start of the Vision for Space Exploration program in 2004 lent particular urgency
toward understanding the radiation hazards presented to astronauts travelling beyond Earth
orbit. In response to this concern, RBSP was started by NASA in 2005 but with ITSP left
for future implementation. As part of the NASA LWS program, NASA assigned the im-
plementation of RBSP to the Johns Hopkins University Applied Physics Laboratory for
implementation and spacecraft development, and solicited instrument proposals from the
science community with an Announcement of Opportunity in August 2005. Following se-
lection of instruments in 2006, RBSP underwent timely and successful development toward
a launch on August 30, 2012. After launch and commissioning the mission was appropri-
ately renamed the Van Allen Probes.

This special issue of Space Science Reviews describes the design, development, calibra-
tion and testing of all aspects of RBSP leading up to its launch. Numerous new measurement
capabilities were developed for the mission including extensions of the electron and ion mea-
surements to both much higher and lower energies than ever before with the addition of ion
composition to both plasma and energetic particle measurements. In addition, more com-
prehensive wave measurements are included. And, as prescribed, the use of two identical
spacecraft in nearly the same orbit increases the time cadence of the measurements substan-
tially and allows for the separation of spatial and temporal effects over various spatial scales.
In addition to the on-board instrumentation an extensive campaign involving balloon-borne
energetic particle measurements maps the precipitation zones in the upper atmosphere.

Reprinted from the journal 2 &\ Springer
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Abstract The NASA Radiation Belt Storm Probes (RBSP) mission addresses how popula-
tions of high energy charged particles are created, vary, and evolve in space environments,
and specifically within Earth’s magnetically trapped radiation belts. RBSP, with a nominal
launch date of August 2012, comprises two spacecraft making in situ measurements for at
least 2 years in nearly the same highly elliptical, low inclination orbits (1.1 x 5.8 RE, 10°).
The orbits are slightly different so that 1 spacecraft laps the other spacecraft about every
2.5 months, allowing separation of spatial from temporal effects over spatial scales ranging
from ~0.1 to 5 RE. The uniquely comprehensive suite of instruments, identical on the two
spacecraft, measures all of the particle (electrons, ions, ion composition), fields (E and B),
and wave distributions (dE and dB) that are needed to resolve the most critical science ques-
tions. Here we summarize the high level science objectives for the RBSP mission, provide
historical background on studies of Earth and planetary radiation belts, present examples of
the most compelling scientific mysteries of the radiation belts, present the mission design of
the RBSP mission that targets these mysteries and objectives, present the observation and
measurement requirements for the mission, and introduce the instrumentation that will de-
liver these measurements. This paper references and is followed by a number of companion
papers that describe the details of the RBSP mission, spacecraft, and instruments.

Keywords Radiation belt - Magnetosphere - Geomagnetic storms - NASA mission
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1 Introduction

The science objectives for the Radiation Belt Storm Probes Mission (RBSP) were first ar-
ticulated by the NASA-sponsored Geospace Mission Definition Team (GMDT) report pub-
lished in 2002, refined within the NASA RBSP Payload Announcement of Opportunity
issued in 2005, and finalized in the RBSP Program Level (Level 1) requirements document
signed by NASA’s Associate Administer for Science in 2008. The fundamental objective of
the RBSP mission is to:

Provide understanding, ideally to the point of predictability, of how populations of rel-
ativistic electrons and penetrating ions in space form or change in response to variable
inputs of energy from the Sun.

This broad objective is parsed into three overarching science questions:

1. Which physical processes produce radiation belt enhancements?
2. What are the dominant mechanisms for relativistic electron loss?
3. How do ring current and other geomagnetic processes affect radiation belt behavior?

The purpose of this paper is to provide the background and context for these overarching
questions and to break them down to reveal the most compelling scientific issues regarding
the behavior of the radiation belts. We then describe how the characteristics and capabilities
of the RBSP mission enable the resolution of these issues. This introductory paper is fol-
lowed by a number of companion papers that describe the details of the mission, spacecratft,
instrument investigations, and instrument hardware. Also, background on present under-
standings of some mathematical tools used in the study of radiation belts is provided in
Ukhorskiy and Sitnov (this issue), and the importance of the RBSP science in mitigating the
societal impacts of space weather is described by Kessel et al. (this issue).

2 Background and Context

It has now been over 50 years since observations from the first spacecraft in the late 1950’s
were used to discover the radiation belts and reveal their basic configuration (e.g. Lud-
wig 2011; Zavidonov 2000). Those discoveries lead to an explosion of investigations into
the nature of the belts over the next two decades, including studies of the behavior of the
transient belts created artificially with nuclear explosions (Ludwig 2011; Van Allen 1983;
Walt 1997). Textbooks like those written by Hess (1968), Roederer (1970) and Schulz and
Lanzerotti (1974) captured the fundamental physics of the radiation belts discovered dur-
ing the first decade of study, including such important breakthroughs as the initial devel-
opment of the magnetospheric coordinate systems needed to understand particle behavior
(e.g. Mcllwain 1961). By the middle of the 1970’s, interest in studying the radiation belts
had dwindled, and the focus of those who continued to work on the belts shifted to char-
acterizing their properties for engineering and space environment applications. The pro-
ton and electron radiation belts were popularly viewed as being relatively static structures
(Fig. 1). Key features of interest have always been the electron slot region centered near
equatorial radial distances of ~2-3 Rp and the electron horn structures at high latitudes
(Fig. 1).

During the epoch described above, time averaged and modeled distributions of parti-
cle intensities were generated to estimate the long-term debilitating influences of pen-
etrating electron and ions on spacecraft and astronauts. The examples presented in
Fig. 2 shows equatorial distributions of omnidirectional particle fluxes. Modern particle

Reprinted from the journal 4 &\ Springer
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Fig. 1 Time averaged radiation
belt omnidirectional fluxes for
>10 MeV protons (top) and
>0.5 MeV electons (bottom).
See, for example, Kivelson and
Russell (1995)

Protons
Energy =10 MeV

Electrons
Energy > 0.5 MeV

R

spectrometers measure the directional differential particle intensities: I[E, o] with units
(sec™!cm™2sr~! MeV™!), where E is energy in MeV and « is pitch angle, the angle be-
tween the particle velocity vector V and the local magnetic field vector B. The intensity 7 is
related to the omnidirectional flux Fy,,(>E) in Fig. 2 through integration, specifically:

\
\Inner belt Slot Quter belt

[e°]

Fo,,,[>E]:/ﬂ 27 sin[a]da/ I[E a]dE’ (1)
0 E

Fo,(>E) is most useful from the engineering perspective because for a specific level of
shielding, just one of the profiles in each of Figs. 2(a) and 2(b) provides an estimate of the
electron and proton radiation fluxes that penetrate into the shielded volume. For example,
for 100 mils of aluminum (0.25 cm corresponding to ~0.67 g/cm?) the relevant profiles
would be the red one labeled with the electron energy 1.5 MeV in Fig. 2(b), and the red one
labeled with the proton energy 20-30 MeV in Fig. 2(a).

In the early 1990’s, several observations revealed that the behavior of the Earth’s radia-
tion belts were far more dynamic and interesting than previously thought. Specifically, the
observations of the CRRES mission, flying in a highly elliptical geosynchronous transfer
orbit, revealed the sudden creation of a brand new radiation belt that filled the electron slot
region (Fig. 3; Blake et al. 1992; color figures like that shown here are reviewed by Hudson
et al. 2008). Also in the early 1990’s the SAMPEX mission was launched into a low alti-
tude polar orbit with the science goals of studying cosmic rays, radiation belts, and other
energetic particles (Mason et al. 1990). The two-decade-long ongoing extended SAMPEX
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Fig. 2 (a) Proton radiation belt distribution from Sawyer and Vette (1976). The red profile added to this
display corresponds to those protons (>20 MeV) that just penetrate about 100 mils (0.25 cm) aluminum.
NASA publication. (b) Electron radiation belt figure generated by combining 2 of the standard plots provided
in the Handbook of Geophysics and the Space Environment (edited by Jursa 1985), the right-hand portion
generated by Singley and Vette (1972). The inner electron belt fluxes are more uncertain because it is difficult
to measure energetic electrons in an environment of very energetic protons. The red profile corresponds to
those electrons (>1.5 MeV) that just penetrate about 100 mils (0.25 cm) aluminum. Air Force publication

Fig. 3 CRRES spacecraft oo 1

observation of the creation of a | Electron E>35 MeV
new electron radiation belt that { Radiation Intensity
filled the slot region between 2
and 3 Rg (Blake et al. 1992;
figure discussed by Hudson et al.
2008). The new belt (bright red)
is thought to be the result of an
interplanetary shock wave
impinging on Earth’s
magnetosphere

L - Parameter (RE)

«—— Position

1000

mission has enabled studies of the dynamics of the low altitude, high latitude extensions of
the Earth’s radiation belts, the so-called radiation belt “horns” (Fig. 1, bottom). SAMPEX
revealed that the radiation belts change dramatically over multiple time scales for reasons
that are not always readily apparent (Fig. 4; Baker et al. 2004; Li et al. 2011).

The work that was performed in conjunction with and following the CRRES and SAM-
PEX missions has convinced the scientific community that we are far from having a predic-
tive understanding of the behavior of the Earth’s radiation belts, as discussed below. Present
understanding of aspects of radiation belt physics is captured in several monographs and
reviews. Lemaire et al. (1996) document the mid-1990’s understanding of the belts; and
Hudson et al. (2008), Thorne (2010), and a series of papers in the Journal of Atmospheric
and Solar-Terrestrial Physics edited by Ukhorskiy et al. (2008), review more recent under-
standing.

Reprinted from the journal 6 &\ Springer
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Fig. 4 Electron intensity (color scale) versus magnetospheric L-parameter (vertical axis) versus time (hori-
zontal axis) for 2-6 MeV electrons as measured by the low altitude, polar orbit SAMPEX mission for over an
entire ~11-year solar cycle (Baker et al. 2004; these measurements have continued for a second solar cycle;
see Li et al. 2011)

In parallel with the new findings and interest in the radiation belts of Earth, extrater-
restrial planetary probes have revealed robust radiation belts at all of strongly magnetized
planets, despite the huge differences between the respective planets and despite the huge
differences in how the space environments of these different planets are powered (Mauk
and Fox 2010, and references therein). The creation of trapped populations of relativistic
and penetrating charged particles is clearly a universal characteristic of strongly magnetized
space environments and not just a characteristic of the special conditions that prevail at
Earth. For example, the solar wind, thought to be the overwhelming driver for energization
of Earth’s radiation belts, has only a marginal influence at Jupiter on the creation of Jupiter’s
dramatic, and much more energetic, radiation belts (Ibid).

3 Radiation Belt Science Mysteries

After over 50 years of study, we know a lot about the Earth’s radiation belts. Many of the
fundamental processes (e.g. Fig. 5) that control radiation belt behaviors have been studied
both observationally and theoretically. A good example would be the influence of strong
interplanetary shock waves on the radiation belts (Fig. 5), one of which instigated the dra-
matic creation of a new radiation belt observed by CRRES (Fig. 3; e.g. Blake et al. 1992;
Li et al. 1993). However, we are still far from having a predictive understanding of the ra-
diation belts. Our ignorance resides both in the complexity about how the various processes
combine together to produce a variety of radiation belt disturbances, and in the character-
istics and complex behaviors of some of the specific mechanisms. Here we provide some
illustrative examples of the most easily articulated of scientific mysteries regarding the be-
haviors of the Earth’s radiation belts, which we pose in the form of questions. Many other
sample questions than those selected here could have been chosen, and indeed would have
been chosen by other authors with different scientific perspectives.

Sample Question 1 Why do the radiation belts respond so differently to different dynamic
magnetic storm events?

@ Springer 7 Reprinted from the journal
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Interplanetary’

Interplanetary.
shock

04-05809-

Fig. 5 Schematic of some of the physical processes affecting the behaviors of Earth’s radiation belts

It has long been conventional wisdom that the radiation belts dramatically intensify in
association with geomagnetic storms. Such storms are often created by the impact of so-
lar coronal mass ejections with the Earth’s magnetosphere and also the passage of high
speed solar wind streams. Storms last for 1 to several days, occur roughly a dozen times
a year, and cause dramatic increases in the flux of hot ion populations at geocentric dis-
tances between 2 and 6 Rg. Currents associated with these ‘ring current’ ion populations
distort inner magnetospheric magnetic fields and depress equatorial magnetic fields on the
surface of the Earth. The so-called storm time disturbance (Dst) index, a measure of these
depressions, is generally taken to provide a direct measurement of the ring current energy
content according to the Dessler-Parker-Sckopke relationship (Dessler and Parker 1959;
Sckopke 1966; however, there are caveats—Liemohn 2003).

Reeves et al. (2003) published a now classic paper that showed that radiation belt re-
sponses to storms can contradict conventional wisdom. At times the Earth’s outer radiation
belt populations do increase during magnetic storms (decreases in Dst), but at other times
they remain largely unchanged by magnetic storms or even decrease dramatically (Fig. 6).
We do not know why the outer electron belt responds so differently during individual mag-
netic storm events, and these results highlight our lack of predictive understanding about
radiation belts.

Sample Question 2 Why do observed global electric field patterns behave so differently
than expected?
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Fig. 6 Variable responses of Earth’s outer electron belt (fop of each panel) to magnetospheric storms as
diagnosed with the Dst parameter (bottom). After Reeves et al. (2003). © The American Geophysical Union

A critical element in the control of the radiation belts is the distribution of other plasma
populations relative to the radiation belt populations. Cold, warm, and hot plasma popula-
tions provide both the free energy needed for the generation and growth of various plasma
waves and the media through which these waves propagate. The plasma waves can scatter
and energize radiation belt particles. To a substantial degree, it is thought that large scale
global electric field patterns within the inner and middle magnetosphere control the loca-
tions where the cold, warm, and hot plasma populations occur within the radiation belts.
Here we are making a distinction between the quasi-steady (hours) global electric fields and
the transient electric fields (minutes) associated with injections and other fast processes.

Classical models for inner and middle magnetospheric global electric fields often em-
ploy a so-called Volland-Stern type configuration (e.g. reviewed by Burke et al. 2007) with
an electric potential: @ = @(L” cos[LT], where @, is the electric potential at some outer
boundary position, L is the standard magnetospheric distance parameter (equatorial radial
position in Rg for a magnetic dipole field), LT is the angle that corresponds to local time,
and y is the so-called shielding parameter. The idea of this configuration is that the global
electric field is applied “externally” by the interaction between the solar wind and the outer
boundaries of the magnetosphere, and that the trapped inner region populations respond to
partially shield out that electric field from the inner regions.

It therefore came as a shock when Rowland and Wygant (1998) published their statistical
distribution of electric field measurements from the CRRES mission (Fig. 7). Inner mag-
netospheric electric fields increase dramatically with increasing geomagnetic activity with
an L-dependence that is contrary to expectations. This result has been highly controversial.
Part of the debate is stimulated by the fact that CRRES measured only the dawn-dusk com-
ponent, so that different functional forms can be hidden in the missing component due to
distortions in the geometry.

However, the absence of any significant increase in quasi-stationary electric fields at
larger radial distances (e.g. 7-8 RE in Fig. 7) as geomagnetic activity increases represents
an equally significant result. Conventional wisdom proclaims that the “cross-tail” electric
fields at these radial distances increase with increasing geomagnetic activity, and thereby
drive the transport of magnetotail plasmasheet populations into the inner regions. Global
models for ring current and radiation belt transport invariably include this effect (e.g. Fok
et al. 2001a, 2001b, Khazanov et al. 2003), even when they invoke inductive electric fields to
explain rapid enhancements in inner magnetospheric electron fluxes. However, the absence
of any increase in the quasi-stationary cross-tail electric field that transports plasmasheet
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Fig.7 Time averaged dawn-dusk global, non-transient electric field as a function of geomagnetic conditions
(Kp=0,1,2,3,4,5,6,7) as determined by CRRES measurements (right) and compared with expectations
from the standard Volland-Stern model (left). After Rowland and Wygant (1998). © The American Geophys-
ical Union

plasma into the middle and inner regions has been confirmed independently by Hori et al.
(2005; see Fig. 8 and caption).

Clearly some fundamental issues concerning the generation and configuration of the
global electric field patterns remain to be solved.

Sample Question 3 How are such large intensities of radiation belt electrons energized to
multi-MeV energies?

The ultimate sources of radiation belt electrons are the ionosphere and the solar
wind. Ionospheric electron temperatures are less than 0.1 eV. Temperatures of the core
population in the solar wind are on the order 10 eV, while temperatures of the halo
(heated) population in the solar wind are on the order of 60 eV (Feldman et al. 1975;
Lin 1998). Auroral and related magnetospheric interaction processes extract and energize
ionospheric electrons, providing them to the outer magnetosphere (generally at distances
beyond 9 Rp) at energies ranging from 1 to 10’s of keV. Processes occurring at the Earth’s
bow shock and magnetopause both energize and transport electrons into the magnetosphere.
Reconnection and other processes within the Earth’s dynamic magnetotail magnetic current
sheet then accelerate electrons of both ionospheric and solar wind origins still further. The
resulting plasmasheet populations have temperatures of order 5 keV but often exhibit very
substantial high energy tails (Christon et al. 1991).

One might then assume that Earth’s radiation belts result from the transport of these
plasmasheet electrons into the inner magnetosphere in a fashion that conserves the first and
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Fig. 8 (Left) Dawn-dusk electric fields from Geotail measured as a function storm-time conditions during
periods that include both the main phase of the storms (first several hours during the strengthening of the
ring current) and the recovery phase where the ring current is relaxing back to nominal, pre-storm levels
(1-2 days). (Right) Positions where the measurements were made. After Hori et al. (2005). The key point is
that during the more disturbed conditions the quasi-static field remains at the level observed during the more
undisturbed conditions, while the occurrence of transient electric fields become prevalent. © The American
Geophysical Union
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Fig. 9 Comparison between a CRRES-measured electrons spectra during a very strong magnetic storm with
the maximized expectations from the most intense spectra observed within the magnetotail (R = 11 R) after
transporting the magnetotail spectrum adiabatically to the measurement position by conserving the adiabatic
invariants of gyration and bounce. The adiabatically transported spectra cannot explain the >1 MeV portion of
the spectra measured within the inner magnetosphere. From Fox et al. (2006). © The American Geophysical
Union

possibly the second adiabatic invariants, those associated with gyration and bounce motion.
Conservation of the first adiabatic invariant requires the energies of core and tail populations
to increase by a factor of perhaps 40 as particles are transported Earthward from regions in
the magnetotail where magnetic field strengths are on the order of 5 nT to regions of the
inner magnetosphere where field strengths are on the order of 200 nT.

However, recent results indicate that adiabatic energization of plasma populations is not
sufficient to account for the >1 MeV component of Earth’s outer electron radiation belt (see
Fig. 9, Fox et al. 2006). We have also learned that at least some of that unaccounted-for
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Fig. 10 Phase Space Density (PSD) of energetic electrons for a constant value of the adiabatic invariants
of gyration and bounce plotted as a function of L*, the L-shell value of a purely dipolar magnetic field that
would contain the same magnetic flux as would the particle drift orbit within the true distorted magnetic field
configuration. L* is equivalent to what is called the third adiabatic invariant (Roederer 1970). Note that for a
storm-time magnetic field configuration, L* = 5.5 correspond to an equatorial radial position of some higher
value of the standard L-parameter, perhaps 6 R . The key feature is the peak at L* ~ 5.5 Rg. Under present
understanding of transport processes, a peak in the PSD profile suggests that a local, invariant-violating
acceleration is occurring at that position (Ukhorskiy and Sitnov this issue). This figure is from Chen et al.

(2007), whose findings solidified previous indications such as those from Green and Kivelson (2004) and Iles
et al. (2006). © The Nature Publishing Group

energization occurs within the regions of the radiation belts themselves (see Fig. 10, Chen
et al. 2007). And so the question is, how does that additional energization come about?
Quasi-linear interactions with whistler mode plasma waves may provide the additional
energization, effectively by transferring energy from low to high energy electrons (Horne
and Thorne 1998; Summers et al. 1998; Horne et al. 2005a, 2005b). The idea is illus-
trated in Fig. 11, showing a notional distribution of energetic electrons as a function of
momentum parallel and perpendicular to the local magnetic field direction. Whistler waves
that propagate parallel to the magnetic field establish a cyclotron resonance with gyrat-
ing electrons along the nearly vertical black lines (2 of a continuum of resonance curves
are shown on the right side). In response to the interaction, electrons diffuse along curves
like those shown in red. Diffusion down the slopes of the gradients in the blue-contoured
Phase Space Density distribution take energy away from the particles for low energies
(the lower portion of the plot) and add energy to the particles for high energies (the up-
per portion of the plot). This process represents a quasi-linear mechanism of transport-
ing energy from low to high energy particles (Horne and Thorne, 2003). The time scale
for high energy particle energization via this mechanism has been modeled and com-
pared with observed energization time scales, and a reasonable match has been achieved
(Horne et al. 2005a, 2005b). However, this and other hypotheses need further testing. In
view of recent observations of very large amplitude waves like that shown in Fig. 12
(e.g., Cattell et al. 2008) and in view of recent theoretical studies (Bortnik et al. 2008;
Kellogg et al. 2010), the role of large amplitude waves interacting in a highly non-linear
fashion with the particles must be considered. Theoretical modeling indicates that other
wave modes, for example the so-called fast magnetosonic waves (Horne et al. 2007), must

Reprinted from the journal 12 &\ Springer



Science Objectives and Rationale for the Radiation Belt Storm Probes

B e e
I 02 < w/Q, <05
25 w,/0,=3.0
n=-—1
20F
o [
€ sl
= 15T
- L
N :
1o 603 keV
05 |
oot A e
-3.0 -25 -20 -15 -1.0 -0.5 0.0
pi/mec

Fig. 11 A notional distribution of energetic electrons (blue contours) as a function of momentum parallel
and perpendicular to the local magnetic field direction. Whistler waves that propagate parallel to the magnetic
field establish a cyclotron resonance with gyrating electrons on the nearly vertical black lines on the right
side (2 of a continuum of resonance curves are shown). In response to the interaction, electrons diffuse along
curves like those shown in red. The majority of particles move (diffuse) in the direction that takes them down
the slope of the gradients in the blue-contoured electron phase space density distributions. On the plot, w is
wave frequency (radians/sec), §2. is electron cyclotron frequency, §2, is plasma frequency. See Horne et al.
(2003) for other details. © The American Geophysical Union

Fig. 12 Very large amplitude
whistler waves observed by the
STEREO spacecraft in Earth’s
inner magnetosphere. After
Cattell et al. (2008). © The
American Geophysical Union
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Fig. 13 A now standard
schematic of the regions of the
influence of plasma waves on the
radiation belts. After Thorne
(2010) and references therein.
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also be considered. Figure 13 shows the regions in which the various proposed wave interac-
tions are thought to occur (Thorne 2010). Understanding how and when particles are locally
accelerated is very important for understanding how the radiation belts are formed.

Sample Question 4 What causes “microbursts” and how important are they for the loss of
particles from the radiation belts?

One of the most intriguing phenomena related to Earth’s radiation belts are the so-called
microbursts observed at low altitudes (Nakamura et al. 2000; Lorentzen et al. 2001). In the
case of the features shown in Fig. 14, these events correspond to radiation belt electron
precipitation spikes with time scales less than 20 milliseconds. O’Brien et al. (2004) have
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combined measurements with assumptions to suggest that microbursts may represent a very
significant fraction of the losses that come from the active radiation belts.

Since microbursts occur in the dawn-morning quadrant (O’Brien et al. 2004), where cho-
rus/whistler waves are active (Fig. 13), it seems natural to assume that the bursts correspond
to strong whistler-mode wave-particle interactions (Thorne et al. 2005). Strong wave phase
trapping of the particles could be involved, again, given the now-recognized presence of
very large amplitude whistler waves (Kersten et al. 2011; again see Fig. 12). We anticipate
that the RBSP mission will resolve the uncertainties.

Sample Question 5 What causes the dramatic, sudden, large-scale dropout of radiation belt
particles as near to Earth as L =4 Rg?

Closely related to the issue of the variable responses of the radiation belts to magnetic
storms (Question 1) are the surprising observations of very sudden dropouts of particle fluxes
in the outer electron radiation belt (Fig. 15; Su et al. 2011) for L values as close to Earth
as 4 Rg. Su et al. (2011) have modeled the particular dropout depicted in Fig. 15 as an
amalgamation of multiple processes acting simultaneously, all making significant contri-
butions. The processes included are Magnetopause Shadowing (MS), Adiabatic Transport
(AT), Radial Diffusion (RD), and Wave-Particle scattering losses associated with the so-
called plasmasheric plumes (PW, comprising losses due to electromagnetic ion cyclotron
waves [EMIC] and whistler hiss waves). Multiple processes (magnetopause shadowing and
wave scattering) were also invoked by Millan et al. (2010) to explain a similar depletion. For
another observed depletion, Turner et al. (2012) invoked magnetopause shadowing followed
by modeled outward radiation diffusion.

A common element in all of the most recent proposed ideas is the robust participation
of magnetopause shadowing, whereby initially closed magnetic drift paths encounter the
magnetopause because of changes in the global magnetic field configuration. Ukhorskiy et
al. (2006) have shown that the partial ring current can distort trajectories in the middle mag-
netosphere to a greater extent that previously appreciated, even to the extent of generating
isolated drift path islands (Fig. 16). These strong distortions can substantially enhance the
magnetopause shadowing losses. This idea remains highly controversial, and so it and other
ideas need to be tested with a mission like RBSP that can separate spatial from temporal
processes.

Sample Question 6 How important is the role of substorm injections in generating the
radiation belts?
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Fig. 16 A model of magnetic
configurations that accompany
the evacuation of the outer
radiation belts based on stronger
than anticipated partial ring
currents. The partial ring current
is strong enough to even generate
topological changes in the
electron drift orbits. The contours
show drift orbits and the colors
indicate the perturbation
magnetic field strengths. After
Ukhorskiy et al. (2006). © The
American Geophysical Union
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On <1 hour time scales of substorm injections themselves, injections are thought to only
modestly perturb the distribution of MeV class electrons in the outer radiation belts. Their
importance has traditionally been viewed as helping in the transport of the source popula-
tions, specifically by providing a “seed” population for the subsequent transport and ener-
gization that occurs during the generation of the radiation belts (Baker et al. 1979, 1981; Fok
et al. 2001b). The uncertainties about the configuration of the global electric field config-
uration, and whether or not enhanced global electric fields move magnetotail plasma sheet
particles Earthward during geomagnetic storms (Question 2) raises the importance of estab-
lishing the fundamental role that substorm injections may play in the transport of particles
to the middle and inner magnetosphere. The relative importance of that role needs to be
explored and resolved.

Evidence has been presented that substorms are critical to the fundamental processes
that energize radiation belt electrons (Meredith et al. 2002, 2003). It is even suggested
that substorms increase radiation belt intensities while storms reduce intensities (Li et al.
2009). Substorm injections disturb the structure of medium energy electron pitch angle dis-
tributions, making them highly conducive to the generation of strong whistler/chorus mode
emissions. The waves in turn can accelerate the higher energy electrons in the manner de-
scribed in the discussion of Question 3 (Fig. 11). The evidence in favor of this scenario
is based on observed correlations between magnetic storms and substorms as diagnosed
with magnetic indices, observations of whistler/chorus mode emissions, and observations
of radiation belt intensities over a wide range of energies and extended periods of time. It
is of interest that a similar scenario has been proposed for Jupiter’s dramatic radiation belt
(Horne et al. 2007). Despite the absence of solar wind forcing, injection-like processes occur
at Jupiter, associated with the shedding by Jupiter’s magnetosphere of the materials dumped
into the magnetosphere by the volcanic moon Io. These Jovian injections are observed to be
correlated with the generation of strong whistler mode emissions.

Because we are so uncertain as to the role of substorms in the processes of transporting
particles from the magnetotail to the middle and inner magnetosphere, much work remains
to be done in testing the ideas discussed above and in generally understanding the role of
substorms in the generation of Earth’s radiation belts.
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The sample science questions discussed in this section are intended to give a sense of
the many fundamental scientific mysteries that presently pervade our understanding of the
behavior of Earth’s radiation belts. Their purpose is specifically to confront the longstanding
notion that developing a predictive understanding of Earth’s radiation belts is simply one of
characterization or modeling, and to emphasize the need for comprehensive measurements
of both particles and waves.

4 Science Implementation

There are two aspects of the RBSP Mission design that are critical to resolving the science
issues illustrated above. RBSP must first deliver simultaneous multipoint sampling at various
spatial and temporal scales. Secondly, RBSP must deliver very high quality, integrated in situ
measurements with identical instrumentation on the multiple spacecraft.

Simultaneous multipoint sampling has become a mantra for all in situ studies of space
phenomena, but it is worth presenting a specific example relevant to the Earth’s inner mag-
netosphere. Figure 17 (Lui et al. 1986) shows oxygen measurements from the AMPTE mis-
sion in the form of radial profiles of the particle Phase Space Density (PSD) at a given value
of the first adiabatic invariant of gyration (note that PSD[p] is derived from I[E, «]/p>,
where I[E, «] was defined in the Introduction, and p is particle momentum; see the paper
by Ukhorskiy and Sitnov in this issue). The kind of presentation in Fig. 17 will be standard
for the RBSP mission representation of energetic electron and ion data (e.g. Fig. 10). The
figure shows two PSD profiles taken 31 hours apart (before and during a storm period). Two
features are of particular interest. First, there is a “shoulder” on the PSD profile that appears
to simply move inward from about 5.5 to 3.5 Rg. Did a global increase of inner magne-
tospheric electric fields drive a coherent adiabatic earthward motion of this shoulder? The
other feature of interest is the “bump” centered near L = 7.5 Rg. Does this bump provide
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Fig. 18 A snapshot of the orbits
of the 2 RBSP spacecraft in the
context of structures within
Earth’s inner magnetosphere

evidence for local acceleration or is it the result of a structure that has propagated inward
from adjacent or more distant regions? We simply cannot tell from the available single point
measurements. Multipoint sampling over a wide range of time and spatial scales is needed
to resolve these kinds of questions.

4.1 RBSP Mission Design

The RBSP mission design that accomplishes the needed multipoint sampling over multi-
ple spatial and temporal scales is illustrated in Fig. 18. The RBSP mission design has the
following characteristics.

(1) It comprises two identically instrumented spacecraft.

(2) The two spacecraft are in nearly identical orbits with perigee of ~600 km altitude,
apogee of 5.8 Ry geocentric, and inclination of 10°. These orbits allow RBSP to access
all of the most critical regions of the radiation belts (Figs. 18 and 19).

(3) The lines of apogee for the two spacecraft precess in local time at a rate of about 210°
per year in the clockwise direction (looking down from the north). The 2 year nominal
mission lifetime (~4 years of expendables are available) allows all local times to be
studied. By starting the mission with lines of apogee at dawn (a Program Level mission
requirement), the nightside hemisphere will be accessed twice within the nominal 2 year
mission lifetime.

(4) Slightly different (~130 km) orbital apogees cause one spacecraft to lap the other every
~175 days, corresponding to about twice for every quadrant of the magnetosphere visited
by the lines of apogee during the two year mission.

(5) Because the spacecraft lap each other, their radial spacing varies periodically between
~100 km and ~5 Rg; and resampling times for specific positions vary from minutes to
4.5 hours.

(6) The orbital cadence (9 hour periods; an average of 4.5 hours between inbound and out-
bound sampling for each spacecraft) is faster than the relevant magnetic storm time
scales (day).

(7) The low inclination (10°) allows for the measurements of most of the magnetically
trapped particles; while the precession of the line of apogee and the tilt of the Earth’s
magnetic axis enables nominal sampling to magnetic latitudes of 0 & 21° (Fig. 20).
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Fig. 19 Modeled, RBSP mission-summed sampling of uniform time samples (10 minutes) of various values
of the radial magnetospheric L-parameter (in Rg) for various magnetospheric dynamic conditions as char-
acterized by the activity parameter Kp for inactive conditions (Kp = 1), modestly active conditions (Kp = 3)
and relatively active conditions (Kp = 5). The grey curve shows the Kp-independent result for sampling the
Mcllwain L-parameter in a purely dipole field, and the blue curves show the sampling of that same parameter
for the Kp-dependent TS89 magnetic field model (Tsyganenko 1989). The red curve shows the sampling
of the so-called L* parameter, which is the L-shall value of the purely dipolar magnetic field configuration
that contains the same magnetic flux as would the particle drift orbit within the true distorted magnetic field
configuration. L* is equivalent to the 3rd adiabatic invariant of particle motion. The Mcllwain L-parameter
and the L* parameter are defined, for example, by Roederer (1970); see Ukhorskiy and Sitnov (this issue).
L* has become an increasingly important standard parameter for ordering radiation belt measurements (e.g.
Fig. 10)

(8) Spacecraft spin axes point roughly Sunward. Due to orbit precession, the spin axis must
be re-aligned with respect to the sun periodically once each ~21 days. The spin axis is
always maintained to lie within 27° of the sun’s direction.

(9) The 5 RPM spin period of the spacecraft, the nominal sunward orientation of the spin
axis, and the positioning of the spacecraft near the magnetic equator of the quasi-dipolar
magnetic configuration, combine to enable the particle detectors to obtain fairly com-
plete pitch angle distributions twice for every spin of the spacecraft and the electric field
instrument to make excellent measurements of the crucial dawn/dusk electric field.
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RBSP is expected to see perhaps 2 dozen magnetic storms during its nominal 2-year
lifetime. During critical events (e.g. the several hours that comprise “main phase” periods
of magnetic storms), the two spacecraft will perform radial cuts through the inner regions
with separation times that vary from minutes to several hours. For each quadrant of Earth’s
magnetosphere, perhaps 6 storms will be observed within the first 20 months, and again
specific features will be sampled with a distribution of separation distances and times. In
this way, a range of spatial and temporal scales will be examined by the RBSP mission. To
the extent that features such as the “bump” displayed in Fig. 17 characterize radiation belt
responses to storms and other processes, as we know they do (Fig. 10), the RBSP mission
will definitively distinguish the spatial from temporal structures and establish how they are
generated.

Members of the RBSP team will employ modeling and partnerships with other mis-
sions to infer details concerning some crucial processes. For example, some strong whistler
mode interactions that may energize electrons can occur at relatively high magnetic lati-
tudes, particularly on the dayside (Horne et al. 2005a, 2005b; Bortnik et al. 2008). In the
absence of other assets, RBSP will infer the characteristics of such interactions by observ-
ing the low-latitude consequences of such interactions and combining those observations
with the sophisticated models that are now being brought to bear on the problem (e.g. Bort-
nik et al. 2008). Additionally, although the RBSP instruments do not have the pitch angle
resolution to measure particle fluxes within the atmospheric loss cone, such particles are
precisely those that will be measured by the Mission of Opportunity BARREL mission,
which focuses upon the radiation belt particles precipitating into the atmosphere (Millan
et al. this issue). BARREL will launch a series of balloon-borne X-ray sensors from the
Antarctic during two month-long phases of the RBSP mission. Sensors on the SAMPEX,
DMSP, and POES spacecraft can also be used to address this particle population. Third, the
RBSP team will work with other missions such as THEMIS and geosynchronous space-
craft capable of measuring source populations outside the 5.8 Ry apogee of the RBSP mis-
sion. Finally, ACE and other missions will supply information concerning the interplan-
etary drivers such as the interplanetary magnetic field, and prevailing solar wind condi-
tions.
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4.2 RBSP Observations and Instruments

The observation requirements for the RBSP mission and spacecraft payload are delineated
in the Program Level (Level-1) requirements document. The verifiable requirements in that
document are expressed in the form of specific parameter measurements (e.g. energy ranges,
energy resolution, frequency ranges, time cadences, etc.). The “observations” from which
these verifiable requirements are derived are in paragraphs that express the “intent” of the
mission measurements. Those intended “observations” are paraphrased in the table provided
here in Table 1. A survey of these intended observations and their purposes provides an
appreciation for the comprehensive measurements provided by the RBSP payload.

The parameter measurement requirements for the RBSP payload, derived by putting the
observational needs (Table 1) into the context of the characteristics of Earth’s inner and
middle magnetosphere, are shown in the Level-1 document tables reproduced in Fig. 21.
The instruments and instrument suites that will provide these measurements are summa-
rized here in Table 2. This table also shows the PSBR Investigation, which includes the RPS
instrument, a contributed, but not required, element that will fly as part of the RBSP payload
on each spacecraft. It targets the inner proton belt by measuring proton energies up to 2 GeV.
Additionally, the figure includes the BARREL Mission of Opportunity investigation (men-
tioned above) which involves balloon payloads flown in the Antarctic in conjunction with
the RBSP mission. Each of the entries in Table 2 has one or more chapters in this special
issue describing the details and capabilities of the instrumentation.

The particle energy and species coverage requirements versus payload capabilities are
shown graphically in Fig. 22. Similarly, the electric and magnetic fields frequency range
requirements versus payload capabilities are shown in Fig. 23. These graphical displays
demonstrate the comprehensive and coordinated nature of the RBSP payload elements. As
an additional requirement within the Program Level requirements document, the “fields”
payload elements must be capable of taking concurrent full 3 dimensional (3D) magnetic
and 3D electric waveforms with at least 20 k samples/s to determine the propagation charac-
teristics of waves up to 10 kHz. This capability is implemented as a burst capability within
the EFW and EMFISIS instruments (Table 2; see Wygant et al. this issue, and Kletzing et
al. this issue). What is not apparent from Fig. 22 regarding the particle measurement is the
fact that, because of the use of multi-parameter sensing techniques for both electrons and
ions, the RBSP particle measurements will be, as a set, the cleanest measurements yet taken
in this harsh environment relative to the contamination from penetration radiation (Baker
et al. this issue; Blake et al. this issue; Funsten et al. this issue; Lanzerotti et al. this issue;
Mazur et al. this issue).

5 Closing Remarks

The high level objectives of the RBSP mission are articulated in Sect. 1. To achieve those ob-
jectives it is necessary to develop science questions, like those presented in Sect. 2, that are
specific enough to invite the generation of testable hypotheses. The RBSP mission design
has many of the capabilities that are needed to discriminate between and test these hypothe-
ses. Most critical is the ability of RBSP to perform simultaneous multipoint sampling over a
broad spectrum of spatial and temporal scales, combined with extremely capable and highly
coordinated instrumentation. These capabilities will enable researchers to discriminate be-
tween time and space variations. With such capabilities one may compare the time scales
for the generation of local particle acceleration features with the theoretical expectations
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Table 1 RBSP program level (Level-1) observations

Observations

Purposes

Determine spatial/temporal variations of medium &
high energy electron & proton angle & energy
distributions, faster than drift times, interior &
exterior to acceleration events

Derive electron & proton radial phase space density
profiles for medium & high-energy electrons &
protons on timescales short compared to storm times

Determine spatial/temporal variations of charged
particle partial pressures & their gradients within the
inner magnetosphere with fidelity to calculate
pressure-driven currents

Determine spatial/temporal variations of
low-to-medium energy electron & ion energy,
composition, & angle distributions on timescales
short compared to drift periods

Determine the local steady & impulsive electric &
magnetic fields with fidelity to determine the
amplitude, vector direction, and time history of
variations on a timescale short compared times
required for particle measurements

Determine spatial/temporal variations of electrostatic
& electromagnetic field amplitudes, frequencies,
intensities, directions & temporal evolutions with
fidelity to calculate wave energy, polarization,
saturation, coherence, wave angle, and phase
velocity for (A) VLF, and ELF waves, & (B) random,
ULF, and quasi-periodic fluctuations

Provide concurrent, multipoint measurements
sufficient to constrain global convective electric field
& storm-time electric and magnetic field models

Track/characterize transient structures propagating
through the inner magnetosphere with fidelity to
determine amplitude, arrival times, and propagation
directions

Determine time history of energization, loss, &
transport for hazardous particles.
Understand/quantify source of these particles &
source paths. Enable improved particle models

Distinguish between candidate processes of
acceleration, transport, & loss, & statistically
characterize these processes versus solar input
conditions

Understand how large-scale magnetic & electric
fields in the inner magnetosphere are generated &
evolve, their role in the dynamics of radiation belt
particles, & their role in the creation & evolution of
the plasma environments for other processes

Understand/quantify the conditions that control the
production & propagation of waves (e.g. EMIC,
whistler-mode chorus and hiss); & determine the
wave propagation medium

Determine convective & impulsive flows causing
particle transport & energization; determine
propagation properties of shock-generated
propagation fronts; & inferring total plasma densities

Determine the types/characteristics of plasma waves
causing particle energization & loss: including wave
growth rates; energization & loss mechanisms;
diffusion coefficients & loss rates; plasma densities;
ULF waves versus irregular fluctuations effects on
radial transport; and statistical maps of wave fields
versus position and conditions

Covert particle measurements to invariant coordinate
systems; infer loss cone sizes; & model effects of
global electric & magnetic field variations on particle
distributions

Determine which shock-related pressure pulses
produce significant acceleration, & provide estimate
of their significance relative to other energization
mechanisms

based on the measurements of the static and dynamic fields. With such capabilities one may
measure rather than just infer the gradients that generate currents and the gradients that
reveal electric potential distributions. With the capabilities of the RBSP instrumentation,
one may determine the detailed characteristics of resonant interactions between particle and
waves.

An important element in achieving complete science closure for some of the science
objectives is the utilization of sophisticated models and simulations to place the RBSP mul-
tipoint measurements into the broader 3-dimensional picture. Strong coordination between
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Particle Measurements

REQ# Measurement Cadence Energy Angular | Energy Res. | No. of
Range Res. platforms
4.1.1.1 | High energy electrons | 1 distribution | 1-10MeV 30° 30% 2
per minute at 3 MeV
4.1.1.2 Medium energy 1 distribution 0.05-1 20° 30% 2
electrons per minute MeV at 0.3 MeV
4.1.1.3 | High energy protons | 1 distribution |20 - 75 MeV 30° 40% 2
per minute at 30 MeV
4.1.14 Medium energy 1 distribution | 0.1 — 1 MeV 20° 40% 2
protons per minute at 0.3 MeV
4.1.1.5 | Medium energy ion 1 distribution 0.02-0.3 30° 40% 2
composition per minute MeV at 0.05 MeV
4.1.1.6 Low-Energy 1 distribution S0ev — 30° 40% 2
ion/electron per minute 0.05 MeV at 0.01 MeV
composition
Field and Wave Measurements
REQ# Measurement Cadence Frequency Range | Frequency No. of
Res. platforms
4.1.1.7 3-D magnetic Field 20 vectors/s DC-10Hz n/a 2
4.1.1.8 3-D Wave magnetic field 6s 10 Hz- 10kHz | 20 channels 2
per decade
4.1.19 3-D Wave electric field 6s 10 Hz- 10 kHz | 20 channels 2
per decade
4.1.1.10 3-D electric field 20 vectors/s DC-10Hz n/a 2
4.1.1.11 Plasma Density 10s n/a n/a 2

Fig. 21 RBSP measurement parameter requirements as specified in the RBSP Program Level requirements
document. These measurement requirements are derived from the observation needs summarized in Table 1

| |
| Particle Sensors
electrons PSBR/RPS
ECT/REPT
ECT/MagEIS
RBSPICE
ECT/HOPE
protons
ion
composition
eV 1keV 1MeV 1GeV

Energy

Fig. 22 Comparison between the RBSP particle measurement requirements and instrument capabilities for
the range of energies and species to be measured

data analysts and model builders is described in each of the investigation reports in this spe-
cial issue, and specifically in the articles by Spence et al., Kletzing et al., Lanzerotti et al.,
Wygant et al., and Ginet et al.
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Table 2 RBSP investigations

Instrument/Suites

Science teams

Science investigation

Energetic Particle,
Composition and Thermal
Plasma Suite (ECT)

Electric and Magnetic Field
Instrument Suite and
Integrated Science (EMFISIS)

Electric Field and Waves
Instrument (EFW)

Radiation Belt Storm Probes
Ton Composition Experiment
(RBSPICE)

Proton Spectrometer Belt
Research (PSBR)

Relativistic Proton
Spectrometer (RPS)

Balloon Array for RBSP
Relativistic Electron Losses
(BARREL)

Harlan Spence, P1

University of New Hampshire
Key partners: LANL, SWRI,
Aerospace, LASP

Dr. Craig Kletzing, P1
University of Iowa

Key partners: NASA/GSFC,
University of New Hampshire

John Wygant, P1

University of Minnesota
Key partners: University of
California, Berkeley, LASP

Louis Lanzerotti, P1

New Jersey Institute of Technology
Key partners: APL, Fundamental
Technologies

David Byers, PSBR PI

National Reconnaissance Office
Key partners: Aerospace Corp.
MIT Lincoln Lab.

Joseph Mazur, RPS PI Aerospace
Corp.

Robyn Millan, PI
Dartmouth College

Measure near-Earth space radiation
belt particles to determine the
physical processes that produce
enhancements and loss

Understand plasma waves that
energize charged particles to very
high energies; measure distortions
to Earth’s magnetic field that
control the structure of the
radiation belts

Study electric fields and waves that
energize charged particles and
modify the inner magnetosphere

Understand the creation of the
“storm time ring current” and the
role of the ring current in the
creation of radiation belt
populations

Specification models of the
high-energy particles in the inner
radiation belt

Measure, study, and understand
electron loss processes from
Earth’s outer electron belt

A distinction is made in the structure of this special issue on the RBSP mission between

the instrument investigations and the instruments themselves. The papers cited at the end of
the last paragraph describe the instrument investigation for the ECT, EMFISIS, RBSPICE,
EFW, and PSBR investigations (see Table 2). These papers describe in various degrees the
science objectives of the individual team investigations, the science teams involved, the data
processing, analysis, and archiving plans, the role of theory and modeling in resolving the
targeted science issues, and the role of modeling in synthesizing the limited two point mea-
surements that are made by the RBSP instruments. The instrumentation associated with
these instrument investigations are in some cases described within the same instrument in-
vestigation papers (EMFISIS: Kletzing et al.; RBSPICE: Lanzerotti et al.; and EFW: Wygant
et al.). In other cases the instrumentation is described in separate papers (ECT-HOPE: Fun-
sten et al.; ECT-MagEIS: Blake et al.; ECT-REPT: Baker et al.; PSBR-RPS: Mazur et al.;
again see Table 2).

Other papers in this special issue describe engineering details of the RBSP mission (Strat-
ton et al.), the RBSP spacecraft (Kirby et al.), the RBSP contributions to the practical issues
of space weather (Kessel et al.), the overarching RBSP data processing, analysis, dissemi-
nation, and archiving plans (Science Operations: Fox et al.), and the RBSP Education and
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Fig. 23 Comparison between the RBSP fields measurement requirements and instrument capabilities for the
range of frequencies and fields types to be measured

Public Outreach plan (EPO: Fox et al.). Additionally, Ukhorskiy and Sitnov review present
understanding regarding the definitions and calculations of various parameters that order the
radiation belts and the mathematical tools that are used to manipulate those parameters; and
Millan et al. describe the Mission of Opportunity Antarctic high-altitude balloon program
called BARREL that will make measurements of precipitated electrons in coordination with
the RBSP mission. Finally, Goldsten et al. describe an engineering sub-system, the Environ-
mental Radiation Monitor that measures total radiation dose under various shielding thick-
ness and monitors the potential for deep dielectric discharge by measuring the penetrating
electron current delivered to two deeply buried conductors.
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Abstract Provided here is an overview of Radiation Belt Storm Probes (RBSP) mission
design. The driving mission and science requirements are presented, and the unique engi-
neering challenges of operating in Earth’s radiation belts are discussed in detail. The imple-
mentation of both the space and ground segments are presented, including a discussion of
the challenges inherent with operating multiple observatories concurrently and working with
a distributed network of science operation centers. An overview of the launch vehicle and
the overall mission design will be presented, and the plan for space weather data broadcast
will be introduced.

Keywords NASA - Space weather - Radiation belt - Magnetosphere - Geomagnetic storm

1 Introduction

The Radiation Belt Storm Probes (RBSP) Mission is part of NASA’s Living With a Star
program and is being implemented by the Johns Hopkins University Applied Physics Labo-
ratory (APL) in Laurel, MD. The organizational structure of the mission is presented below
in Fig. 1. The fundamental purpose of the mission is to provide a better understanding of
the processes that drive changes within the Earth’s radiation belts. The flight segment of the
mission consists of two nearly-identical observatories, each instrumented with a set of eight
instruments (in five instrument suites) that measure particle intensities over a wide range
of energy and species, as well as the magnetic and electric fields over a wide range of fre-
quencies. The Science Objectives and rationale for the mission are provided by Mauk et al.
(this issue), and details of the spacecraft design are provided by Kirby et al. (2012, this is-
sue). The details of each of the RBSP instruments are described in companion papers within
this special issue. In the sections that follow we describe the mission requirements, describe
mission design, summarize the observatory configuration, describe the mission operations
and facilities, and describe the unique challenges that had to be overcome to implement this
unique mission.
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e-mail: James.Stratton @jhuapl.edu

@ Springer 29 Reprinted from the journal


mailto:James.Stratton@jhuapl.edu

J.M. Stratton et al.

LWS Program Office (GSFC)
Nick Chrissotimos | -------------- FERRER—
mw Mike Kelly Steve Aloezos
RBSP Mission Manager Technical Technical
J Mission Assurance Engineering
: Lewre L esre
RickFitzgerald | _._______ L L
Andy Santo
Wichelle Murray Howard Hunter Obibobi Nau Rick Plisterer
i _MM%LL__'MW‘B WM“’“ '

Kerri Beiser Dr. Barry Mauk Jim Stratton
Mission System ad
et || e —
(JHU/APL) WHU (JHUIAPL)
: | [ I | [ ] |
RBSPICE EMEISIS ECT Karen Kirby | | Ray Harvey Reinhart
PSBR Instrument Instrument Suite | | Instrument Suite | |Instrument Suite| | Spacecraft Ground Instrument
[ nr.u:ml.:nmw 'aﬂ'u';m nr.lu';wm Dnmmun System System System
PIPM (NRO) Cindy Kim Scott Bounds Jim Cravens Keith Goetz (JHUIAPL) (JHUIAPL) (JHUAPL)
PM (JHUAPL) P (1) (UNH) PM (U Minn}

—— Management direction
----- Coordination

Fig. 1 RBSP program organization (RBSP 2012)

2 Mission Requirements

The science goals drive certain key requirements that define the rest of the mission system.
Here we describe selected requirements for the RBSP mission, with an emphasis on those
requirements that had the greatest impacts on the mission design (the driving requirements).

2.1 Orbit Definition & Mission Life

The science goals drive certain key requirements that define the rest of the mission system.
The most fundamental of these requirements is that the mission fly two functionally equiva-
lent observatories in orbits that take them through the various regions of the Earth’s radiation
belts. Specifically, the orbits are required to have an apogee altitude between 30,050 km and
31,250 km, a perigee altitude between 500 km and 675 km, and an orbital inclination of
10° £ 0.25°. These constraints place the observatories in orbits that cut through both the
inner and outer radiation belts, and which sweep through all local Solar times as the orbit
precesses over time.

Regions of particular interest to the science community occur between local Solar dawn
(06:00) and dusk (18:00), as shown below in Fig. 2. Thus, the mission is designed such that
the apogee of each observatory passes through all local Solar times in this region during the
first year of the mission after commissioning. The baseline mission life is two years (plus
commissioning), allowing the local Solar dawn region—which is of particular interest—to
be studied twice in full. Lastly, per NASA’s orbital debris mitigation requirements, both
observatories must be disposed of at the end of the mission.
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Fig. 2 RBSP mission design
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2.2 Operate—Through “Storm” Events

As this is a mission to study radiation belt science, the observatories must continue to operate
in the harsh radiation environment. One key goal of the investigation is to observe the effects
and the processes at work during a Solar storm, so the observatories must continue to collect
science data through the worst expected storm environment. This requirement, particularly
on a mission that is categorized as Risk Category C and thus contains only limited hardware
redundancy, significantly drove the design of the flight system. The impacts this requirement
imposes on the design of the system are discussed in greater detail below.

2.3 Electromagnetic Cleanliness and Control

The RBSP science investigation relies on an accurate understanding of the ambient environ-
ment in which the various measurements are being made. This drives the need for both mag-
netic and electric (differential charging) cleanliness of the observatories. Each observatory
is required to have a residual magnetic field (as measured at the magnetometer locations) of
less than 5 nT, with dynamic variations of this residual field of less than 0.1 nT. Similarly,
the observatory-generated electric field as measured at the tip of the EFW axial booms is
required to be less than 4 mV/m, even in the worst-case charging environments. Again, the
effect of these requirements on the design of the flight system is discussed in more detail
below.

2.4 Inter-instrument Requirements

The use of a suite of multiple instruments to capture the various data products required for
the investigation dictates the need for significant coordination between these instruments
and with the spacecraft bus itself. The ability to correlate the relative time of measurements
from different instruments is required to allow the science team to distinguish temporal
behavior within the radiation belts, and this in turn drives the need for accurate time knowl-
edge between the instruments and also with the spacecraft avionics. The value of the science
gathered can also be significantly enhanced if the instruments have the ability to share some
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Fig. 3 RBSP observatory deployed configuration

amount of data in real-time. For example, an instrument can send out a “flag” that a signif-
icant even is occurring, and other instruments can then trigger off this signal and increase
capture data rates or switch instrument modes to better investigate the event. This provides
the best possible chance of capturing the high-value data associated with storm events.

2.5 Attitude Determination & Control

As with most spacecraft, attitude knowledge plays an important role for this mission. The
science investigation requires a post-processed attitude knowledge of <3 degrees (3-sigma).
Both observatories are nominally Sun-pointing and spin stabilized. To maintain the obser-
vatory’s Sun sensors within the operational range and to ensure sufficient power system
margins, the total off-pointing angle between each observatory and the Sun-Earth line is
required to remain within the range of 15-27 degrees. Further, each observatory is required
to operate within the spin range of 4-6 RPM during normal operations, and to maintain the
spin rate within 0.25 RPM once the nominal spin rate is established.

3 Mission Design

In order to achieve the mission science objectives, the RBSP flight segment includes two
nearly-identical observatories operating in highly elliptical Earth orbits. The two observato-
ries are launched from Kennedy Space Center aboard a single Atlas V 401 launch vehicle.
One of the observatories is shown in its deployed flight configuration below in Fig. 3. After
launch ascent into a 167 km by 598 km parking orbit, the launch vehicle coasts for nearly
a one-half orbit revolution, and then performs a maneuver to raise the apogee of its orbit.
The vehicle then initiates an attitude maneuver that points the nose of the vehicle towards
the Sun, which is in a direction that is nearly orthogonal to the flight direction. The first ob-
servatory (known as RBSP-A) is separated and the launch vehicle slews back to pointing in
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Fig. 4 RBSP magnetic latitude Case name: EFandGSMpos600x58x10
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its flight direction. It then performs a small settling burn as a setup for its upcoming deorbit
burn. This maneuver serves two purposes: it forces propellants to the bottom of the tanks,
and it raises the apogee of the instantaneous orbit by 130 km to the desired altitude. The
launch vehicle then slews back to pointing towards the Sun and then separates the second
observatory (RBSP-B).

The nominal injection orbits of the two observatories are approximately 600 km x
30,500 km, which results in an orbit period of approximately 9 hours and 3 minutes, and as
stated previously the orbit is at a 10° inclination. The difference in apogee between RBSP-A
and RBSP-B causes RBSP-A to continually “lap” RBSP-B, with a lapping rate of approx-
imately four times per year. That is, over a period of 90 days, RBSP-A evolves 239 orbits
while RBSP-B evolves 238 orbits. Thus, throughout the mission the two observatories are
constantly changing their relative positions, allowing the mission science team ample op-
portunity to study both the temporal and spatial effects of changes in the radiation belts.

The current manifested launch date for the RBSP observatories is 23 August 2012,
though the mission design allows for a launch opportunity on any day of the year. The
launch injection point is chosen such that the apogee of each observatory orbit, expressed
in Local Solar Time (LST), will pass through local Solar dawn approximately 71 days after
launch. This allows the observatories to proceed through their 60-day commissioning period
with some margin before the required start of nominal science operations. The apogee LSTs
then precess through all local Solar times between dawn and dusk over the course of the first
year of nominal science operations, and the apogee LSTs will pass through all local Solar
times in the two year nominal mission.

Because of varying declinations of the Sun throughout the year, the rate at which apogee
LSTs precess from their initial launch value to local Solar dawn also varies; that is, the
precession rate is dependent on launch date. To hold the 71-day precession requirement, the
varying precession rates require the design of multiple launch trajectories that have various
initial apogee LSTs relative to local Solar dawn. This in turn requires a varying daily launch
time throughout the year.

Because of acceptable granularity in the desired initial LSTs, it is possible to group sev-
eral adjacent launch days to have the same targeted LST. The 366 day year was condensed
into 32 unique daily LSTs, and then reverse propagated to find their associated launch times.
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The earliest launch time was found to be 08:05 UTC for 29-31 August and 6-9 September,
while the latest launch time was found to be 08:54 UTC for 28-29 April and 8 May.

This mission design results in an orbit with a period of approximately nine hours, and
the low inclination means that most orbits include periods of eclipse. The maximum eclipse
time the observatories will see is approximately 114 minutes when the orbit apogee LST
is passing through local midnight, though most eclipses are of significantly shorter dura-
tion. This in turn drives the design of both the power generation and thermal management
systems. This orbit design also provides for multiple ground contact opportunities for each
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Fig. 7 Stacked observatories in
the Atlas V 401 launch vehicle
fairing

observatory on most days, and at least one ground contact opportunity for each observatory
on each day.

The RBSP orbit configuration was designed to provide coverage near the magnetic equa-
tor (Fig. 4) in order to well sample the particle population, and to cover a range of radial
distances most important to radiation belt physics (Fig. 5). The Argument of Perigee (AOP)
cycles through all values every ~14 months. The two limiting cases—which occur every 3.5
months—are shown in Fig. 6.
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4 Launch Vehicle Overview and Interfaces

As mentioned previously, the observatories will be launched together aboard a single Atlas
V 401 launch vehicle. An illustration of the observatories in their stacked configuration in
the 4 m launch vehicle fairing is shown below in Fig. 7. The observatories mate to the launch
vehicle via a standard EELV 937 mm. interface, and are attached using a RUAG Lightband
separation system. The launch vehicle provides umbilical power, telemetry and purge ser-
vices to both observatories via T-0 interfaces that are active until just prior to launch. The
umbilical services for RBSP B (the “bottom” observatory in the stacked configuration) are
routed up from the launch vehicle adapter and across the launch vehicle/observatory inter-
face plane, whereas the umbilical services for RBSP A are provided via a “flyaway boom”
that extends from the launch vehicle fairing to the side of the observatory. The air in the
fairing is conditioned from the time of encapsulation until shortly before launch to maintain
observatory-specified temperature and humidity requirements.

The Atlas V 401 launch vehicle is a two-stage rocket that does not have any solid rocket
motors. Approximately 4 minutes after liftoff the Centaur second stage of the launch ve-
hicle separates from the first stage and begins the first of two long burns. Fairing jettison
occurs 8 seconds after the start of the first second stage burn, and the burn lasts for just
under 10 minutes. The vehicle then enters a coast phase of approximately 55 minutes to
achieve the desired geometry prior to final injection. After performing an approximately 5
minute second burn of the second stage, the launch vehicle turns to a near-Sun pointing
attitude, spins up to 5 RPM and releases RBSP A approximately 79 minutes after liftoff.
The launch vehicle then performs a short maneuver to raise the apogee of RBSP B, orients
to the desired separation attitude, spins to 5 RPM and then separates the second observa-
tory approximately 91 minutes after launch. Finally, the Centaur second stage performs a
controlled de-orbit maneuver and reenters the atmosphere over the southern Atlantic Ocean
approximately 12 hours after liftoff.

5 Instrument Payload & Data Management

Each RBSP observatory carries four instrument suites and one instrument contributed to
the mission by the National Reconnaissance Office (NRO). The instruments are designed
to observe a broad spectrum of energetic particles while measuring the in-situ magnetic
and electric field environments in which the observations are taken. The top-level science
requirements are provided below in Tables 1 and 2, and the capabilities of the instruments
are shown in Figs. 8 and 9. Lastly, a brief introduction to each of the instrument suites is
included. The telemetry allocations by instrument suite are shown in Table 3.

5.1 Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS)

This investigation will provide the observations needed to determine the origin of important
plasma wave classes and their role in particle acceleration and loss processes. EMFISIS will
provide calculations of on board spectra, including spectral matrices, making it possible to
determine wave normal angles and Poynting fluxes for the plasma waves of interest. In addi-
tion, EMFISIS provides information for wave mode identification and propagation modeling
which are essential for understanding and modeling of radiation particle physics. EMFI-
SIS will also measure the upper hybrid frequency, permitting accurate determination of the
electron plasma density required for analysis of wave propagation and instability growth
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Table 1 Baseline particle measurement requirements

Measurement Cadence Energy Angular Energy Number of
range resolution  resolution platforms
High energy 1 distribution 1-10 MeV 30° 30 % at 3 MeV 2
electrons per minute
Medium energy 1 distribution 0.05-1 MeV 20° 30 % at0.3 MeV 2
electrons per minute
High energy 1 distribution 20-75 MeV 30° 40 % at 30 MeV 2
protons per minute
Medium energy 1 distribution 0.1-1 MeV 20° 40 % at 0.3 MeV 2
protons per minute
Medium-energy 1 distribution 0.02-0.3 MeV 30° 40 % at 0.05 MeV 2
ion composition per minute
Low-energy 1 distribution 20 eV-0.05 MeV  20° 40 % at 0.01 MeV 2
ion/electron per minute
composition
Table 2 Baseline fields and waves requirements
Measurement Cadence Frequency Frequency Number of
range resolution platforms
3-D magnetic 20 vectors/s DC-10 Hz n/a 2
field
3-D wave magnetic 6s 10 Hz-10 kHz 20 channels per 2
field decade
3-D wave electric 6s 10 Hz-10 kHz 20 channels per 2
field decade
3-D electric field 20 vectors/s DC-10 Hz n/a
Plasma density 1s n/a n/a
Table 3 Average daily data rate . R
and volume Instrument Daily average Average daily
data rate (kbps) data volume (Gb)
Instrument data
ECT 20.4 1.763
EFW 12.0 1.037
RPS 2.0 0.173
RBSPICE 54 0.467
EMFISIS waves survey 6.7 0.579
EMFISIS mag survey 23 0.199
EMEFISIS burst 232 2.004
(downlink allocation)
Housekeeping 35 0.309
Total 75.5 6.530
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Fig. 10 Fluxgate magnetometer

rates. The EMFISIS suite includes two magnetometer instruments mounted on booms: the
Magnetic Search Coil (MSC) to sense AC magnetic fields, and the Fluxgate Magnetometer
(MAG) to measure low frequency and DC magnetic fields. EMFISIS also makes use of elec-
tric field observations from EFW. EMFISIS DC magnetic field observations will provide the
basic coordinate system controlling the structure of the radiation belts and the storm-time
ring current. The EMFISIS sensors are shown below in Figs. 10 and 11.

5.2 Electric Field and Waves (EFW) Instrument

The investigation will provide the observations needed to understand the electric field prop-
erties associated with particle energization, scattering and transport, and the role of the large-
scale convection electric field in modifying the structure of the inner magnetosphere. EFW
measurements of the observatory potential will be used to infer the ambient plasma density.
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Fig. 11 Magnetic search coil

Fig. 12 EFW spin plane boom
and sensor

Fig. 13 RBSPICE

I I

The EFW instrument sensors are mounted on booms that deploy out from the observatory,
thereby minimizing influence of the observatory noise signature ion the measured electric
fields. These sensors are deployed in six orthogonal axes, with the two +W axis (i.e. the
observatory spin axis) sensors deployed to approximately 12 meters tip-to-tip, and the +U
and V axis sensors deployed to approximately 100 meters tip-to-tip. One of the EFW Spin
Plane Booms is shown below in Fig. 12.

5.3 Radiation Belt Storm Probes Ion Composition Experiment (RBSPICE)

This investigation will provide observations that accurately resolve the ring current pressure
distribution needed to understand how the inner magnetosphere changes during geomag-
netic storms. RBSPICE then determines how that storm environment supplies and supports
the acceleration and loss processes involved in creating and sustaining hazardous radiation
particle populations. The RBSPICE instrument is shown below in Fig. 13.
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Fig. 14 HOPE

Fig. 15 MagEIS

5.4 Energetic Particle, Composition and Thermal Plasma Suite (ECT)

This investigation will determine the spatial, temporal, and pitch angle distributions of elec-
trons and ions over a broad and continuous range of energies, from a few eV to >10 MeV
for electrons, and from a few eV to many 10’s of MeV for ions. It differentiates the causes
of particle acceleration mechanisms, understand the production of plasma waves, determine
how the inner magnetospheric plasma environment controls particle acceleration and loss,
and characterize source particle populations and their transport. The investigation will pro-
vide a complete complement of data analysis techniques, case studies, theory, and model-
ing, along with expertise to define particle acceleration mechanisms, radiation belt particle
enhancement and loss, and determine how the near-Earth environment controls those ac-
celeration and loss processes. The ECT suite is comprised of three instruments: Magnetic
Electron Ion Spectrometer (MagEIS), Relativistic Electron Proton Telescope (REPT) and
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Fig. 16 REPT

Helium, Oxygen, Proton and Electron Mass Spectrometer (HOPE). The ECT instruments
are shown below in Figs. 14, 15 and 16.

5.5 Proton Spectrometer Belt Research (PSBR)

This investigation will determine the upper range of proton fluxes, up to ~2 GeV, in the
inner magnetosphere and develop and validate models of the Van Allen radiation belts. The
flight instrument on board each observatory is known as the Relativistic Proton Spectrometer
(RPS). This instrument, its operations and the analysis of its data are contributed to the
mission by the NRO. The RPS instrument is shown below in Fig. 17.

5.6 Data Management

The mission science requirements dictate that an average of 5.9 Gb of science data be re-
turned from each observatory per day during normal science operations. The nominal op-
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erations plan calls for daily contacts with the observatory to allow this data volume to be
downlinked every day, but the observatory solid state recorders are sized to allow the obser-
vatory to miss a day of contacts without losing any science data. Each instrument has the
ability to set its own data recording rate, but data storage is managed by the spacecraft flight
software and this software will begin to overwrite science data (starting with the oldest data
from that instrument suite) should a given suite overrun its onboard storage allocation. An
indication of the percentage of a given instrument suite’s current data usage is downlinked
via standard housekeeping telemetry and provided to each Science Operations Center. The
responsibility for managing science data storage within allocations therefore falls on each
of the instrument operations teams. The average daily data rates and resulting average daily
data volume for each instrument suite is presented below in Table 3. Note that the total daily
data volume includes instrument and spacecraft housekeeping data, and is therefore greater
than the 5.9 Gb of required daily science data.

Fig. 18 RBSP observatory block diagram

6 Spacecraft Overview

A complete description of the spacecraft is provided by Kirby et al. (2012, this issue); a brief
introduction is presented here. The observatory block diagram is shown below in Fig. 18.
The avionics for the system are contained in the Integrated Electronics Module (IEM), and
include a RAD750-based single board computer, a 16 GB solid state recorder (SSR), the
EMXO precision oscillator, and the Actel RTAX2000-based spacecraft interface (SCIF)
card that handles all data connections with the instruments and other spacecraft electron-
ics.
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Power generation and storage is achieved respectively via four solar arrays and an eight
cell 50 AHr Lithium-ion battery. In addition to these, the Power Generation System (PGS)
includes the Power Switching Electronics (PSE), which limits the maximum bus current,
limits the battery voltage and provides the telemetry and command interfaces to operate and
monitor the PGS components. The Power Distribution Unit (PDU) provides power switch-
ing functionality, and contains circuit breakers and fuses for all non-critical loads.

The RF communications system contains a single transceiver, an 8 Watt solid-state power
amplifier (SSPA), a diplexer, and two broadbeam, near-hemispherical antennas. The system
provides S-band uplink, downlink and radiometric tracking capability. It supports both 1/2
turbo and convolutional encoding, and it uses coherent downlink to allow for Doppler nav-
igation. The system provides a downlink rate of 1 kbps to 2 Mbps, and an uplink rate of
125 bps (emergency rate) to 2 kbps.

Attitude determination is accomplished by two means. The Flux-Gate Magnetometer
sensor is the primary sensor for determining definitive observatory attitude. The data from
this sensor is not processed on-board, so additional sensing is required to allow for au-
tonomous attitude sense for observatory health and safety. The on-board attitude determina-
tion is accomplished via two Sun sensors. These sensors provide coarse observatory attitude
information that is sufficient for autonomous monitoring of health and safety. This data is
also sent to the ground where it is used in the estimation of definitive observatory attitude
used for science processing. Each observatory also includes two passive nutation dampers
that help maintain a stable system attitude and damp out any “wobble” after propulsive
maneuvers.

The propulsion system is a simple monopropellant blowdown system. Three Inconel
tanks store the 56 kg of hydrazine propellant onboard, and feed the eight 0.9 N thrusters. The
position and orientation of these eight thrusters allow for spin up and spin down about the
primary spin axis, positive and negative precession about the spin-plane axes, and velocity
change toward and away from the sun. These thrusters are the only active attitude control
mechanisms on board the observatories, and provide the full set of capability required to
maintain the system attitude and spin rate and perform orbit corrections, collision avoidance
maneuvers as required, and the final de-orbit burn at the end of the mission.

The spacecraft structure consists of a primary load-bearing central cylinder and alu-
minum honeycomb decks with aluminum facesheets for mounting instruments and space-
craft components. The two Observatories are held together by a RUAG-supplied Lightband
low-shock separation system. This same separation system is also used between the stacked
Observatories and the launch vehicle.

The spacecraft also includes diagnostic instrumentation—termed the Engineering Radi-
ation Monitor (ERM)—to monitor the in-situ radiation environment. The long-term health
and operability of observatory electronics and materials are directly affected by the total
incident radiation dose. The ERM will measure this incident dose, and will provide a means
for correlating upsets in observatory electronics with the environment present at that time.
This monitor will also allow refinement of the standard total dose curves that are tradition-
ally used for the design of spacecraft that operate in the Earth’s radiation belts.

6.1 Fault Protection
Each observatory also includes robust Fault Protection and Autonomy systems that work
together to maintain the overall health and safety of the flight segment. Because the obser-

vatories includes limited hardware redundancy, the Fault Protection and Autonomy systems
are of particular importance on RBSP. The architecture uses a layered response approach to
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maximize science data collection in the event of a fault. The system protects against the ex-
tended loss of communications by way of both software and hardware command loss timers.
It also monitors the Sun angle of a given observatory, and can safe the system and notify
the ground in case of an exceedance of the minimum or maximum sun angle. Similarly, the
Fault Protection system monitors the bus voltage and battery state of charge, and can safe
the system in case of a Low Voltage Sense (LVS) or a Low Battery State of Charge (LBSOC)
where the bus voltage or battery state of charge drop below a minimum preset level.

The system also monitors the current condition and the health of observatory compo-
nents, and it has the ability to individually off-pulse the primary unswitched loads (the IEM,
the PDU and the transceiver) to restore those systems to a known startup configuration and
presumably to clear any faults that my be present. In addition to monitoring and managing
spacecraft bus health and safety, the system can also monitor instrument currents and heart-
beats and can power off instruments in the case of a fault, and they can also individually
power off the instruments based on a turn off request generated by that instrument.

Lastly, the fault protection system manages the separation sequence after launch, de-
ploying the solar arrays and powering on the RF downlink (uplink is enabled by default at
launch).

7 Mission Operations
7.1 Mission Operations Overview

The mission operations concept is designed for mostly unattended observatory operations,
with distributed science operations. Because the observatories are spin-stabilized and nom-
inally sun-pointing, they are inherently in a safe state and the need for constant monitoring
is minimized. All critical activities—including commissioning activities and all propulsive
maneuvers—are performed in contact with the ground. Nominal science operations are not
constrained to occur during “staffed” periods of time. Similarly, the instrument operations
are performed “offline” of the MOC, and instrument commands are queued up at the MOC
remotely from the SOCs, then uploaded to the observatory during the next regular con-
tact. This approach of unattended, decoupled operations greatly reduces the cost of the op-
erational phase of the mission, and it has been successfully demonstrated at APL on the
STEREO mission.

The mission operations center (MOC) is located at APL, and serves as the central hub
through which all commands and telemetry flow. Figure 19 shows the distributed nature of
the operations architecture. APL’s Satellite Control Facility (SCF), with its 18-meter an-
tenna, serves as the primary ground station for the mission. Supplemental contacts using the
Near Earth Network (NEN) will be used to ensure sufficient daily data download to main-
tain data volume margin on the observatory solid-state recorders. The observatories will also
utilize the TDRSS system for communications shortly after launch and during early oper-
ations, and also rely on TDRSS for emergency communications. Immediately after launch
the observatories enter what is called the Launch and Early Ops (LEOPs) or “commission-
ing” phase of the mission. During this time the observatories are configured into their fully
deployed state, and then the spacecraft subsystems and instruments are checked out in turn
to ensure that they are in good health and operating as expected. After the initial deployment
of the solar arrays and commissioning of the RF communications system, the next task is
to deploy the EMFISIS magnetometer booms and check out those systems. Shortly there-
after, the EFW booms—both the ~7 m axial booms and the 40-50 m spin plane booms are
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deployed. After the EFW booms deploy, both observatories have achieved their nominal de-
ployed configuration, and the full characterization of the attitude determination system can
begin. Similarly, this point also marks the gate whereby the commissioning of the energetic
particle instruments can begin in earnest.

Operational data rates vary for each instrument suite with the nominal rates ranging be-
tween 2 and 33 Kbps. The system also accommodates a “burst” data collection mode from
the EMFISIS instrument suite of just over 1 Mbps. Each observatory is required to downlink
an average of at least 5.9 Gb of science data per day during the nominal science mission.

The observatory’s stable, sun-relative attitude drifts with the motion of the Earth, but the
attitude of the observatories is set such that an East-West precession maneuver to maintain
Sun on the arrays is only required about once every three weeks. Similarly, a North-South
precession maneuver is required once per year to adjust for seasonal drift relative to the
ecliptic plane. Apart from any initial orbit injection correction and the end-of-mission deor-
bit maneuver, these are the only propulsive maneuvers required during the mission.

As mentioned above, the observatory system does include two Sun sensors for onboard
attitude determination to support observatory health and safety, but the primary method of
attitude determination is performed during post-processing on the ground. The measurement
of the local magnetic field from the Flux Gate Magnetometer (Mag) is transmitted from the
observatory to the ground system as part of the normal science data downlink during each
ground pass. This data is then processed by the Guidance & Control (G&C) system’s ground
software and compared to the reference standard model for the Earth’s magnetic field. The
accuracy of this model, and the general stability of the Earth’s magnetic field, allow this
method to provide an accurate prediction of the observatory attitude. A “quick-look” version
of this attitude estimation is provided within 24 hours of receipt of data, and the estimate is
further refined after calibration and post-processing of the magnetometer data by the science
team. This final attitude estimate is provided within one week of receipt of the data, and is
used for final processing of all science data.

Per NASA requirements, the mission is obligated to dispose of both observatories at the
end of the mission lifetime. Although the observatories carry sufficient propellant to do so,
they have insufficient thrust levels to perform a controlled reentry burn that would deposit
the observatories reliably in a targeted broad ocean area. As-designed approximately 1/3
of the mission propellant budget is designated to disposal of the observatories. The deorbit
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plan calls for performing a maneuver to lower the perigee of the observatories, and then
rotating each spacecraft to have the solar arrays nearly edge-on to the Sun such that as the
observatory continues to naturally precess the arrays will point away from the sun and the
battery will slowly drain over time. At the completion of this precession maneuver, the team
will perform a net-zero propulsive maneuver to drain the propellant reserves from the tanks,
thus eliminating any stored energy onboard the observatory. This leaves the spacecraft in
a safe, passivated state where they remain as the orbit naturally decays. Approximately six
months after these decommissioning activities occur the atmospheric drag takes over and
the observatories reenter Earth’s atmosphere.

7.1.1 Ground Segment

The Ground Segment supporting the RBSP Mission include the hardware and software in the
Mission Operations Center (MOC), the Science Operations Centers (SOC), the MOC Data
Server (MDS), the Ground Stations, the Navigation Function (NAV), and the Guidance &
Control (G&C) Function. Figure 20 shows the general flow of data between these entities of
the Ground Segment. This section will go into more detail of the various Ground Segment
components.

7.1.2 Mission Operations Center

Housed in one of the newest and largest buildings on the APL campus, the RBSP Mission
Operations Center (MOC) is located in a new Multi-Mission Operations Center. The room
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is sized to allow the operation of up to three multi-spacecraft missions at a time. With three
large “command pit” areas as shown in Fig. 21, the facility can support two missions in
“launch” phase and one in a well-established “post-launch” phase. Being the first and only
mission for up to six months after launch, the RBSP Mission will initially utilize the entire
room. As shown in Fig. 21, the RBSP A command pit is furthest from the entrance and
RBSP B command pit is on the other side. The middle command pit is used for overflow
and is anticipated to be the space the mission will occupy six months after launch. The large
areas behind the RBSP A and B command pits are areas for the Engineering Teams required
for launch and special critical activities. Figure 21 also indicates were Subsystem personnel
are stationed for launch as well as names of hardware workstations.

7.1.3 Features of the MOC Facility

Figure 22 shows the floor plan of the larger area surrounding the MOC. Contained within
the MOC area is a glass enclosed Media Room where VIPs and others can congregate to
observe the activities taking place within the MOC. In addition to the MOC area, and as
shown in Fig. 22, the facility houses a large Network room, an ESD Compliant Hardware
Simulator Room, a Control Room for Instrument Operators, two Situation Rooms, a library
space, and a kitchen area. The RBSP Instrument Teams will be hosted in the adjacent In-
strument Control Room and will communicate with the MOC personnel over the facility’s
voice system. The Mission Operations Team is also located around the MOC Facility in
the surrounding office space as well as in the larger “Office Overflow Space” down the
hall.
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Fig. 23 Picture inside the MOC

Additional features of the facility include 65 inch LCDs for heads-up displays and clocks
for displaying GMT and countdown information as seen in Fig. 23. The A-V system within
the MOC allows any of the workstations along the front row to be shown on any one of
ten 65 inch LCDs positioned around the MOC. The Countdown clocks are used to provide
a countdown to the start of a contact and once inside the contact, a countdown to the end
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of the contact. In addition, small monitors in the Situation Rooms and on the hallway side
of the Media Room, display upcoming contact information for the different observatories,
similar to an airport’s flight schedule.

The Ground System Hardware architecture used on the RBSP Mission is client/server
based. The PC-based computers acting as clients are running the Linux operating system.
Servers are housed in the network room separate from the MOC.

The Ground System software includes L-3’s InControl, the primary command and con-
trol system for RBSP, and contains interfaces with the planning and assessment software
and real-time tools developed by APL.

7.1.4 Science Operations Centers (SOC)

The Science Operations Centers (SOCs) are owned and operated by the Instrument teams
to control the Instrument Operations. Each of the Instrument Suites has both a Test SOC
and a Flight SOC. The Test SOCs are located at APL in a room adjacent to the MOC.
This facility is used during some of the pre-launch testing and during the Commissioning
Phase. During the Commissioning Phase it is desired to have the Instrument Teams in close
proximity to the Mission Operations Team because of the possibility of a dynamic timeline
of activities required to occur throughout the Commissioning Phase. During that time is
it highly desirable to be able to have face to face communications as much as possible
to reduce the risk of possible miscommunications amongst the various teams. The Flight
SOCs reside at a facility of the Instrument Team’s choice. In many cases, they have chosen
their home organizations. The details of the Instrument Operations and Instrument SOCs are
provided in the instrument investigation papers within this special issue.

7.1.5 MOC Data Server

The MOC Data Server is the “hub” of data product transfer and resides in the MOC area.
The various data products produced for the day to day operations are placed on the MOC
Data Server for access by the various teams, especially the SOC Teams. In addition, the
Level 0 Telemetry files are place there after their processing is complete.

7.1.6 Ground Stations

The primary ground station is the 18 m antenna on the APL campus shown in Fig. 24. It
is controlled by the Satellite Communications Facility (SCF) in Bldg. 36. The 18 m dish
should support the majority of contact time required to bring down the desired 5.9 Gbits
of data per day per observatory. However, there are periods throughout the year when the
orbital geometry does not allow that support. During those periods, the Universal Space Net-
work’s South Point, Hawaii and Dongara, Australia stations will be utilized. For Navigation
purposes, short contacts with the Dongara station will be required on a weekly basis due to
its proximity in the Southern Hemisphere. In addition to these ground stations, the RBSP
project will also utilize communications with the TDRSS system. Downlink rates of 1 kbps
are all that is possible for RBSP with TDRSS spacecraft, so these contacts will only be used
to support launch, commissioning, and critical activities.

7.1.7 Navigation Function

The Navigation function for RBSP is produced by a team at APL. Doppler data is received
from contacts with the various ground station antennas and that is used to produce the defini-
tive orbit on the ground. The Navigation team will also produce predicted orbit products that
are used in the Mission Operations Planning function.
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Fig. 24 18 m (60 ft) antenna on the campus of JHU/APL in Laurel, MD

7.1.8 Guidance and Control on the Ground

The Guidance & Control (G&C) function on the ground is used to produce predicted and
definitive attitude solutions for use in the Planning functions as well as data processing. In
the G&C Component within the MOC, the attitude data products are based on the sun sensor
data and the Magnetometer data transmitted from the RBSP observatories.

7.2 Mission Operations Functionality

The Mission Operations System (MOS) includes the team, hardware, software, and facili-
ties involved in operating the RBSP observatories on a daily basis. The primary tasks are to
maintain healthy spacecraft and obtain the science data placed on the Solid State Recorder
(SSR) by the Science Instruments. Mission Operations functionality is broken down into
the Planning and Scheduling, the Real-time Control, and the Performance Assessment func-
tions. Each of these functions feed into the other in order to conduct a safe and efficient
mission.

7.2.1 Mission Operations Team

At the heart of the Mission Operations System is the Mission Operations Team. The team is
comprised of Mission Operations Analysts and Flight Controllers. The Mission Operations
Analysts are lead engineers who conduct all of the functions within Mission Operations,
while Flight Controllers are less experienced and focus on the Real-time Control aspect.
During the Launch and Commissioning Phase of the mission, the team is sized in order to
be able to perform 24/7 operations; which may be required in order to conduct all of the
required activities during the 60 day period. Once into the nominal science operations Phase
of the mission, the majority of contacts will be run in an “Unattended” sense. This eliminates
the need for Flight Controllers and the team remains staffed with the Analysts. The team is
still required to staff contacts during which critical activities are performed. The majority of
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those activities are the propulsive maneuvers. The team of Mission Operations Analysts will
rotate through positions on the Mission Operations team and will switch between operating
RBSP A and B as part of the rotation.

7.2.2 Mission Operations Concept

The RBSP Mission Operations Concept is based on the Decoupled Operations approach.
The Decoupled approach is enabled by the mission itself and the spacecraft design. The
relative observatory attitude remains constant and the power system is sized to allow 100 %
duty cycle of the instruments. The decoupled operations concept is implemented by dis-
tributing the Science Instrument Operations amongst the teams that developed those Instru-
ments. While the Mission Operations Team operates the spacecraft bus, the teams within
the Science Operations Centers (SOC) operate their individual instruments independent of
the bus operations and the operation of the other Instruments. The SOCs send instrument
commands into the MOC where they are stored in command queues until a ground station
contact, when the queues are opened and the commands are transmitted to the Instrument
on-board the observatory. The SOCs may receive housekeeping telemetry during the con-
tacts by connecting to the MOC and will receive the Science data after contacts by retrieving
the Level 0 telemetry files from the MOC Data Server (MDS). Additionally, the MDS will
store many data products the various teams will need to conduct routine operations. The
Mission Operations management of the SSR is simplified on RBSP because of the on-board
file system and the use of CCSDS File Delivery Protocol (CFDP). Using the closed loop
CFDP functionality, the ground system and observatory will communicate autonomously to
ensure the data has been received on the ground prior to the data being deleted on-board.
While closed loop CFDP will be employed when in contact with the APL Ground Station,
during contacts with a USN station, an open loop version of CFDP will be employed due
to the lack of the ability of exchanging the CFDP communications in real-time. Initially,
the SSR will be configured in a simple “dump and delete” mode during USN operations;
however, if an alternate solution would benefit, that concept may be adjusted after some
experience is gained.

7.2.3 Mission Operations Planning Function

The RBSP Planning function is used for scheduling observatory activities necessary for
safe and efficient operations. These activities include RF Control for Ground Station Con-
tact, SSR Control, Eclipse entry and exit notifications, various Housekeeping functions, and
Maneuvers. The activities, also known as Events, are comprised of repeatable command
sequences which may have various instantiations depending on the specific scheduling cri-
teria. All Events are classified as either routine or sporadic. Routine events are scheduled
on regular intervals, whether it is based on time or per contact. A web-based tool known as
“Scheduler” is a ground software tool used by the Mission Operations Team for developing
the weekly schedule of events. The Scheduler tool schedules routine events automatically
based on their pre-defined scheduling criteria. Sporadic events are placed in the schedule by
the Mission Operations Team at the appropriate time. Due to gradual observatory precession
throughout the orbit, the Mission Operations Team is required to schedule an Attitude ad-
justment maneuver every 21 days to keep the spin-axis within specifications. While this is a
routine event, it also is classified as a Critical Event and therefore must be scheduled during
a ground station or TDRSS contact that will be staffed. For this reason, these maneuvers are
scheduled more on a manual basis every three weeks.
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The Planning function is begun three weeks out in the Contact Scheduling process. Each
successive week, the timeline of activities that occur on the contacts are firmed up to the
point where commands are generated the week prior to planned execution. The primary tool
used in the planning process is the Scheduler tool. Scheduler itself is an APL-developed
web-based platform independent tool that makes use of user-generated templates mapped to
each event type. Each template is designed to make use of a repeatable command sequence
that allows arguments to be input for definition of specific instances each time it is sched-
uled. Based on its architecture, the “Scheduler” tool allows the Mission Operations Team to
conduct planning or view all related planning information from their office, the MOC, or a
remote location.

Also in the Planning process, Simulators are used to verify proper command sequencing
for particular observatory activities. There are two types of Simulators employed by the
RBSP Mission Operations Team. One type is hardware based (RBSP Operations Simulator,
or RBOPS) and the other is software based (Flight Accelerated Simulation Tool, or FAST).

There are three hardware-in-the-loop simulators of various fidelities. The high fidelity
RBOPS includes versions of the spacecraft IEM, PDU, and Transceiver. The other less
fidelity RBOPSes have only a spacecraft IEM. Surrounding the RBOPS Simulators is a
Testbed which is used to emulate the remaining virtual spacecraft components. The Soft-
ware Simulator is used as the primary method of constraint checking of spacecraft command
sequences prior to uplink.

The final part of the Planning process involves the final creation of Contact Plans and
associated procedures and scripts. These are transferred to the MOC for execution during
the Contact.

7.2.4 Real-time Contact Operations

The Real-time Control Function is the aspect of Mission Operations where communications
occur between the ground and observatories during the Ground Station Contacts. During
the Launch and Commissioning phase, the contacts taken will be staffed by members of
the Mission Operations Team, Engineering Team, and Instrument Team members. This is
because the majority of commissioning activities will be conducted in real-time during a
contact. Once the mission enters the Routine Science Phase, the majority of contacts will
be taken on an unattended basis. Unattended contact operations are planned for all contacts
except for those during which critical activities will take place. During the Routine Science
Phase, the instruments are powered and constantly sending data to the SSR. The majority of
observatory activities are not critical and can be scheduled during unattended contacts. The
only critical activities in this phase are maneuvers and possible anomaly recovery activities.
Those will be scheduled during staffed contacts. During all contacts, including unattended,
the spacecraft housekeeping telemetry is evaluated for state of health and the ground sys-
tem is setup to provide remote notification of specific alarms to the Mission Operations
Team for spacecraft alarms and to the Instrument/SOC teams for specific instrument alarms.
Following the initial state-of-health evaluation, the SSR downlink is initiated. Spacecraft
commanding is then performed, followed by the opening of the different SOC Command
Queues, so that Instrument commands that had been waiting will be uplinked. Following no-
tification of an alarm, the remote Mission Operations Team members may log in and begin
evaluation of the urgency of the situation. If urgent, they can remotely schedule additional
contact time and alert other members of the team to begin troubleshooting the anomaly. If
the situation is not urgent, the team members choose a course of action less pressing that
maintains the health and safety of the observatories and science objectives.
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In order to downlink the amount of science data acquired on the SSR on a daily basis, the
Mission Operations Team will schedule approximately three hours of contact time per day
per observatory. In order to obtain this much contact time as well as to obtain the contact
time for maneuvers and other necessary activities to be done outside of SSR downlinks, the
project will utilize three different networks. The primary antenna is the APL 18 m (60 foot)
antenna.

With the 18 m, the MOC will communicate with the Satellite Control Facility (SCF) to
initiate observatory commands and receive telemetry. If necessary for a data rate change
during a contact, the MOC initiates scripted commands to configure both the observatories
and the ground station properly for a given change. Also, during the contacts with the APL
station, the closed loop CFDP communications will occur.

To supplement the ability to obtain all of the Science data on the SSR, in particularly
during times of year when communication opportunities with the primary station are min-
imal, two stations from the Universal Space Network will be used—those in South Point,
Hawaii and in Dongara, Australia. The data throughput from the USN stations to the MOC
is insufficient for real-time communication, therefore, the SSR data return path to APL from
the USN stations is a store and forward method after the contact. This also prohibits the
use of the closed loop CFDP. During data rate changes necessary for USN contacts, a com-
munication will be made ahead of time for the Ground Station to make the change at the
coordinated time.

Use of the TDRSS Space Network (SN) will take place during times where contact is
required and ground station visibility and/or availability is not possible. This occurs mostly
during periods of time during the Launch and Commissioning phase and during maneuvers
and possible times of contingency operations during the Routine Science Phase. During
TDRSS contact the downlink rate for RBSP is limited to 1 kpbs and therefore SSR downlink
is not scheduled.

7.2.5 Performance Assessment

The Performance Assessment function is broken down into two classifications. One type
is Routine Assessment which involves alarm processing and trending. The other type is
anomaly investigation and resolution. Routine Assessment consists of determining the sta-
tus, configuration, and performance of each spacecraft Subsystem. Alarm processing is per-
formed on all observatory housekeeping data that is collected via the SSR as well as real-
time. The Alarm processing software notifies the MOT of an unusual occurrence or condi-
tion of the observatory. Each alarm is evaluated by the team to determine a proper course
of action to understand the cause and if necessary, remedy the alarm condition. Trending
is the periodic monitoring of critical bus components, including those components that are
known to degrade over time. Trend Analysis software automatically generates plots that are
produced on routine intervals—on a daily, weekly, monthly, quarterly, and annual basis. Var-
ious data averaging is used for each time interval. The Mission Operations Team reviews the
plots on a daily basis to monitor for any usual occurrences or possible trends.

The other function within Performance Assessment is the investigation and resolution of
anomalous behavior identified either during real-time contact or during off-line assessment
of performance. Anomaly Reports are written when an anomalous condition is first identi-
fied. The Performance Assessment function within Mission Operations further investigates
to understand the cause and to determine a path of resolution. In some cases, the resolution
may involve changes to processes, procedures, command sequences, and possibly alarms.
These changes are documented as part of the anomaly closeout process.
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The Performance Assessment function closes the loop within the Mission Operations
Process by feeding changes necessary because of issues uncovered during the Real-time or
Assessment aspects, onto the Planning function, to continue to try to improve Operations
efficiency.

8 Space Weather

During normal science operations, the observatories will only require approximately
2.5 hours of ground contact time per day to downlink the stored science and housekeep-
ing data. When the observatories aren’t in primary ground contacts they will be broadcast-
ing space weather data intended to be received by participating ground stations throughout
the world. This space weather data is a subset of the full science data normally being col-
lected by the instruments, and all of the RBSP instruments contribute to the space weather
data products. The data subset will include particle fluxes at a variety of energies as well
as electric and magnetic fields. The science operations teams also have a goal of provid-
ing “quick look™ data products that will fill in the gaps of space weather data that occur
when the observatories are in primary ground contact, thus providing essentially continuous
24 hour coverage of space weather data. The space weather broadcast is performed using
the observatory’s primary S-band RF communications system.

9 Unique Challenges for RBSP

The demanding science requirements and the routine operation of the observatories in the
radiation belts create some unique design challenges for the RBSP mission.

9.1 Radiation

The most obvious effect of operating in the radiation belts is, of course, the constant bom-
bardment by damaging high-energy electrons and ions. This can lead to the well-known
effect of displacement and ionizing damage in electronic parts, but it also causes two other
effects that must be mitigated to ensure observatory health and mission success. Internal
Charging and Deep Dielectric Discharge are both caused by high-energy electrons and ions
penetrating the observatory structure and coming to rest in the spacecraft. These particles
ultimately cause internal surfaces to charge until they exceed the breakdown or gap volt-
age, at which point it discharges to the local ground. This discharge can result in damage to
electronic circuits, or can cause upsets or noise in spacecraft subsystems or instruments.

The launch vehicle selected for this mission has a great deal of lift capability to the RBSP
orbit, and as such the project was in the enviable position of being able to use mass to solve
some technical problems early in the design phase. This allowed the project to dictate that
all observatory electronics (including on the instruments) be shielded by an equivalent of
350 mils of aluminum, thus effectively eliminating the internal charging and DDD effects
within electronics boxes. Filtering circuits were also added to the inputs of each box to
mitigate the effects of discharge-induced noise on signal lines.

A challenge related to this is the need for RBSP to operate through significant storm
events, despite being a single-string architecture. This means that, to the extent possible,
science data collection should continue through events such as spacecraft processor resets—
events which can be common occurrences in the radiation belts. As a final measure of pro-
tection against radiation-induced upsets and to ensure that the system can operate through
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significant storm events, the observatory design includes an “off-pulse” architecture in which
the primary bus electronics boxes (the IEM, the PDU and the transceiver) can be power cy-
cled either by ground command or autonomously as the situation may warrant. This enables
many potential faults to be cleared by removing power from the box and then restoring it to
its known power-on condition. In all cases except the IEM power-off reset this also allows
the spacecraft to continue recording science data, and therefore maximizes the potential for
operating through a storm event.

9.2 Magnetic Cleanliness

Another key challenge for the mission is the need for both static and dynamic magnetic
cleanliness. The magnetometers (both the DC Flux Gate Magnetometer and the AC Search
Coil Magnetometer) are positioned away from the observatory body by means of deploy-
able booms, but they are still sensitive to a static offset of the magnetic field (i.e. a shift in
the Earth’s apparent field due to the magnetic signature of the observatory) and to dynamic
changes in the apparent field, such as from periodic magnetic fields caused by unbalanced
current loops within the observatory structure or electronics. This latter effect is very dif-
ficult to compensate for, and consequently great care was taken during the design of the
observatory to minimize current loops in the structure and electronics regardless of the ob-
servatory’s operating mode. Static magnetic cleanliness drove materials selection—such as
the use of Inconel propellant tanks, and it has also had a significant effect on ground process-
ing, both for the integration and test of the observatories and for the integration and ground
processing of the launch vehicle.

9.3 Surface Charging

In much the same way that the observatory can induce a bias in the magnetic field measured
by the magnetometers, any differential charging of observatory surfaces will introduce a
bias on the measurement of the ambient electrical field by the EFW instruments. To pre-
vent this from occurring, the spacecraft and instruments are designed such that there are no
(or very minimal) surfaces on the exterior of the observatories that can build up charge. In
essence, all exterior surfaces are either conductive or are at least static-dissipative. This was
particularly challenging in the design and manufacture of the solar arrays, which normally
contain substantial areas of non-conductive grouting material. Similarly, many of the adhe-
sives and tapes frequently used in spacecraft manufacturing are non-conductive materials,
so great care had to be taken both in the design of the Observatories and in ensuring that
these materials don’t find their way into the final assembled hardware.

9.4 Magnetometer as the Primary Attitude Sensor

The use of one of the science instruments as the primary attitude sensor did provide some
level of program cost savings, and it minimizes the onboard hardware and removes at least
one spacecraft hardware interface, but it also leads to some unique challenges. Perhaps the
most difficult of these challenges is ensuring that the system can still meet attitude estimation
requirements during periods of Solar storms. As discussed previously, the primary method
of determining observatory attitude is by comparing the measured magnetic field to the stan-
dard model of the Earth’s magnetic field. During times of Solar storms the Earth’s magnetic
field can be significantly perturbed, meaning that the actual field no longer matches the
models for the Earth’s field, and the resulting measurement of the field results in an atti-
tude estimation error. This approach also removed the “ownership” of the primary attitude
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determination sensor from the Guidance & Control team, and thereby replaced a hardware
interface with an organizational interface. The end result is a design that is efficient and will
meet mission needs, but it did impose some engineering and management challenges along
the way.

9.5 Operating Multiple Observatories Simultaneously

There are also unique challenges in operating multiple observatories simultaneously. The
most obvious of these is staffing mission operations and engineering teams for both obser-
vatories. For the most part, operations are designed to be sequential, though for significant
periods of time—particularly during launch and commissioning—the operations of both
observatories occur simultaneously. To accommodate this, dedicated teams of operators and
engineers are in place for each observatories, and the operations of both spacecraft occur
in separate spaces of the common RBSP Mission Operations Center. The two observatories
are designed to be functionally identical and this aids in making the operation of each es-
sentially interchangeable. This simultaneous operation is tested repeatedly prior to launch
through mission simulations and other dedicated tests.

9.6 Working with a Distributed SOC System

Another challenge of the operational system is working with distributed Science Operation
Centers. This approach allows convenience and reduction of cost for each of the science
teams, but it requires numerous additional interfaces and relies on networks to reliably flow
data to and from the MOC. One key to making this approach work was specifying a single
operating system (GSEOS) for all of the SOCs to use. This greatly simplified the definition
of the interface between the MOC and SOCs, and reduced the testing required to ensure that
this interface works. A single MOC-to-SOC Interface Control Document (ICD) was used to
define these interfaces, and a SOC working group meets regularly to discuss design, imple-
mentation and interface details. A phased set of testing that began long before the delivery
of any of the instruments also helped ensure a working interface when it was needed. APL’s
test-as-you-fly approach was extended here as well, as the instrument teams run much of
their instrument testing during Observatory I&T from their remote SOCs.

10 Conclusions

The RBSP mission is set to explore the fundamental physics that drive changes within the
Earth’s radiation belts, and the selected instrumentation and the mission design will enable
an investigation of both the spatial and temporal components of these changes. The am-
bitious science goals and the unique environment in which the observatories operate led to
some significant challenges for the design and operation of the RBSP mission, but the obser-
vatories and the ground system have been designed to overcome these challenges and meet
the requirements of the mission. The science obtained by this mission will greatly enhance
the community’s understanding of the processes at work in the Earth’s radiation belts, and
it will allow for the development of new models that better predict the both the radiation
environment and its effects on observatory hardware.

Open Access This article is distributed under the terms of the Creative Commons Attribution License
which permits any use, distribution, and reproduction in any medium, provided the original author(s) and the
source are credited.
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Abstract The National Aeronautics and Space Administration’s (NASA’s) Radiation Belt
Storm Probe (RBSP) is an Earth-orbiting mission that launched August 30, 2012, and is
the latest science mission in NASA’s Living with a Star Program. The RBSP mission will
investigate, characterize and understand the physical dynamics of the radiation belts, as well
as the influence of the Sun on the Earth’s environment, by measuring particles, electric and
magnetic fields and waves that comprise geospace. The mission is composed of two iden-
tically instrumented spinning observatories in an elliptical orbit around earth with 600 km
perigee, 30,000 km apogee and 10° inclination to provide full sampling of the Van Allen
radiation belts. The twin RBSP observatories (recently renamed the Van Allen Probes) will
follow slightly different orbits and will lap each other four times per year, offering simul-
taneous measurements over a range of observatory separation distances. A description of
the observatory environment is provided along with protection for sensitive electronics to
support operations in the harsh radiation belt environment. Spacecraft and subsystem key
characteristics and instrument accommodations are included that allow the RBSP science
objectives to be met.

Keywords Heliophysics - NASA - Mission - Observatory - RBSP - Radiation - Science -
Space - Spacecraft - Van Allen probes

1 Introduction

The National Aeronautics and Space Administration’s (NASA’s) RBSP mission is a dual
observatory mission depicted in Fig. 1 that will study variations in solar activity and how
this affects the earth’s environment as well as human activities in space and on the ground.
This will improve our overall knowledge of the radiation belts and how they respond to solar
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Fig. 1 RBSP is a low-risk and
affordable mission, consisting of
two identical observatories, built
to survive in the radiation belt
environment and to fully achieve
all of the RBSP science
objectives

storms and events. Particles are accelerated to form the radiation belts in unpredictable ways,
and scientists need better observations to develop new and improved models of this impor-
tant aspect of the Earth’s environment. The observatory instruments will measure high- and
low-energy electrons and protons, ion composition, and electric and magnetic fields us-
ing the Energetic Particle Composition and Thermal Plasma Suite (ECT), the Electric and
Magnetic Field Instrument Suite (EMFISIS), the RBSP Proton Spectrometer (RPS), the
Electric Field and Waves Instrument (EFW) and the RBSP Ion Composition Experiment
(RBSPICE).

The sections that follow describe the baseline RBSP observatory designed by engineers
at the Johns Hopkins University Applied Physics Laboratory (APL). Key mission and Ob-
servatory design drivers include the following.

Mission Requirements

e Orbit with an apogee of 30,500 km and perigee of 600 km, maximizing time in the radia-
tion belts.

Provide twin observatories identically instrumented.

Launch both observatories on a single launch vehicle.

Design for a mission life of 2.25 years with a goal of 5 years.

Provide near-continuous transmission of space weather.

Observatory Requirements

e Operate through the challenging radiation environment.

e Provide attitude control through spin stabilization to provide required instrument fields
of view; observatory is nearly Sun pointed, with nominal spin rate of 5.5 revolutions per
minute (rpm).

e Provide power system to operate through eclipses up to 114 min.

e Downlink an average daily data volume of at least 6.61 Gbits of recorded plus real-time
data per day during the operational phase of the mission.

e Accommodate significant payload mass (130 kg) and average power (149 W).

e Provide deployed science booms for fluxgate and search coil magnetometers.

e Provide deployed axial and wire radial booms for electric field measurements.

The two observatories are positioned and phased such that one will lap the other approx-
imately four times per year. Each observatory is designed for an on-orbit life of 2 years and
74 days. This encompasses a 60-day commissioning period post launch, a 2-year science
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Fig. 2 RBSP observatory in - Spin Plane Booms

fully deployed configuration * 2 at 40 m length
+2 at 50 m length \
* Axial Booms \
+ 12 m tip-to-tip (extendable to 14 m)
« Magnetometer Booms !
+ Extend 3 m from edge of spacecraft —

mission, and 14 days at the end of the mission to passivate the observatories. Observatory
passivation includes a delta-velocity (AV) maneuver to lower the perigee and a precession
maneuver to orient the solar arrays away from the Sun; each observatory will be disposed of
via uncontrolled atmospheric re-entry within 5 months. The 2-year science mission lifetime
provides sufficient local time, altitude, and event coverage to improve the understanding of,
and determine the relative significance of, the various mechanisms that operate within the
radiation belts and their individual and collective effects.

The RBSP observatories (renamed the Van Allen Probes by NASA on November 9,
2012) were launched together on a single Atlas V-401 Evolved Expendable Launch Ve-
hicle (EELV) from Kennedy Space Center on August 30, 2012. The launch vehicle spun up,
oriented each observatory so that the solar arrays pointed toward the Sun, and released each
observatory separately. Both observatories are operating in highly elliptical orbits that will
spend a substantial part of the mission life in the Van Allen radiation belts. The two orbits
have apogee altitudes between 30,050 and 31,250 km, perigee altitudes between 500 and
675 km, and inclinations of 10° (Stratton and Fox 2012).

Each RBSP observatory operates independently in a spin-stabilized mode at a 4-6 rpm
nominal spin rate with the spin axis nearly Sun pointed and maintained between 15° and
27° off pointing from the Sun, with 4 deployed solar array panels and 8 deployed instrument
booms. Four 50-m spin plane booms provide AC and DC electric field measurements, two
6-m axial booms (12-m tip-to-tip) provide three-dimensional electric field measurements,
and two magnetometer booms extend an additional 2 m beyond the solar array panels. Fig-
ure 2 shows the observatory in a fully deployed configuration, and Figs. 3 and 4 depict
the observatory bus with accommodation of the instruments and their respective fields of
view (FOVs). The spinning observatory sweeps the instrument apertures and sensors on the
booms through 360° to obtain measurement samples as a function of angular direction.

1.1 Payload Accommodation

The RBSP science objective is to investigate how populations of relativistic electrons and
ions in the radiation belts form and change in response to variable inputs of energy from
the Sun. The mission targets the fundamental processes that energize, transport, and cause
the loss of these charged-particle populations. These particles are in and around the Earth’s
radiation belts and are hazardous to observatory and astronauts. The investigations and in-
struments selected by NASA for each RBSP observatory measure particle distributions,
fields, waves, densities, and other parameters with sufficient fidelity to answer the most
pressing outstanding scientific questions regarding the behavior of the radiation belts (Sibek
et al. 2006; Ukhorskiy et al. 2011). Each observatory will carry a hardware complement
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Fig. 3 Observatory configuration showing instrument fields of view
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Fig. 4 Detailed instrument fields of view from observatory aft perspective

to support five science investigations and instrument suites identified in Table 1, along
with their associated payload resource allocations. A detailed description of these instru-
ment suites and their components and measurements is provided elsewhere. The main focus
of this paper is to describe the spacecraft and accommodations for these science instru-
ments.
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Table 1 RBSP science payload

Science instruments Name Mass Power Avg daily
(kg) allocation data rate

W) (kbps)

Energetic particle composition and thermal ECT 65.6 89.7 20.4

plasma suite

ECT—helium-oxygen-proton-electron HOPE 18.1 26.3 9.32

spectrometer

ECT—magnetic electron ion spectrometer MagEIS 34.1 53 9.5

ECT—relativistic electron proton telescope REPT 13.4 10.4 1.58

Electric field and waves EFW 27.4 15.5 12

RB proton spectrometer RPS 9.2 14.4 2

RBSP ion composition experiment RBSPICE 6.6 7.1 5.4

Electric and magnetic field instrument suite EMFISIS 20.9 22.5 32.2

TOTALS for science payload 129.7 149.2 72

Table 2 RBSP observatory resources

Observatory resource Current best estimate Specification Margin

Observatory dry mass (SCB) 609.4 kg 743 kg 22 %

Propellant 56 kg 56 kg

Power consumption

Normal 15-27° 277TW 350 W 26 %

Safe 27-33° 233 W 332W 43 %
Thermal bus environment 0to +30°C —20to +45 °C +15/—-20 deg
Delta V 183.4 m/s 151.4 m/s 21 %
G&C—total attitude 2.87 deg 3 deg
knowledge (SC-GND)

Spin axis control 3.1deg 30) 3.1 deg (30)

Spin rate control +0.25 rpm +0.25 rpm
Average instrument data rate 72 kbps 78 kbps 8 %

(kbps)
Data storage 16 Gbits 16 Gbits

1.2 Observatory and Spacecraft Configuration

A description of the observatory with a focus on spacecraft subsystems is included below
and addresses how key mission characteristics and the environment drove the design so-
Iution. The observatory resources including mass and power are summarized in Table 2
and demonstrate a design that meets RBSP science needs and provides margin for obser-
vatory contingencies. Figure 5 provides an overview of the functional elements including
interfaces and connectivity between the spacecraft and instrument components. The RBSP
observatory onboard avionics computer is based on a radiation-hardened RAD-750 single
board computer manufactured by BAE Systems with 16 megabytes (MB) of random ac-
cess memory (RAM) plus a 16 gigabit (Gb) synchronous dynamic random-access memory
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(SDRAM) data recorder. The observatory interfaces are controlled by an RTAX2000 field-
programmable gate array (FPGA).

The observatory supports continuous operations of all of the instruments. Power is sup-
plied by four deployable solar panels, supplemented by an eight-cell lithium ion battery.
The observatory will support the critical loads for at least 7 days in safe mode to provide
sufficient time for the mission operations team to diagnose and resolve faults. The extreme
radiation environment, combined with project cost constraints and the NASA risk classifi-
cation (Class C), drove several unique features within the RBSP fault management system
which is discussed in detail in the fault management section below.

The design philosophy for each observatory is to keep the observatory as simple as pos-
sible to reduce cost and to reduce the development and test schedules while meeting the
science objectives. This philosophy is enabled by the mission science requirements, which
drive the observatory to be a Sun-pointed spinner. Attitude knowledge and ephemeris are
not required onboard. There is no onboard closed-loop guidance control system. Maneu-
vers and attitude adjustments are performed via thruster commands. Attitude determination
is performed on the ground, after post-processing of downlinked Sun sensor and EMFISIS
fluxgate magnetometer data. To support this ground-based attitude determination, the obser-
vatory components are placed and balance masses are located so that the observatory will
produce less than 1° error of spin axis relative to the observatory frame. The measured un-
certainty of the Sun direction relative to the observatory frame is <1.024° (30, single axis).
This includes sensor and alignment errors, but not timing and processing errors, which are
addressed separately. Contributions to alignment uncertainty knowledge include static align-
ment knowledge <0.2° (30) and dynamic alignment knowledge <0.09° (30). The attitude
knowledge budget is shown in Table 3. Due to the spin and offset communications anten-
nas, RBSP also has the redundant capability of using RF Doppler data to provide spin axis
estimations (Srinivasan et al. 2012). Each RBSP observatory has the means (i.e., hardware,
software, and expendables) to support orbital maneuvers throughout the commissioning,
operational, and disposal phases of the mission, with a total AV of more than 150 m/s.
This provides for translational maneuvers (collision avoidance, observatory separation dis-
tances/lapping rates, de-orbit), as well as for precession maneuvers that will be performed
to keep the spin axis oriented towards the Sun with an overall attitude knowledge of 3°.

The observatory provides a broadcast message of observatory spin phase and spin period
to each instrument at a frequency of 1/s. The observatory provides a spin pulse, from the Sun
sensor when available, or a spin pulse based on a hardware timer, when Sun sensor pulse is
unavailable, to each instrument approximately once per spin. This is described in Sect. 10,
which goes into detail about the Guidance and Control System.

Table 3 Attitude knowledge —
budget Term Quiet time Worst cast

value (°) magnetic
storm value (°)

Sun sensor alignment & 0.546 0.546
measurement accuracy

Mag sensor alignment & 1.197 1.197
measurement accuracy

Ground processing errors 0.707 2.062
Timing errors 1.500 1.5
RSS—all terms 2.117 2.869
Overall knowledge specified 3 3
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The observatory solar array 3.2-m? total area will provide adequate power over the life
of the mission to operate all onboard science instruments as long as the observatory is ori-
ented with the arrays pointed to the Sun at an angle between 15° and 27° of normal. The
observatory is spin stabilized to maintain this configuration, and the guidance and control
systems will provide attitude correction maneuvers to maintain the spin axis and the arrays
toward the Sun within these limits.

The observatory design includes a 50 Ah onboard battery that provides power to the ob-
servatory during the 2.5-h launch eclipse duration before the solar arrays deploy. The battery
also is sized to provide observatory power during the mission to support full science oper-
ation through daily orbit eclipses that will vary throughout the mission for a given launch
date. The longest eclipse duration is 114 min for the RBSP orbit, assuming launch any day
of the year. The observatories will operate autonomously during solar eclipses and will con-
tinue to collect science data, transmit during scheduled contacts, and continuously transmit
space weather data. Onboard fault management functions will monitor and transition the
observatory to safe mode if needed as discussed in detail in Sect. 3 on fault management
below.

The radio frequency (RF) system includes an APL-built Frontier radio transceiver and
solid-state power amplifier that provides 8 W S-band RF transmitter power. The observa-
tory RF system includes an S-band antenna on top (4+Z) and bottom (—Z) observatory
decks transmitting simultaneously. Because the antennas have broadbeam patterns, there is
an interferometer pattern around the observatory in which no communications are planned.
This exclusion zone is shown in Fig. 6; the observatory will transition through these short
exclusion zones (hours) during each orbit. The observatory-to-ground communication link
provides the capability to transmit all science and housekeeping data with a 1-hour pass
per day for each observatory after commissioning. Therefore the impact is minimal to work
around those portions of the orbit that do not support communication with the RBSP obser-
vatory. The system supports operation at up to 2 Mbps and is described below in Sect. 5.

The observatory coordinate system is shown in Fig. 7 and is defined as follows. The X-Y
plane is parallel with and contains the launch adapter interface. The Z-axis extends from the
center of the adaptor ring, normal to the X—Y plane and runs through the central cylinder.
The +Y direction extends from the Z-axis in the direction of the centerline of the solar
array supporting the EMFISIS fluxgate magnetometer. The 4+ X direction is set relative to
the other axes by the application of the right-hand rule. For the nominal mission attitude the
+Z direction will be pointed close to the Sun line and the direction of positive rotation for
each observatory is defined by the application of the right-hand rule about the Z axis.
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Fig. 7 Spacecraft coordinate system

The EMFISIS search coil and magnetometer field of views are shown in Fig. 8 relative
to the observatory XY Z coordinate system for reference.

There is also a science UV W coordinate system defined for the mission that is related to
the observatory XY Z coordinate system as a —35° rotation about the observatory 4Z axis,
with the +W direction aligned with the observatory +Z direction. The origin of the UV W
coordinate system lies in the plane of the EFW spin plane booms (SPBs) at the intersection
point of the EFW axial boom (AXB) deployment axis. The +W direction is aligned with
the center line of the forward EFW AXB. The +U direction is aligned with the nominal
location of EFW SPB #1. The +V direction is relative to the other axes by the application
of the right-hand rule, aligning it with the nominal location of EFW SPB #3. The science
coordinate system is shown in Fig. 9. This figure also depicts the instrument field of views
for the observatory body-mounted instruments including the HOPE, RBSPICE, REPT, RPS,
and MaggEIS instruments. The relative instrument views are shown in Fig. 10.

2 Observatory Environment

An RBSP design driver is the severe environment in which the RBSP observatories will
spend the majority of their time: each observatory is designed for the challenging environ-
mental requirements imposed by its orbit in the Van Allen Radiation Belts. The risk to elec-
tronic hardware is high. The environment causes high total ionizing dose and single event
effects due to radiation as well as surface charging and deep dielectric charging/discharging
on electrical hardware. Since RBSP is mostly single-string, several passive fault manage-
ment features are designed into the system to deal with these environmental effects. First,
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additional shielding is utilized around electronics boxes. Second, a radiation-hard parts pro-
gram is employed in which devices were tested to at least 50 krad (Si), with the required
hardness based on chassis wall thickness and use of spot shielding. All integrated circuits
were required to be latch-up immune. Third, first circuit interfaces are hardened to survive
deep dielectric discharge pulses in the observatory harness. Fourth, in order to enable sen-
sitive RBSP science measurements, the observatory is designed using techniques to reduce
observatory internal and surface charging so that the observatory-generated fields will not
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contaminate the electric fields and magnetic fields that the science instruments will be mea-
suring.

Significant effort was expended in the design of the observatory to minimize non-
conductive external surfaces that could charge up and generate electric fields contaminating
EFW measurements or experience discharges that could damage observatory electronics.
Also magnetic material was restricted and current loops were either eliminated of minimized
to avoid generating magnetic fields that could contaminate EMFISIS measurements. The re-
quired error due to the observatory-generated electric field at the tip of the axial booms is
<4 mV/m. To meet this requirement, all exposed surfaces of the observatory are grounded,
and internal to the observatory there are no floating metal conductors or large dielectric
surfaces. Electromagnetic interference (EMI) backshells are used on all internal harness
connectors, and all harnesses are wrapped with an aluminum tape outer wrap. In selective
cases lead overwrap was added to electrical harnesses that connect to components that are
sensitive to deep dielectric discharge events. Unused pins in the observatory harness are
grounded and bleed resistors are included for umbilical and launch vehicle connections that
would be left floating after the observatory disconnects from the launch vehicle. Special care
was given to the design of the solar arrays, as these extend from the observatory body and
are closer to the boom-mounted sensors. The solar arrays use solar cells with a grounded
indium tin oxide (ITO)—coated coverglass and also incorporate a double layer of insulat-
ing grout covered by conductive grout and dissipative black Kapton tape over solar array
interconnects. To reduce the magnetic signature of the solar array, the strings were designed
carefully to reverse adjacent polarities and thereby cancel out magnetic fields for each panel.
The RBSP solar arrays provide the necessary observatory power while nearly eliminating
extraneous electric and magnetic fields. SAIC completed a study for APL, which predicted
a spurious electric field contribution of less than 1.6 mV/m generated at the EFW axial
boom sensors, assuming 8 % of the solar array area would be nonconductive. Since the solar
array design actually achieved a performance of less than 1 % nonconductive array area,
the expected array-generated spurious electric field will be significantly below the predicted
1.6 mV/meter (Davis et al. 2007). Electromagnetic Compatibility (EMC) tests were con-
ducted on each observatory demonstrating that the observatory generated electric field is
below 24 uV/m over the frequency range of 30 Hz to 400 kHz.

The RBSP observatory-generated time domain magnetic field is required to be less than
5 nT static and 0.1 nT dynamic over the frequency range of 50 Hz to 15 kHz at the EMFISIS
fluxgate and search coil magnetometer locations on the booms. To meet this requirement the
use of magnetic material was restricted and care was taken in all designs to minimize current
loops and other effects that could generate magnetic fields. A test program was instituted
consisting of testing at the part, box, and observatory levels. Magnetic cleanliness was a
high priority throughout the development effort. The static magnetic field produced by the
solar array has been measured and is <1 nT at 0.5 m thus it is well below the required
performance to support mission science measurements. The static magnetic field of each
observatory was measured during the observatory magnetic swing test performed at APL in
the environmental test facility in January 2012 and again just prior to launch in July 2012.
This testing provided a measured static magnetic field below 4 nT and dynamic magnetic
field below 0.1 nT.

2.1 Radiation Environment

The observatory and instrument subsystems and components are required to operate con-
tinuously while the RBSP observatory transits through the heart of the inner trapped-proton
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Table 4 Total ionizing dose

(RDM = 2) Observatory assembly Max total
dose (krads)

Boom electronics 12.6
Top deck RF antenna 14.4
Sun sensor electronics 12.9
RB spice 15.4
ECT/REPT 14.6
RPS 14.4
ECT/MAGEIS electronics 12.6
ECT/HORPE electronics 14.2
RPS 14.4
EFW DPU 12.4
Power distribution unit 13.2
Battery 12.8
Transceiver 10.2
Solid state power amplifier 10.8
Integrated electronics module 12

Power supply electronics 12.4
Solar array junction box 13.6

Van Allen belt twice every ~9-h orbit for the nominal 2-year + 74-day mission. These en-
ergetic protons (up to hundreds of megaelectron volts (MeV)) provide the majority of the
penetrating dose and all of the displacement damage. The second major contribution to the
total radiation dose is from the outer belt trapped electrons that bombard the observatory dur-
ing the long exposures near apogee. An analysis was done to determine the corresponding
total dose versus shield depth for the RBSP mission from SHIELDOSE box-level generic
geometry results. All parts used in the RBSP observatories were specified to survive a total
ionizing dose of at least 34 krad (Si) [23 krad (Si) for the integrated electronics module
(IEM)] without parametric or functional failure. This value is based on a 2-year (plus 74-
day) life, with a radiation design margin (RDM) factor of 2, and a nominal shield depth of
350 mils (500 mils for the IEM) of aluminum. As mentioned previously, radiation parts test-
ing was performed at an even higher level, 50 krad, on parts that were not already specified
by the vendor to handle that level of radiation.

After the RBSP observatory mechanical configuration was designed and defined, a de-
tailed radiation transport ray trace analyses using NOVICE code gave specific results for
individual electronics boxes and locations. The maximum dose for any box was 15,400 rad
(RDM = 2). Table 4 shows predicted results for RBSP observatory mounted assemblies.
The large number of 350-mil wall boxes provides substantial shielding for nearest neigh-
bors on the observatory and reduce the electronics box doses to minimal levels from the
most penetrating protons.

Connector cutouts in the chassis were shielded to prevent localized high ionizing doses
inside electronics boxes. This shielding was inside or outside of the electronics box. The
expected low to moderate accumulated total doses of 23-34 krad (Si) behind 500 mils and
350 mils aluminum, respectively, eliminated the need for enhanced low dose rate (ELDRS)
testing.

Solar panels and instrument optics or exposed detectors must withstand displacement
damage associated with the trapped proton fluence. For the 2-year + 74-day RBSP mission
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the equivalent 1-MeV electron fluence is 1.35 x 10'3 e/cm? behind 20-mil cover glass thick-
nesses for the maximum power parameter on the solar cells. Figure 11 shows the expected
10 MeV equivalent proton fluence as a function of shield depth in aluminum. For the box
wall thicknesses of 350-500 mils, the fluences are in the range of 5 x 10'° to 8 x 10'° p/cm?.

The estimated deep space cosmic ray integral linear energy transfer (LET) spectra for
the RBSP orbit were used to estimate the upset rates of single event effects (SEEs) for the
mission. The deep space spectra are relevant but conservative for the RBSP mission, since
the observatories spend the vast majority of the time at or near geosynchronous altitudes,
where the deep space environment applies. The “Worst Week™ environment curve is gener-
ally used in upset rate calculations. It must be combined with the experimentally determined
upset cross-section for a given device to calculate the upset rate.

Parts susceptible to single event latch-up with linear energy transfer threshold less than
80 MeV cm?/mg were not used in RBSP systems. A failure modes and effects analysis
(FMEA) was performed to demonstrate that other single event upsets (SEUs) in parts would
not cause mission critical failures. SEUS in parts of noncritical systems were not allowed to
compromise flight system health or mission performance.

Critical digital parts (i.e., programmable devices, memories, and microprocessors) were
evaluated for susceptibility to SEU effects, such as single- and double-bit errors, functional
interrupt and stuck bits. Critical linear and mixed signal devices were evaluated for proton-
induced single event transients (SETs). Power devices were analyzed for single event burn-
out (SEB) and single event gate rupture (SEGR).

The peak proton flux expected in the RBSP orbit has been calculated and is 1.0 x
105 protons/cm?s with energy greater than 10 MeV; the peak electron flux is 3.7 x
107 electrons/cm? s with energy greater than 1 MeV. These peak fluxes produce the max-
imum dose rates and noise caused by charged particle hits during the RBSP orbit, which
may affect dynamic integrated circuit performance, guidance and control sensors, and sci-
ence instrument resolution. Hardware must operate through these levels.

2.2 RBSP Parts and Materials Radiation Test and Evaluation

An extensive parts radiation test program was implemented as part of the RBSP project to
evaluate radiation performance of key radiation sensitive components. Parts were evaluated
for total ionizing dose based on the predicted mission dose levels and SEEs were predicted
based on single event latch-up and single event functional interrupt performance (Tipton
et al. 2009).
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Total ionizing dose (TID) testing was performed at 18-25 rad/s in the APL cobalt 60
Irradiator on about 50 part types that were proposed for use in the RBSP flight hardware.
The remaining part types were either purchased as radiation-hardened devices or evalu-
ated to be hard to the TID requirements by manufacturers or third party data. Displacement
damage testing of optocouplers and linear regulators was carried out at the Indiana Univer-
sity Cyclotron Facility (IUCF) with 200 MeV protons in October 2007, October 2008, and
June 2009. No passive parts testing was performed. Bipolar transistor screening in March
2009 showed that only the 2N2222 needed to be purchased as a radiation-certified part. Six
other bipolar transistors passed 100 krad: 2N2369, 2N4957, 2N2857, 2N2907, 2N3501, and
2N3700.

SEE testing was conducted using heavy ion runs for latch-up, SEFIs, SEUs, and tran-
sients in July 2008, December 2008, and March 2009 at the Brookhaven National Labo-
ratory Tandem van de Graaff accelerator. Several digital-to-analog converters (DACs) and
frequency synthesizers were evaluated for use in the APL RF transceiver. Proton upset of the
RTAX?2000 FPGA static random access memory (SRAM) was completed at [IUCF in August
2009, and the components for the RF transceiver were evaluated in June 2009. Upset rates
for the RF transceiver and solid-state recorder (SSR) were computed and deemed accept-
able. Proton transient tests for linear regulators and power converters were also conducted
at IUCF in October 2008, June 2009, and April 2011.

In addition to the supporting the testing of observatory components, APL supported eval-
uation and testing of the following parts and materials for the science instruments:

Total dose testing for materials on the EFW booms.

Proton-induced radioactivity in shield materials for RBSPICE and ECT.

Bipolar transistor results for several instruments.

Consultation on HV801 optocoupler/driver for ECT.

Displacement damage work on optocouplers for ECT.

Single event testing for latch-up and transients for ECT and EFW.

The results of SEU testing of FPGA SRAM blocks were provided to the instrument teams.

Materials investigations included several total dose evaluations and conclusions:

e ITO-coated silverized Teflon in a self-supporting thermal blanket configuration lost all
mechanical integrity and was in pieces after 10 Mrad, which was the estimated surface
total dose.

e The same material when structurally supported by a plate of aluminum in a radiator con-
figuration passed the 10-Mrad level with respect to mechanical integrity. However, the
ITO coating’s electrostatic discharge (ESD) conductivity was destroyed.

e Germanium black Kapton in the thermal blanket configuration survived the 10-Mrad ex-
posure with only some minor discoloration in isolated locations and no visible degrada-
tion in mechanical integrity and surface conductivity and was chosen for thermal control
applications.

o External wire insulation for solar panel wire and the EFW SPB passed testing success-
fully.

e EFW AXB cable from Gore and the EFW painted and plated external materials all passed
testing successfully.

e Purge tubing passed radiation exposure test successfully.

e Silicone oil for the nutation damper showed ~7 % increase in viscosity at —20° C tem-
perature after radiation exposure.

e Several RF antenna mockups with coax cable performed well under radiation exposure
test.
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Tungsten/copper, tantalum, and 364 stainless steel disc samples were exposed by the
Laboratory for Space Physics (LASP) ECT team for induced radioactivity at Brookhaven
National Lab to a simulated RBSP orbit proton spectrum. 90/10, 80/20 tungsten/copper and
tantalum had no sustained significant radioactivity. The 364 stainless steel had only a minor
long-term response.

2.3 Electromagnetic Environment

The electromagnetic environment (EME) for RBSP includes all effects of the environment
from initial design and parts selection through mission operation. This includes the normal
observatory electromagnetic compatibility with launch radar and other equipment. It also
includes magnetic control for the magnetic field measurements, electrostatic control for the
charged particle detectors, and low-frequency electric field measurements, as well as inter-
nal charging control to assure all devices survive and operate properly in the radiation belt
plasma environment. Of these four EME areas, the internal charging issue was the most
critical to the observatory design, since electrical discharges due to internal charging of di-
electrics or floating conductors could actually damage electrical hardware and cause mission
failure.

High-energy electrons and ions in the radiation belts will penetrate the outer structure of
the observatory and come to rest inside the spacecraft. The flux of ions that penetrate the
observatories is small and gives rise to radiation issues discussed previously. However, the
electron flux in the energy range of 0.1 to 10 MeV in particular is large enough to accumu-
late substantial charge in dielectric materials and floating conductors. Figure 12 shows an
integrated spectrum plot of the log of the number of electrons that strike every square cen-
timeter of the observatory every second verses the energy of these electrons. If the charged
particle stops in an active circuit, the operational current will carry the charge to ground.
However, when the charged particle stops in an insulator or floating conductor, the charge
cannot return to ground and accumulates. If the observatory is not properly designed, both
conductor and dielectric material can charge up to several thousand volts. When sufficient
charge accumulates in an object so that the local voltage exceeds the breakdown voltage
of the dielectric or the gap voltage of a floating conductor, a discharge to the local ground
occurs. A discharge is a flow of electrons that results in a negative pulse when the discharge
is directly into a circuit, but circuit properties or the movement of image charges can cause
a positive or ringing pulse. If the local ground is a trace on a circuit board connected to an
ESD-sensitive circuit, damage can occur. But even if damage does not occur, the electric
discharge creates an electric field pulse inside the device that can upset circuits, inject noise
in communications, or contaminate low voltage signals.
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Floating conductors will neutralize the entire charged volume of the conductor in one
discharge, producing a high-voltage, high-energy pulse that can easily damage circuits and
upset distant circuits from the large electric field pulse. Large exposed dielectric surfaces
will also discharge most if not all exposed surface in one discharge. For this reason, floating
metal and large dielectric surfaces were not allowed anywhere on the observatory unless
shielded with enough metal to prevent charging.

Dielectrics covered with thin layers of conductors or in immediate contact with a con-
ductor (such as the insulation on a wire) can discharge and cause ESD-like damage and can
also create EMI noise. But the discharge is limited to a local volume of dielectric due to the
high relative resistivity preventing electrons from moving through the material to sustain the
discharge. This limits the energy of the discharge, producing a lower voltage and larger re-
sistance for the discharge. All devices and harnesses had to be specially designed with extra
shielding and discharge protection to not only survive these discharges but to operate while
these multitudes of discharges are occurring. Special care was taken to assure no segment of
harness was left open, causing the wire to become floating metal. All of this required special
circuitry in some situations, additional shielding over some cables, and the use of large drain
resistors to connect to ground in other circuits.

Since discharges in the harness are unavoidable, all first circuit interfaces have to survive
these discharges. A test program was instituted to evaluate a variety of interface ICs and
protection circuits. The test program utilized standard ESD testing using the Human Body
Model ESD event, since this ESD test is more damaging than the expected deep dielec-
tric discharge pulses in the observatory harness. A unique aspect of this test was that devices
were tested in the powered and unpowered states. First circuit interfaces were selected based
on this testing or in some cases based on analysis. The selected interfaces will survive deep
dielectric pulses; however, most input interfaces will pass the pulse to the next stage of elec-
tronics. To ensure that this pulse did not affect operability (e.g., be detected as a command,
or corrupt a command in transit), the use of a pulse rejection circuit was required. These
circuits were typically located in an FPGA for digital interfaces.

Low-energy particles in the radiation belt plasma stop and accumulate on the outer sur-
face of the observatory, causing the second EME issue of observatory charging. Surfaces in
sunlight emit electrons due to the photoelectric effect. These two effects come to equilib-
rium by charging the observatory to a voltage different from that of the local plasma until
the two currents balance. If sections of the observatory are not electrically connected, large
potential differences can develop. These potential differences can lead to discharges, but
at a much lower value they contaminate both the electric field and particle measurements
required by the mission. The observatory must be a “grounded” local reference frame in
the plasma so that the science instruments can measure the DC and low-frequency electric
fields and low-energy particle spectra. This required all outer surfaces to be conductive and
bonded together, as well as surfaces inside the observatory, since a multitude of medium-
energy electrons make it through the observatory body but lose enough energy to stop on
the inside surfa