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Executive Summary

The Magnetospheric Multiscale (MMS) mission is a multiple-

spacecraft Solar-Terrestrial Probe designed to study magnetic
reconnection, charged particle acceleration, and turbulence

in key boundary regions of the Earth's magnetosphere. These

three processes--which control the flow of energy, mass, and

momentum within and across plasma boundaries---occur
throughout the universe and are fundamental to our under-

standing of astrophysical and solar system plasmas. Only in
the Earth's magnetosphere, however, are they readily accessi-

ble for sustained study through the in-situ measurement of

plasma properties and of the electric and magnetic fields that

govern the behavior of the plasmas. But despite four decades

of magnetospheric research, much about the operation of these

fundamental processes remains unknown or poorly under-
stood. This state of affairs is in large part attributable to the

limitations imposed on previous studies by their dependence

upon single-spacecraft measurements, which are not adequate

to reveal the underlying physics of highly dynamic, highly
structured space plasma processes.

phase, perigee will be increased to 10 R E and apogee reduced
to 40 RE, on the night side, and the MMS cluster will skim the

dayside magnetopause from pole to pole, sampling reconnec-
tion sites at both low and high latitudes.

The nominal MMS mission has an operational duration of two

years. MMS is currently scheduled for launch in September

2006. While some mission-enhancing technologies such as an

interspacecraft ranging and alarm system (IRAS) are desirable,

no new mission-enabling technologies are required for the suc-

cessful accomplishment of the MMS science objectives. The
MMS development and launch schedule could therefore be

accelerated, with launch occurring as early as December 2004.

With its focus on plasma microprocesses and their coupling to

larger-scale phenomena, its ability to resolve spatial and tem-
poral effects, and its unique orbital strategy, MMS will build

on the successes of such International Solar-Terrestrial Physics
missions as Geotail and Polar to raise to a new level of under-

standing and insight our knowledge of the physics of the Sun-
Earth connection.

To overcome these limitations, MMS will employ five co-
orbiting spacecraft, identically instrumented to measure elec-

tric and magnetic fields, plasmas, and energetic particles. The
initial parameters of the individual spacecraft orbits will be

designed so that the spacecraft formation will evolve into a

hexahedral configuration near apogee, with three spacecraft
defining a plane and the two additional spacecraft located

above and below that plane. A possible alternative configura-
tion at apogee would place the fifth spacecraft within a tetra-

hedron defined by the other four, yielding in effect four small-

er tetrahedra inside a larger one. In either configuration, the

MMS "cluster" will be able to differentiate between spatial and

temporal effects and to determine the three-dimensional geom-

etry of the plasma, field, and current structures under study.

Adjustable interspacecraft separations--from 10 kilometers up
to a few tens of thousands of kilometers--will allow the clus-

ter to probe the microphysical aspects of reconnection, particle
acceleration, and turbulence and to relate the observed micro-

processes to larger-scale phenomena.*

In order to sample all of the magnetospheric boundary regions,

MMS will employ a unique four-phase orbital strategy involv-

ing carefully sequenced changes in the local time and radial

distance of apogee and, in the third phase, a change in the incli-

nation of the orbit from 10° to 90 °. In the first two phases, the
investigation will focus on the near-Earth tail and the subsolar

magnetopause (Phase 1; 12 RE apogee) and on the low-latitude
magnetopause flanks and near-Earth neutral line region (Phase

2; apogee increasing from 12 to 30 RE). In Phase 3, MMS will
use a lunar gravity assist to achieve a deep-tail orbit with

apogee at 120 R E and to effect the inclination change to 90 ° . In
this phase, MMS will study plasmoid evolution and reconnec-

tion at the distant neutral line. In the final, high-inclination

Notable Features of the MMS Mission

" MMS will yield fundamental insights into the physics of
reconnection, charged particle acceleration, and turbulence--

processes of universal importance in cosmic plasmas.

• High temporal and spatial resolution will permit direct

observation of microphysical processes, while adjustable inter-

spacecraft distances will allow study of coupling across scales.

• Through high-resolution observations of the physical
processes by which energy is transferred from the solar wind

to the magnetosphere, MMS will provide detailed insight into

the geoeffectiveness of interplanetary disturbances such as

coronal mass ejections and co-rotating interaction regions.

• Five spacecraft in a hexahedral configuration for extended

periods near apogee will allow spatial and temporal effects to

be differentiated and the 3-D geometry and motion of plasma,
field, and current structures to be determined.

• Four orbital phases will provide coverage of all key magne-

tospheric boundary layers and regions, including pole-to-pole
skimming of the dayside magnetopause.

• Lunar gravity assists will be used to effect orbit plane change
from low to high inclination.

• The initial parameters of the spacecraft orbits will result in

formation of the hexahedral configuration at apogee without

active maneuvering on the part of the spacecraft.

• The mission can be accomplished with today's technology.

* The focus on plasma microprocesses distinguishes MMS fundamentally from the Cluster II mission, which will study MHD-
scale phenomena. In addition, MMS and Cluster II will sample different regions of the magnetosphere.
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1.0 Introduction

The MagnclosphericMultiscale(MMS) missionwillemploy five

identicall? instrumented spacecraft, orbiting in hexahedral l'ornla-

tion, to conduct definiti'_,e investigations of magnetic reconnec-

lion. charged particle acceleration, and turbulence in key

houndar5 regions of the Earth's magnetosphere. These three

processes--which control the flow of energy, mass, and momen-

tum _ithin and across plasma boundaries--occur throughout the
universe and are fundamental to our understanding of astrophysi-

cal and solar system plasmas. It is only in the Earth's magnetos-

phere, however, that they are readily accessible for sustained

slud_ through the in-situ measurement of plasma properties and

of the electric and magnetic fields that govern the behavior of the

plasmas. Through high-resolution measurements by its cluster of

spacecraft, whose separations can be varied from 10 km to a few
tens of thousands of kilometers, MMS will probe the crucial

microscopic physics involved in these fundamental processes,

determine the 3-D geomelr 5 of the plasma, field, and current
structures associated with them, and relate their microscale

dimension to phenomena occurring on the mesoscale. By acquir-

ing data simultaneously at multiple points in space. MMS will be

able to differentiate between spatial variations and temporal evo-

hnion, thus removing the space-time ambiguity that has bedeviled

single-spacecraft studies of magnetospheric plasma processes.

MMS is the fourth Soku--Terrestrial Probe, following TIMED,

Solar-B. and SI'EREO and preceding Global Electrodynamics

and Constellalion, as set forth in the Strategic Plan of NASA's

Office of Space Science. This series of missions provides the

major strategic thrust of the Sun-Earth Connections program, the

goal of which is to understand solar variability and its influence
on the F,arth and the other planets.

1.1 Fundamental Plasma Processes: Reconnection,
Particle Acceleration, Turbulence

The great majority of matter in the observable universe exists in

a gaseous ionized state known as the plasma state. Stars, stellar

atmospheres and winds, stellar and extragalactic jets. and the
interstellar medium are examples of astrophysical plasmas. In our

solar system, the Sun and the solar corona, the interplanetary

medium, the magnetospheres and ionospheres of the Earth and

1

other planets, as well as the ionospheres of comets and certain

planetary moons all consist of plasmas.

Plasmas occur o_cr a wide range of densities (from less than I

particle cm _ in the magnetospheric tail lobes to >103u cm _ in

stellar interiors) and temperatures (from several thousand degrees

Kelvin in the Earth's plasmasphere to >10 tll K in pulsar magne-

tospheres). The)' exist in both collision-dominated and collision°

less regimes and may be partially as well as fully ionized.

Because the) are made up of electrically ch_trged Du'ticles. plas-

mas can carry electric currents and, unlike neutral gases, are

strongly influenced b_ both intrinsic and external electric and

magnetic fields. An important feature of the magnetized plasmas
in near-Earth space, first pointed out twenty years ago by

F_:fllhammar et al. [1978], is their organization into macroscopic

regions or "cells" separated by thin boundar,_ layers and charac-

terized by different densities, temperatures, composition, magnet-

ic field topologies, etc. This cellular structure (Figure 1.1) is

thought to be characteristic of astrophysical plasmas generally.

The boundaries between plasma cells are not impermeable. The

three processes that are the focus of the MMS investigation oper-

ate at and in these bounda_ layers, transporting mass. momen-

tum, and energy across them and driving the dynanfics of the plas-

mas within the cells. Magnetic reconnection can link the mag-

netic fields of adjacent cells, allowing the plasmas to flow direct-

ly from one cell to another. As in the flo_ of ordinary' gases
around obstacles, turbulence is generated at the cellular interfaces

and transports momentum rapidly' along the thin bound_u'y layers
and into the interiors of the cells. Electric fields associated with

wa_es, reconnection, and turbulence are responsible for the accel-

eration of individual plasma ions and electrons within the bound-

ary layers and inside the cells.

As noted above, these three processes--reconnection, panicle

acceleration, and turbu]ence--occt_r universally and are of funda-

mental importance in astrophysical and solar system plasmas.

Howe'_er, although their ftmdamental character has long been rec-

ognized, much about their operation remains unknown or poorly
understood. For each process, the major outstanding problems are

outlined in general terms below. In Section 1.2, these problems
will be reformulated as specific science questions that MMS will

answer.

Figure 1.1. These conceptual representations of the heliosphere (the 'bubble" formed in the local interstellar
medium by the solar wind and the IMF) (left) and the Earth's magnetosphere (right) illustrate the tendency of
astrophysical plasmas to organize themselves into large celts, separated by thin boundary layers. Processes
occurring in these thin boundaries are responsible for the large-scale dynamics of the system.



Figure 1.2. This TRACE image of EUV emissions fiom hlghly ionized iron atoms in the solar corona shows
reconnected field lines in a coronal loop. Occurring universally in astrophysical and solar system plasmas,
reconnection converts magnetic energy into kinetic particle energy

1.1.1 Magnetic Reconnection

In a magnetized plasma, the magnetic field tends to be "frozen"

in the plasma by the plasma's high electrical conductivity, and the

plasma and the magnetic flux remain tightly coupled to each
other. Abundant evidence exists that this frozen-in condition often

breaks down. Magnetic field lines embedded in solar system and

astrophysical plasmas then become interconnected, either along

their own length or with magnetic fields connected to other bod-

ies. When this interconnection (usually called reconnection or

merging) occurs, magnetic field energy is convened to kinetic

energy of the plasma ions and electrons, and plasmas can move

directly from the environment of one star or planet to another.

This process is thought to occur preferentially when the magnet-

ic fields in adjacent plasma domains are oriented opposite--
"antiparallel"--to one another.

The reconnection process, whether in coilisional plasmas near

stellar bodies or in collisionless plasmas within stellar winds and

planetary magnetospheres, is thought to be of great importance

for energy transfer throughout the universe. For example, recent

high-resolution optical images from the TRACE satellite have

confirmed that reconnection of magnetic fields in the upper

atmosphere of the Sun plays a key role in producing the explosive

ejection of solar material outward into the solar system (Figure

1.2). Such eruptive events are responsible for great magnetic
storms on Earth Cited as further evidence for the importance of

reconnection is the fact that geomagnetic disturbances occur more

frequently and become stronger as the magnetic field in the solar

wind becomes more southward and thus more antiparallel to the

Earth's magnetic field. Accelerated plasma flows observed at

these times along the boundary of the Earth's magnetic field and
within its extended tail are consistent with the acceleration of

charged particles expected to result from magnetic reconnection.

Among the important questions about reconnection that need to

be answered are the tbllowing:

• Under what conditions can ambient magnetic-field

energy be converted to plasma energy by the anni-

hilation of magnetic field through reconnection?

• Does reconnection only occur explosively or can it

also be steady?

• What microscale processes are responsible for
reconnection?

• How do reconnection processes couple to larger
scales?

• What determines the rate of reconnection?

• Why are some magnetic configurations stable and
others not?

The regions where reconnection occurs in the Earth's magnetos-

phere, mainly the dayside magnetopause and the magnetotail, are

easily accessible to Earth-orbiting spacecraft, offering our only



Figure 1.3. Two illustrations of particle acceleration in different astrophysical settings. (left) The Crab

Nebula--the remnant of a supernova observed in 1054 c.e.--glows from synchrotron radiation emitted by
energetic electrons accelerated in the intense magnetic field of the pulsar located at the nebula's center.
(right) Energetic electrons accelerated to velocities near the speed of light are also responsible for the syn-
chrotron emission from Jupiter's powerful radiation belts. The false color indicates the intensity of the emis-
sion, with red being the most intense. The Crab nebula image is from Wainscoat and Kormendy [1997] and
is used courtesy of R. J. Wainscoat. The jovian synchrotron figure is from de Pater et al. [1997] and is used
courtesy of I. de Pater and NRAO/VLA.

opportunity for detailed, close-up observations of this important
astrophysical process. Because reconnection is a three-

dimensional process involving the rapid inflow and outflow of

plasma particles, a cluster of spacecraft with carefully selected

separations and instruments will be needed for a definitive exper-
iment.

1.1.2 Particle Acceleration

The astrophysical acceleration of charged particles was first rec-

ognized in the ground-based measurements of the energy spectra
of solar and galactic cosmic rays. Later, radio-wave emissions

from relativistic particles and from unstable plasma distributions

were found to be the source of astronomical radio emissions, from

the Earth's auroral kilometric radiation to those from radio galax-

ies. Through the interaction of charged particles with the neutral

gases surrounding the stars and planets, particle acceleration is

responsible for much of the luminosity of gaseous astrophysical

bodies and the upper atmospheres of the planets at wavelengths

from the ultraviolet to gamma rays (Figure 1.3).

Charged particle acceleration can occur directly, for example, by

electric fields directed along the magnetic field; stochastically, in

association with magnetic clouds, hydromagnetic waves, and

shocks; or resonantly, in association with wave-particle interac-

tions. Particle acceleration is linked directly to the other two cor-

nerstone processes. For example, a part of the electric field asso-

ciated with reconnection is directed along the magnetic field, pro-

ducing direct particle acceleration. As discussed in the next sec-
tion, fluid turbulence is associated with stochastic acceleration,

while microturbulence is the source of wave-particle interactions,
which can produce resonant acceleration.

Important unresolved questions concerning particle acceleration
include the following:

• Where and how are charged particles accelerated?

" How is a very small fraction of the ambient

charged particles sometimes chosen to receive

extremely high energies?

• Is there more than one stage in the acceleration?

• When is an injection process necessary to provide

initial acceleration before another process takes
over?

• What is the role of time-varying magnetic fields in

high-energy particle acceleration?

Experimental capabilities have progressed to the point where
direct observations of reconnection electric fields, induced elec-

tric fields, plasma waves, and the resulting particle distributions

can be used to discriminate among competing theories of particle
acceleration. Multipoint measurements with suitable interspace-

craft separations are needed to distinguish between temporal and

spatial variations of the fields and particles.

1.1.3 Turbulence

Astrophysical plasmas fluctuate irregularly in the temporal and

spatial domains and hence are turbulent (Figure 1.4). Plasma tur-

bulence is typically strong, with the fluctuations of magnetic

fields and fluid velocities being comparable to their mean values.

Direct observations have shown that astrophysical and geophysi-

cal fluids, whether on the surface of the Earth. in planetary atmos-

pheres, or the plasma environments of interplanetary space and

the Earth, exhibit power spectra that decrease rapidly toward

shorter wavelengths. Remote observations of the interstellar gas

and stellar convection zones have revealed strong levels of turbu-

lence with similar spectra.

Fluid turbulence carries momentum and energy that drive plasma

motions and, through dissipation, heat the plasma. On smaller



Figure 1.4. Turbulent phenomena occur throughout the universe. This computer simulation illus-
trates the turbulent structure produced by Kelvin-Helmholtz instabilities in an astrophysical jet.

(Image courtesy M. L. Norman, National Center for Supercomputing Applications, University of
Illinois at Urbana-Champaign)

scales, microturbulence leads to the acceleration and transport of

charged particles by interactions with waves in the plasma. These

wave-particle interactions can at times be resonant, with the par-
ticles absorbing a large fraction of the wave energy, resulting in a

transition from weak to strong turbulence. Microturbulence is

thought to be driven by kinetic processes associated with mag-

netic reconnection, shear layers, particle beams, and collisionless

shocks. An important aspect of microturbulence is its ability to

couple into the larger scale fluid turbulence.

Important unanswered questions about plasma turbulence include

the following:

• What is the role of fluid turbulence in transporting

mass and momentum across plasma boundary

layers?
• What controls the onset of turbulence in thin

current sheets?

• What are the sources, propagation, and

consequences of mesoscale boundary waves?

• What kinetic processes drive microturbulence?
• How does microturbulence couple into mesoscale

disturbances?

The wide range of temporal and spatial scales involved in turbu-

lence requires that multiple spacecraft be used to determine such

parameters as growth rates and correlation lengths. Multiple

spacecraft are also needed to relate the onset of turbulence in

boundary layers to conditions on either side of the boundaries and

to trace the propagation and growth of turbulence from the
microscale to the mesoscale.

1.2 MMS: Key Science Questions

MMS will address a number of unresolved questions relating to

each of the three fundamental processes. These questions repre-

sent particularizations of the more general plasma-physical ques-

tions, applicable to all astrophysical systems, that were set forth

in the preceding section. To date, answers to them have remained

elusive, or at best partial, because of the limitations imposed by

our dependence on measurements from a single spacecraft at a

single point in geospace. Nor, for the most part, will answers be

provided by the muitipoint data from Cluster II, which will focus

on different regions and have larger spacecraft separations appro-

priate to its main objective of investigating MHD turbulence. (See

Table 1.1 for a comparison of Cluster II and MMS.)

The MMS key science questions are outlined below. These ques-

tions, together with the measurements required to answer them,
will be discussed in detail in the Section 2.

1.2.1 Reconnection

• What are the kinetic processes responsible for

collisionless magnetic reconnection, and how is
reconnection initiated?

• Where does reconnection occur at the

magnetopause and in the magnetotail, and what
influences where it occurs?

• How does reconnection vary with time, and what

factors influence its temporal behavior?

• How are flux transfer events and plasmoids/

magnetotail flux ropes formed, and how do they
evolve?

1.2.2 Particle Acceleration

• What is the role of inductive electric fields in high-

energy particle acceleration?
• What is the cause and structure of plasma injection

in the near-Earth tail?

• What are the mechanisms for acceleration of

charged particles in plasma boundary layers?

1.2.3 Turbulence

• What are the temporal and spatial properties of, and

the physical processes responsible for turbulence in
the magnetosheath, magnetopause, and plasma
sheet?



Cluster MMS

Bow shock X

Subsolar magnetopause X

Z-scan of neutral sheet at 20 RE X

X-, Y-scan of neutral sheet at 8 to 200 RE X

Skimming of dayside magnetopause X

In-out scan of cusp X

In-out scan of high-latitude magnetopause X

Minimum separation distance 200 km 10 km

Table 1.1 Comparison of the magnetospheric coverage and spatial resolution achieved with
Cluster II and MMS.

• What are the sources, propagation, and

consequences of mesoscale boundary waves?
• What is the role of turbulence in plasma entry

through the magnetopause?

1.3 Mission Concept and Strategy

The boundary regions of the magnetosphere (Figure 1.5) com-

prise a "laboratory" within which MMS will perform definitive

experiments on reconnection, particle acceleration, and turbu-

lence as these fundamental plasma processes manifest themselves

in the magnetospheric setting. MMS will probe these regions

meticulously and systematically with measurements of the key

parameters on the necessary spatial and temporal scales and reso-

lutions. Specification of the experimental capabilities of MMS

has been guided by results of the latest magnetospheric models

and theories of magnetospheric plasma phenomena.

The MMS "laboratory equipment" will consist of five co-orbiting

spacecraft identically instrumented to measure electric and mag-

netic fields, plasmas, and energetic particles. The separation

between the spacecraft will be adjustable from 10 km up to a few
tens of thousands of kilometers. In order to measure spatial gra-

dients in crucial regions, the individual spacecraft orbits will be
trimmed to achieve a hexahedral configuration near apogee, with

three of the spacecraft defining a plane and with the two addi-

tional spacecraft being located above and below that plane. The

apogee configuration can be viewed as two three-sided pyramids

joined at their bases with the five spacecraft at the five comers of
the structure. Alternatively, the fifth spacecraft could be placed

inside a tetrahedron defined by the other four, forming tour small-

er tetrahedra within a larger one, which would then provide full

vector gradients of the derived quantities over a smaller spatial
scale. The orbit will be adjustable, allowing the spacecraft "clus-

ter" to sample all of the important boundary layers within the

magnetosphere.

The boundary layer sampling requirement leads to another

unique aspect of the MMS mission--its four orbital phases. In the

first phase, the orbit will be equatorial and highly elliptical, with

apogee at 12 R_. on the night side where it will "'dwell" in the cur-
rent disruption region that is responsible for the initiation of mag-

netospheric substorms. The apogee will precess toward the day-
side, reaching the subsolar region where reconnection of the inter-

planetary and terrestrial magnetic fields occurs. As the apogee

precesses back to the night side, its distance will be gradually

increased up to 30 Rv; at the midnight meridian. In this orbit,
MMS will dwell in the substorm reconnection region. Next,

MMS will use a lunar gravity assist to achieve a deep tail-orbit

with apogee at 120 RE, where it will investigate the evolution of

plasmoids and probe the distant-tail reconnection region. Finally,
the orbital inclination will be increased to 90 °, and the perigee

will be increased to 10 Rv. and apogee reduced to 40 R_i, on the

night side. This final orbit will skim the dayside magnetopause

from pole to pole.

As the MMS spacecraft cluster encounters the various plasma

boundary regions, its data acquisition will be guided by plasma

models. At the larger scales, MHD models that have been devel-

oped and verified as part of the ISTP program will be used to "tar-

get" the spacecraft to acquire specific phenomena under the
extant conditions. Plasma simulations extending down into the

microscale will then be integrated with the spacecraft data in

order to validate the models, quantify uncertain parameters, and

help identify the "smoking guns," such as parallel electric fields,

electron pressure gradients, and particle acceleration, that will

definitively establish what processes control the Earth's space

environment.
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Figure 1.5. The Earth's magnetosphere, which has been termed the "fourth geosphere" because it sur-
rounds the lithosphere, hydrosphere, and atmosphere, epitomizes the cellular structure of space plasmas
discussed in Section 1.1. It is made up of abundant examples of magnetically organized structures and their
boundary layers, which frequently harbor dynamic phenomena (particle acceleration, magnetic merging,
explosive energy transformation, turbulent flows, and the spontaneous generation of mesoscale structures).
The thin boundary separating the magnetosphere from its surrounding plasma environment, the solar wind,
is a distinctive feature called the magnetopause, inside of which is a thicker boundary layer where plasmas
from inside and outside are mixed. The magnetosphere itself is a composite of cells, including both perma-
nent structures such as the two tail lobes and the plasma sheet that separates them and transient structures
such as plasmoids_disconnected segments of the plasma sheet ejected down the tail during substorms.



2.0 MMS Science Objectives and
Measurement Requirements

The prime objective of the MMS mission is to explore and under-

stand reconnection, particle acceleration, and turbulence on the

micro- and mesoscale in the Earth's magnetosphere. Achievement

of this objective will allow the determination of how energy,
mass, and momentum are transferred from the solar wind to the

magnetosphere. At the same time, it will clarify greatly how these

same processes act in other astrophysical contexts. Specific sci-

ence objectives, defined in terms of the key science questions out-

lined in the Section 1.2, are discussed below, along with the meas-

urements and orbital strategies that MMS will employ to achieve
them.

2.1 Reconnection

Substantial evidence, both direct and indirect, exists for the

occurrence of reconnection at the magnetopause and in the mag-

netotail and for the crucial role that it plays in the topology and

dynamics of the magnetosphere (Figure 2.1). Analytical studies

and numerical simulations have contributed important insights

into the physics of reconnection. However, many fundamental

questions remain to be answered: What processes allow recon-

nection to occur in a collisionless regime? What are the roles of

non-MHD processes (such as kinetic Alfv6n waves, whistler
waves, and electron inertial effects) in reconnection? What is the
size and three-dimensional structure of the reconnection diffusion

region'? At what rate does reconnection occur and over what inter-

val of time? Under what conditions is reconnection quasi-contin-

uous? episodic? What is the spatial distribution and morphology

of reconnection sites on the magnetopause and in the tail? What

factors control the occurrence, rate, location, and temporal vari-

ability of reconnection?

MMS high-resolution plasma and fields data--acquired at multi-

ple points in space, over a range of spatial scales (Table 2.1), and

at both high and low latitudes--will make it possible to answer

such outstanding questions, which address various aspects of the

four key reconnection questions listed in Section 1.2.1. The

answers that MMS provides will ultimately reveal how the mag-

netosphere is controlled by the solar wind and will at the same

time yield a basic understanding of how and why reconnection

proceeds in a collisionless plasma. Particularly exciting is the
prospect that. owing to its high spatial resolution (-10 km inter-

spacecraft separation), MMS will be able observe directly the

microphysical processes that lead to the breakdown of the frozen-
in-flux constraint and allow reconnection to occur.

Figure 2. I. Southward-oriented interplanetary magnetic field (IMF) lines (blue) merge or reconnect with the Earth's closed field
lines (green) at the subsolar point. The merged or "open" flux tubes (red), with one end in the Earth's ionosphere and the other
end in the solar wind, are carried downstream by the solar wind flow and eventually reconnect in the distant tail. Merging results
from the breaking of the frozen-in-flux condition, which occurs at an X-line in the diffusion or dissipation region (grey boxes).
Merging of closed field lines in the near-Earth region of the magnetotail (not shown here) is associated with the substorm expan-
sion phase. Reconnection at the dayside magnetopause is the primary mechanism for the transfer of mass, momentum, and
energy from the solar wind to the magnetopause, which occurs most efficiently when the IMF is oriented southward. In the tail,

merging plays a role in the dissipation of energy stored in the magnetotail lobes as a result of dayside reconnection. (The draw-
ing is not to scale.)



Scale

Typical

Length

Signatures

Evidence

Global

Many Earth
radii

Polar cap
growth,
shrinking

Data, theory

Large (MHD)

Earth radii

Fast flows
associated with

magnetic field
components
normal to cur-
rent sheet

Data, theory,
MHD simula-
tions

Intermediate

Few to one ion inertial length
(-few 100 km)

Ion-electron decoupling, faster
electron flow (up to multiples of
Alfven speed) than ion flow

Electron flow more localized

Quadrupolar current-aligned
magnetic field signature around
reconnection site

Hall MHD, hybrid and fully elec-
tromagnetic particle simulations
theory

Electron Pressure
Gradient

Between ion and elec-
tron inertial scales

(~10s to 100s km)

Nongyrotropic electron
pressure anisotropies
of a few % of isotropic
_ressure

Electron current sheet
with width less than
ion inertial length

Modified hybrid and
full particle simulations

Electron Inertia

Electron inertial

length (- 10s of
km)

Strong electron
current fluctua-

tions and very
short bursts

Modified hybrid
and particle sim-
ulations, analyti-

cal theory

Table 2.1 Reconnection is a multiscale process. At the largest scales, spacecraft data have confirmed the predictions of

magnetohydrodynamic theory. Numerical modeling studies have now begun to focus on the smaller-scale, kinetic regime,
and higher-resolution data from multiple locations surrounding the reconnection site are needed to validate the results of
these studies.

2.1.1 What Are the Kinetic Processes Responsible for

Collisionless Magnetic Reconnection ? How Is
Reconnection Initiated?

sites at the magnetopause and in the tail and will acquire the data

needed to validate our theoretical picture of the microprocesses

responsible for reconnection.

Magnetic reconnection relies on the presence of a region in which

dissipative electric fields are generated and the frozen-in-flux
condition breaks down. This region is known as the "diffusion" or

"dissipation" region. It is very localized, lying within the gyrora-

dius of protons in the weak magnetic fields near the magne-
topause or near the central current sheet of the geomagnetic tail.

The occurrence of reconnection has been established through the

detection of large-scale signatures such as magnetic flux transfer,

fast plasma flows, plasma heating, and energetic particle acceler-

ation at the dayside magnetopause and in the tail plasma sheet.

With one possible exception, however, the reconnection site

itself the diffusion region--has not been directly observed or, at

least, its properties have not been clearly identified in spacecraft
data. There are two reasons for this lack of direct observations.

First, the localization of the diffusion region and of the processes

acting therein requires fast plasma instrumentation, which has not
been available until recently. Second, theoretical understanding of

the physics of the dissipation region was not sufficiently devel-

oped to predict data signatures that would be indicative of an
encounter with the diffusion region. Recent theoretical and mod-

eling efforts, however, have made great progress toward describ-

ing the inner workings of reconnection in collisionless plasmas

and have specified observational signatures diagnostic of the

mechanisms responsible for the breaking of the frozen-in-flux

condition. Guided by these models and equipped with fast instru-
mentation, MMS will be able to identify and probe reconnection

Our present understanding of magnetic reconnection can be

summed up as follows: The diffusion region proper consists of

two embedded regions of different physical parameters and sizes

(Figure 2.2). The larger, called the "Hall zone," exhibits typical
dimensions of a few to about ten ion inertial lengths, which in

many cases is roughly equivalent to the ion gyroradius. In typical

space plasmas this dimension is a few hundreds of kilometers.
Here the larger ion mass generates a region where the ions decou-

ple from the electrons. The resulting currents are consistent with

a quadrupolar out-of-plane magnetic field structure roughly

aligned with the reconnection line, also called the X-line.

The inner diffusion region is dominated by electron physical

processes. These generate the reconnection electric field, which is

also aligned with the X-line and hence has a component parallel

to the magnetic field, thereby violating the frozen-in-flux con-
straint. This electric field can be generated by bulk electron accel-

eration in the direction antiparallel to the main current flow or by

nongyrotropic electron pressure anisotropies. The former mecha-

nism appears to dominate in the case of very thin (~electron iner-

tial length) current sheets or in the presence of a guide magnetic

field and is likely to occur at the magnetopause. In the case of

thick (-ion inertial length) current sheets, it is the nongyrotropic

electron pressure tensor that is responsible for the generation of
the reconnection electric field. Which mechanism operates may

be determined by such external factors as the rate at which the

magnetotail current sheet thins.
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Figure 2.2. Reconnection occurs within a spatially limited region known as the dissipation or diffusion region, illustrated
schematically here by the large rectangular box. Recent analytical studies suggest that the diffusion region consists of an outer
region, where the ions are demagnetized but the electrons remain coupled to the magnetic field, and an inner region near the
X point, where the electrons become demagnetized as well, breaking the frozen-in-flux condition and allowing reconnection
to proceed. The heavy lines in the drawing represent the "separatrices," field lines that separate regions of different magnet-
ic topology. Plasma flows into the diffusion region from both sides of the separatrix, carrying with it the frozen-in magnetic flux.
As the frozen-in condition is broken and the fields merge, plasmas from the separate domains mix along reconnected field
lines and are accelerated away from the diffusion region in the outflow regions. Detection of accelerated flows on the mag-
netopause and in the tail provides strong evidence for the occurrence of reconnection.

In addition to probing the microscale mechanisms inside the

diffusion region that operate once reconnection has begun,
MMS will also address outstanding questions about kinetic

processes involved in the onset of reconnection. For example,

in the case of the magnetotail, observations as well as recent

modeling results suggest that the formation of thin strong cur-

rent sheets and a reduction of the normal magnetic field during

the substorm growth phase may be a necessary precondition

for the occurrence of reconnection. The reduction in B z, which
is necessary to maintain the strong current density, results in

the electrons becoming "unfrozen" from the magnetic field and

thus makes possible the onset of reconnection. The demagnet-

ization of the electrons is a small-scale, kinetic process, involv-

ing either direct particle motion or possibly wave-particle

interactions, that can be resolved and investigated by the MMS
cluster.

Finally, MMS, with its hexahedral formation and adjustable

interspacecraft distances, is ideally suited to study the three-

dimensional nature of magnetic reconnection, about which lit-
tle is known. Of particular interest is the influence of modes

with wave vectors in the (cross-tail) current direction and of

the turbulence associated with these modes on the initiation

and evolution of the reconnection process and on its effective-
ness on large scales.

2.1.2 Where Does Reconnection Occur at the

Magnetopause and in the Magnetotail, and What
Influences Where It Occurs ?

2.1.2.1 Magnetopause. The observational foundation for

our picture of reconnection at the magnetopause consists large-
ly of a limited number of discrete in-situ observations at low

and middle latitudes and in the cusp. These data indicate that

reconnection occurs at low latitudes on the dayside, near the

dawn-dusk terminator at the near-tail flanks, and at high lati-

tudes poleward of the cusp. Coverage of the magnetopause by

previous missions has been too limited, however, to support

meaningful statistical studies of the global distribution and the

morphology of merging sites on the magnetopause or to assess

the validity of the various models of magnetopause reconnec-

tion that have been proposed. Some of these models predict

that sustained reconnection occurs along a line that runs across

the magnetopause through the subsolar point and that tilts

according to the orientation and magnitude of the magne-

tosheath magnetic field. Others predict that merging occurs

along merging lines in the northern and southern hemispheres,
at points where the magnetosheath and terrestrial fields are

antiparallel, but not in the subsolar region except in the case of

a strictly southward magnetosheath field. Models developed to
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explainepisodicreconnectioninvokereconnectionatmultiple
mergingorX-linesor in localizedmergingpatches.Whether
reconnectionoccurspatchilyor alongsingleor multipleX-
linesmaydependin partonthemagnetosheathplasmabeta
(theratioofplasmapressuretomagneticpressure),aparame-
teralsothoughttobeimportantfordeterminingthereconnec-
tionrate.

In all daysidereconnectionmodels,thedominantfactorthat
determineswhereonthemagnetopausereconnectionoccursis
theorientationoftheinterplanetarymagneticfield(IMF)or,in
astrictsense,ofthemagnetosheathfield.Astheorientationof
themagnetosheathfieldchanges,thelocationofthemerging
siteor sitesshifts,movingfromlowerlatitudesfora more
southwardfieldto higherlatitudesformorenorthwardfield.
WhentheIMFisdirectlynorthward,reconnectionisexpected
tooccurpolewardofthecusps;however,it hasrecentlybeen
suggestedthat,contrarytoexpectations,weaksubsolarmerg-
ingalsooccursfornorthwardIMEInadditiontoIMForienta-
tion,otherfactorsthoughtto influencethelocationof the
mergingsite(orthetilt ofthemergingline)includethemagni-
tudeoftheIMFandthedegreetowhichtheEarth'sfieldleaks
throughthemagnetopauseandtheIMFpenetratesintoit.

MMS'plannedorbitsequenceincludesbothlow-andhigh-
inclinationmagnetopause-skimmingorbits.Thesewillmakeit
possibletosystematicallystudytheoccurrenceofreconnection
overtheentiremagnetopause,includingtheundersampled
highlatitudes.Thelocationofthemergingsiteswillbeestab-
lishedby"'triangulation"fromsimultaneous,spatiallyseparat-
edmeasurementsof plasmaflowsalongthemagnetopause.
(Changesinthevelocityof suchtangentialflowsareasigna-
tureofreconnection.)Moreover,throughmultipointobserva-
tionsmadecloseenoughintimetominimizetemporaleffects,
theMMSclusterwill beableto distinguishbetweenpatchy
reconnectionandreconnectionoccurringalongamergingline.
Withsufl-tcientseparationamongthespacecraft,MMSwill
capturethepatches;if reconnectionis orderedalonga line,
MMSwill identifythelinebystraddlingit.

Inadditiontomeasurementsofplasmaflowswithintherecon-
nectionlayer,concurrentmeasurementsin themagnetosheath
byoneor twoMMSspacecraftwill documentthelocalmag-
netosheathconditionsassociatedwithdetectedreconnection
events.Thesemeasurementswill allowassessmentof the
influenceof factorssuchasthelocalmagneticshearandthe
plasmabetaonthemergingprocessandprovideasolidobser-
vationalbasisforevaluatingdifferentmerginghypotheses.For
example,observationofsubsolarmergingattimesoflowmag-
neticshear-thatis,whenthemagnetosheathfieldispredomi-
nantlynorthward-wouldbeevidencefor thevalidityof the
componentmerginghypothesis(asopposedtotheantiparallel
mergingmodel).

ThefocusofMMSisonthelocal,microscaleaspectsofrecon-
nection.However.fromthecumulativelocalplasmaflowand
magneticfieldmeasurements,madeatdifferentlatitudesand
differentlocaltimes,it willbepossibletoconstructstatistical

mapsshowingtheglobaldistributionof mergingsitesonthe
magnetopauseundervaryingIMF/magnetosheathconditions.
Figure2.3suggestswhatsuchaglobalmapmightlooklike.

2.1.2.2 Magnetotail. Statistical studies show that reconnec-
tion occurs in the magnetotail in two regions: at a near-Earth

neutral line, in the pre-midnight sector between 20 and 30 Rt.:;

and at a distant neutral line located at approximately 140 R E

downtail, although sometimes as close in as -90 R E (and thus
at such times well within the MMS third-phase apogee of 120

RE). It is the interplay between the effects of reconnection at
these two neutral lines that determines how much of the ener-

gy extracted from the solar wind is deposited in the inner mag-
netosphere and polar ionosphere and how much is channeled

down the tall through fast plasma flows and the ejection of

plasmoids.

The Geotail mission has provided a wealth of information on

both regions, and, in particular, on reconnection and associated

phenomena in the near-Earth region. In addition, recent mod-
eling studies---e.g., of current sheet formation or flux rope for-
mation---have advanced our understanding of magnetotail

reconnection. However, many questions remain about the
nature of reconnection in the tail and about the spatial distribu-

tion and morphology of the merging sites. Of particular inter-
est is reconnection in the near-Earth tail and its assocation with

substorms. It is widely recognized that an extremely thin cur-

rent sheet develops during the substorm growth phase through-

out much of the equatorial portion of the near-Earth plasma

sheet. Present evidence suggests that this thin current sheet

then begins to exhibit localized instability leading to "patchy"

magnetic reconnection. It is hypothesized that this reconnec-
tion (localized in both azimuth and in radial extent) may give

rise to "bursty bulk flows" (BBFs) (see Section 2.3.1.3 below)

and sporadic energy dissipation events. What are the spatial

and temporal scales for such localized reconnection episodes?

How are these patches of reconnection distributed along the

length and breadth of the inner portion of the magnetotail?
How does this localized reconnection spread to rapidly envel-

op the whole near-Earth plasma sheet, thereby tbrming a large-

scale plasmoid/flux rope structure?

MMS will address these questions during Phase 2, through
measurements in the near-tail reconnection region. Merging at

the distant neutral line will be investigated during Phase 3.

2.1.3 How Does Reconnection Vary with Time, and

What Factors Influence Its Temporal Behavior?

Reconnection is a time-varying process. The nature of its tem-

poral character, however, is not well-understood. Some mag-

netopause observations indicate that merging takes place in a

sustained or "quasi-steady" fashion, over periods of some tens
of minutes. Other data have revealed the frequent occurrence at

the magnetopause of an impulsive, quasi-periodic merging
mode, the flux transfer event (FTE), with an average period of

8 minutes and an event duration of I to 2 minutes (see Section

2.1.4). Further evidence of the variability of reconnection on
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Figure 2.3. Computer-generated view of the magnetopause as represented by a surface defined by the Earth's last closed
field lines. Red indicates a strong magnetic field, green a weaker field. The view is from above and to the left of the Earth-

Sun line. The green feature that can be seen along the high-latitude flanks of the magnetopause (above the equatorial plane
on the dusk side, and below it on the dawn side) has been termed the magnetospheric "sash" [White eta/., 1998]. It is a

region of low magnetic field strength that appears in all global MHD simulations and that is thought to be an active merging
site. In these images, the IMF is assumed to lie in the equatorial plane of the geomagetic dipole. As the IMF orientation
changes, so does the orientation of the sash. The mapping of merging sites by MMS as the spacecraft cluster skims along
the magnetopause is expected to verify the existence of this predicted feature.

short time scales is provided by steplike discontinuities in the

dispersion of precipitating solar wind ions in the cusp. These

ion dispersion signatures have been interpreted as evidence for

"pulsed" reconnection, resulting from short-term enhance-

ments in the rate of reconnection at the subsolar magnetopause
followed by intervals of slower or no reconnection. Recent

analysis of Polar data shows that such pulses of enhanced
reconnection can last from 0.5 to 3.5 minutes, with 1.2- to 2.9-

minute intervals between them. Care must be taken, however,

in attributing such dispersion signatures solely to fluctuations

in the reconnection rate, as they may also result from the pas-
sage of a single spacecraft through a static spatial structure.

In the near-Earth tail, reconnection occurs episodically, in

association with the explosive release of energy during the

substorm expansion phase. It proceeds initially at a relatively
slow rate, with the merging of closed field lines, and then

occurs more rapidly as open field lines in the lobe begin to

merge. Because of the hypothesized association of bursty bulk
flows with reconnection, it has been suggested that near-tail

reconnection occurs in a bursty fashion. In the far-tail, on the

other hand, reconnection is expected to occur at a slow, steady

rate. Recent Geotail data show that it occurs more rapidly near
the center of the distant tail than at the flanks.

The local rate of reconnection is one of the fundamental

parameters that MMS will measure. Theoretical estimates of

this rate are in the range of one-tenth of the Alfv6n speed.

Determination of the reconnection rate through direct meas-

urement will provide a context for the interpretation of MMS'

plasma and field measurements in and near the diffusion region

and will yield fundamental insights into the processes by which
particles are accelerated away from the reconnection region.

To establish the local merging rate, MMS will employ three

methods, each of which requires simultaneous measurements

from multiple points in space. The first method is to measure

the inflow velocity or, equivalently, the dimensions of the dif-

fusion region. Here muitipoint measurements are needed to

identify the diffusion region and the inflow and outflow

regions and to establish their macroscopic motion. The second

method is to measure the magnetic field component normal to

the magnetopause or magnetotail current sheet, which is a

small fraction of the total magnetic field. The third means of
determining the reconnection rate is to measure the reconnec-

tion electric field, which is the tangential component of the

electric field in the vicinity of the X-line. In the case of the last

two methods, multipoint measurements allow the boundary

orientation to be determined and boundary motion to be cor-
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rectedtot, thus eliminating two difficulties that beset efforts to

make these measurements with a single spacecraft.

In addition to measuring the local reconnection rate, MMS will

investigate external factors that affect it. For example, statisti-

cal studies suggest that the rate of reconnection at the magne-

topause is influenced by the magnetosheath plasma beta: when

the plasma beta is low, reconnection is more likely to occur,

and merging takes place at a faster rate. However, a direct link

between this parameter and reconnection at the magnetopause
in individual observations has not been established.

Measurements by one of the MMS spacecraft in the magne-
tosheath while the rest of the cluster makes measurements

within the reconnection layer will make it possible to assess the

influence of the plasma beta on the merging rate. Other envi-
ronmental factors whose effects on the merging rate MMS will

study include the degree of shear between the magnetosheath
and terrestrial magnetic fields, the thickness of the current

sheet in the near-tail region, and plasma shear flow velocity at

the flank magnetopause.

2.1.4 How Are Flux Transfer Events and Plasmoids/

Magnetotail Flux Ropes Formed, and How Do They
Evolve?

Episodic reconnection has been associated, both at the magne-
topause and in the magnetotail, with the formation of magnet-
ic structures characterized by a bipolar signature in the mag-

netic field component normal to the current sheet. Spacecraft

magnetometer data indicate that these structures often contain

strong core magnetic fields and twisted field lines, features that
are characteristic of magnetic flux ropes (Figure 2.4).

2.1.4.1 Flux Transfer Events. The structures observed at

the magnetopause are thought to be flux tubes consisting of

merged magnetosheath and magnetospheric field lines that

propagate tailward across the magnetopause from a merging

site near the equator. The plasma within the flux tube consists

of a mixture of magnetosheath and magnetospheric plasmas,
and the field within a number of flux tubes is found to have a

twisted, flux-rope-like geometry. The formation of such flux
tubes and their convection across the surface of the magne-

topause is referred to as a "flux transfer event" (FTE). These
events occur when the orientation of the IMF is southward or

horizontal (but not northward) and have been observed across

the dayside magnetopause, from the dawn flank to the dusk
flank. It is estimated that they occur approximately 50% of the
time under conditions of southward IME FTEs are of short

duration, lasting 1-2 minutes, and appear to occur quasi-peri-

odically, with an average period of about eight minutes. This

quasi-periodic behavior is observed even when the 1MF orien-

tation is steady. The cause of the quasi-periodic occurrence of
FTEs has not been established. Suggested explanations include

variations in the reconnection rate resulting from changes in

the orientation or magnitude of the IME "rocking" of the

merging line by fluctuations in IMF orientation, and the cycli-

cal build-up and release of energy at the magnetopause.

The mechanism responsible for FTE formation has not been

identified, although several models have been proposed. The

original suggestion was that FFEs were formed at a single
reconnection site of narrow longitudinal extent by a process

that started and stopped repetitively. The eight-minute repeti-

tion was interpreted as the time required to re-initiate merging

once it had stopped. A second suggestion is that reconnection

takes place at two X-lines and that this pair of X-lines led to the

generation of a flux rope. A conjecture similar to the first is
that reconnection occurs along a single X-line on the magne-

topause, rather than at a point, and that surges in the reconnec-
tion rate lead to bubble-like bulges in the reconnected tube. A
fourth idea is that reconnection can occur in a patchwork man-

ner on the magnetopause, enhanced by the Kelvin-Helmhottz

instability. In addition, solar wind pressure pulses, which pro-

duce ripples or waves on the surface of the magnetopause, have
been proposed as an alternative to reconnection to explain
some of the events identified as FYEs.

x
dawn

dusk

Y

Figure 2.4. Two views of a plasmoid, as generated in a 3-D kinetic simulation of magnetic reconnection in the tail [Winglee et
al., 1998]. These simulations demonstrate how reconnection can lead to the complex flux rope topology believed to be char-
acteristic of many plasmoids. The five MMS spacecraft, flying in hexahedral formation, will be able to characterize the three-
dimensional internal magnetic structure of plasmoids and will investigate the relationship between flux-rope-type plasmoids

and "bubble-like" plasmoids



Assessing the validity of the various mechanisms proposed to

account for FTEs has proven difficult because data have been

available from at most only two closely spaced satellites and
thus have not been sufficient to determine the three-dimen-

sional geometry and motion of these structures. With five

spacecraft, however, MMS will be able to determine the geom-

etry of FTEs precisely and to measure their velocities• By prob-
ing the size and orientation of FTEs as a function of location

on the magnetopause and solar wind/magnetosheath condi-

tions, MMS will be able to identify the source region, genera-

tion process, and controlling factors.

2.1.4.2 Plasmoids/Flux Ropes. In the magnetotail, the

most common products of magnetic reconnection are plas-

molds and magnetotail flux ropes. These structures are gener-

ated in association with the explosive release of energy during

magnetospheric substorms. Plasmoids are large, three-dimen-

sional segments of the plasma sheet that are ejected down the

tail at speeds of-300-600 km s-l. Typical volumes are on the

order of ~ 103-104 cubic Earth radii. These complex structures

begin to form in the very early stages of magnetotail activity.

Plasmoid ejection begins when the last closed field line in the
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plasma sheet merges. Plasmoids rapidly expand in size imme-

diately following their release, and their speed appears to

increase as they travel away from the Earth. The causes for this

rapid evolution and its relation to the nature of the reconnec-

tion process at the near-Earth and distant neutral lines have not

been established and will be a focus of the MMS investigation

during Phase 2, when apogee is on the night side at 30 R E, and
during Phase 3, when apogee is in the distant tail between 100

RE and 120 RE during the transition from low to high orbital
inclination.

The internal magnetic structure of the plasmoids has been

found to be quite complex and variable: some plasmoids

appear to have the expected closed loop topology and a weak

field, but many possess a strong core field and have a helical

structure consistent with the topology of magnetic flux ropes

(Figure 2.4). Many questions remain to be answered concern-

ing their three-dimensional structure and connection to the rest

of the tail or their evolution with time. In particular, how plas-

molds can develop core fields whose magnitude exceeds that

of the surrounding lobes remains poorly understood.

Theoretical explanations have been developed that propose

Question

Orbit

Spacecraft
Separation

Measured
Parameters

What are the kinetic

processes responsible
for collisionless mag-
netic reconnection, and
how is reconnection
initiated?

1.5 x 12 RE equatorial
orbit with dayside
apogee (magne-
topause study); 1.5 x

30 R E nightside

apogee (tail study) and

with 120 RE nightside
apogee during transi-
tion to high-inclination
orbit (distant tail
study); polar orbit
skimming the magne-

Where does reconnec-

tion occur at the mag-
netopause and in the
tail, and what influences
where it occurs ?

1.5 x 12 RE equatorial
orbit with dayside
apogee (magnetopause

study); 1•5 x 30 RE
nightside apogee (tail
study) and with 120 RE
nightsicle apogee during
transition to high-incli-
nation orbit (distant tail);
aolar orbit skimming the
magnetopause from
high to low latitudes

How does reconnection

vary with time, and what
factors influence its tem-

poral behavior?

1.5 x t2 R E equatorial
orbit with dayside
apogee (magnetopause

study); 1.5 x 30 RE
nightside apogee (tail

study) and with 120 RE
nightside apogee during
transition to high-inclina-
tion orbit (distant tail);
polar orbit skimming the
magnetopause from
high to low latitudes

How are FTEs and p/as-
molds�tail flux ropes
formed, and how do they
evolve ?

Polar orbit skimming the
magnetopause from high to
low latitudes (FTE study);

1.5 x 30 RE nightside
apogee and 120 RE night-
side apogee during transi-
tion from low- to high-incli-
nation orbit (plasmoid/flux
rope study)

topause from high to
low latitudes

10 km to 1 RE 0.25 to 2 R E 10kmto 1000km 50 to 500 km (FTE study);
1000-25,000 km
(plasmoid/flux rope study)

• Magnetic field
. Reconnection Electric
field

Current densities
Dimensions of diffu-

sion region
Inflow and outflow ion

and electron velocities
Electron Pressure

Anisotropies

Magnetic field
Plasma flow velocities
Electric field parallel to

the magnetic field

Magnetic field normal
to magnetopause

Reconnection electric
field

deHoffman-Teller

velocity
Dimensions of diffusion

region
Inflow and outflow ion

velocities

• Magnetic field
• Plasma density, velocity,
and composition
• Electron and ion 3-D dis-

! tribution functions

• Electromagnetic and elec-
trostatic components of
3tasma waves

• Energetic particles
• Electric field

Table 2.2. Measurement requirements for the MMS reconnection investigations.
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either a "collapse" of the plasmoid core as hot plasma is lost as

a result of the connection of plasmoid field lines to the much

cooler magnetosheath or an amplification of the pre-existing

plasma sheet By field. Another possibility is that the reconnec-
tion process itself generates, at times, more bubble-like plas-
moids, and at other times, helical flux rope structures. Other

possibilities such as the non-linear amplification of MHD
waves in the current sheet have also been proposed.

The MMS mission design calls for the MMS spacecraft cluster

to dwell in the near tail at -30 Rl.: during the second phase of

the mission and to traverse the distant tail at ~120 R_ during

the third phase. Thus MMS will be able both to investigate

plasmoid/flux rope formation in the near-Earth reconnection

region and to learn how these structures evolve as they move
tailward. Through multipoint magnetic field and plasma meas-

urements, MMS will determine the dimensions, magnetic

topology, and stress balance of the plasmoids/flux ropes.

Separations as small as 1000 km will be required to examine

the high field core region of the flux ropes, while separations
of at least 25,000 km will be necessary to determine the larger-

scale dimensions of the flux ropes/plasmoids and to study their

interaction with the surrounding magnetotail.

2.1.5 Experimental Requirements for the MMS

Reconnection Investigation

Table 2.2 on the previous page, summarizes the measurement

parameters and recommended interspacecraft distances for

each of the tour key science questions that constitute the MMS

reconnection investigation. The orbital phases during which

each question will be addressed are also indicated.

2.2 Particle Acceleration

Energy is transferred from the solar wind into the Earth's mag-

netosphere through several processes, including magnetic

reconnection at the dayside magnetopause and shear-generated

turbulence along the magnetopause. Initially, much of this

energy goes into large-scale current systems inside the magne-

tosphere; it is then, over periods of minutes to hours, redistrib-

uted. An important byproduct of this process is the acceleration

of charged particles to high-energies. As a result, electrons,

protons, and heavy ions are found throughout the magnetos-

phere with energies up to many thousands of eV and even

many millions of eV and are typically described by a power
law distribution. In the inner magnetosphere, the accelerated

particles are trapped in the Earth's magnetic field, forming the

ring current and the radiation belts (Figure 2.5). Traditionally,

the trapped particles have received the most attention with

regard to the physics of energetic particles. In the outer mag-

netosphere, accelerated populations are more highly time-

dependent. Yet everywhere the energized particles play an

important role in the transfer of energy from currents and fields

into the plasma, and in the transport of energy from the initial
acceleration region to other parts of the magnetosphere and

beyond. It is also known that high-energy panicles represent a
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Figure 2.5. Enhancements of highly relativistic (>3 MeV) electrons in the Earth's radiation belts observed with the SAM-
PEX Heavy Ion Large Telescope (HILT) during a period of intense solar and geomagnetic activity in April and May of 1998.

Beginning on day 124, when the Dst dropped to -218 nT and the solar wind speed reached a high of -850 km s1, intense
relativistic electron fluxes appeared deep in the magnetosphere, at altitudes below L- 3, and a new radiation belt formed

at L ~ 2.2 [Baker et aL, 1998]. MMS will investigate the acceleration mechanisms responsible for such dramatic enhance-
ments.



serious natural hazard for satellites operating in certain por-
tions of the geospace environment: their extreme energies can

lead to deep dielectric charging of sensitive electronic parts

and to intrinsic damage of microelectronics through ionizing
radiation.

Charged particles are accelerated by the forces exerted on them

by electric fields. In the magnetosphere, several acceleration

mechanisms are at work. Each combines a different set of mag-

netic and electric configurations and time dependences to

accelerate particles in ways characteristic of that particular

mechanism. The principal mechanisms are Fermi acceleration,

betatron acceleration, wave-particle interactions, inductive

electric fields, and parallel electric fields. (Shocks also accel-

erate panicles; however, shock acceleration processes are real-

ly special cases of the various mechanisms just listed.)

MMS is ideally suited to advancing our knowledge and under-

standing of how acceleration mechanisms operate in the mag-

netosphere. Specifically, MMS will directly measure the induc-

tive electric field and the gradients in B and E and will remove

the time/space ambiguity inherent in single spacecraft meas-

urements. It will provide excellent determination of the

mesoscale configurations of electric and magnetic fields in and

near the thin current sheet regions at boundaries. In addition,

owing to high-speed motion, energetic particles act as effective

tracers of remote acceleration processes: the energetic particle

sensors on the five MMS spacecraft will provide a powerful

diagnostic for remotely sensing the boundary structure (i.e.,

through the use of finite gyroradius "sounding") as well as for

identifying the acceleration processes that occur within these

boundaries (i.e., through the use of phase space density fea-

tures produced through reconnection). These data will comple-

ment the hexahedral magnetic and electric field sensors that

provide the gross electromagnetic topologies. Concurrently

measured electromagnetic wave data will allow us also to test

theories that invoke free energies within the plasma to diffu-

sively or resonantly accelerate particles.

2.2.1 What Is the Role of Inductive Electric Fields and

Wave-Particle Interactions in High-Energy Particle
Acceleration?

In-situ observations have clearly demonstrated the abrupt

appearance within the magnetosphere of multi-MeV electrons

and ions. The absolute intensities of these particle fluxes can be

extremely high, and studies of phase space density profiles

clearly establish that these very energetic particles have not

merely been shifted around in a spatial sense. Rather, these

observations strongly imply that the Earth's magnetosphere

functions as a powerful, efficient particle accelerator in its own

right (see Figure 2.5). Both inductive electric fields and wave-

particle interactions operate in the magnetosphere to accelerate

magnetospheric charged particles rapidly to extremely high

energies.

2.2.1.1 Inductive Electric Fields. In considering possible
acceleration mechanisms, it is evident that the electric fields
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responsible for multi-MeV ions and electrons cannot be field-

aligned potential drops nor can they be large-scale electrostat-

ic fields. A "single-step" electric field interaction would

require either that potential drops be enormous (much higher

than are observed in space) or else that they extend over scale

sizes much larger than the entire magnetosphere. Thus, obser-

vations of high-energy ion pulses during magnetospheric sub-

storms and of relativistic electron enhancements during geo-

magnetic storms require that acceleration occur through the

action of inductive electric fields. Stated differently, rapidly

changing magnetic fields in key regions of geospace produce

the highest energy magnetospheric particles.

In order to study very energetic particle acceleration and the

localized, highly fluctuating magnetic fields that produce such

particle events, it is necessary to characterize the temporal and

spatial scales of the field changes. The MMS missiorv--with its

complement of particles and fields sensors---is ideal for attack-

ing the problem of inductive electric field acceleration. During

major geomagnetic storms and related powerful particle accel-

eration events, it will be possible to examine the low-frequen-

cy magnetic fluctuations as well as the rapid magnetic recon-

figurations that constitute strong inductive electric field events.

The MMS energetic particle detectors will allow detailed spec-

tral and spatial comparisons with present theoretical models.

2.2.1.2 Wave-Particle Interactions. Charged particle
acceleration also results from resonant interactions with wave

fields. This interaction produces a non-thermal shape to an oth-

erwise thermal distribution. In magnetospheric plasmas, there

exists a rich spectrum of naturally occurring plasma waves as

well as a host of magnetohydrodynamic (MHD) waves. These

waves span scale sizes as small as electron inertial lengths (<10

km) and as large as MHD-scale waves standing on magnetos-

pheric field lines (many Earth radii). These waves may be

global, regional, or quite localized. The characteristic time

scales range from fractions of a second to several tens of min-

utes. To extract and gain energy from the wave electric fields,

accelerated particles must have a net, time-averaged resonance

with the wave fields. Each wave mode can potentially acceler-
ate different components of the population.

Recent evidence from the International Solar-Terrestrial

Physics (ISTP) program confirms that non-thermal panicles

may be accelerated very efficiently through wave-particle

interactions. For example, in the inner magnetosphere, obser-

vations of a rapid increase in >1 MeV electrons during mag-

netic storms have been linked to increases in global ultra-low-

frequency MHD waves. These waves intensify when a bursty

solar wind buffets the magnetosphere, exciting internal cavity

modes. Theoretical modeling has shown that such waves can

indeed energize particles that are in net drift resonance with

these global modes. Based on these observations, there is com-

pelling reason to believe that this same sort of mechanism

might be operative elsewhere in the magnetosphere on a more

modest spatial scale and for more typical geomagnetic condi-
tions.



16

MMS will provide the requisite wave measurements to address

the issues of particle acceleration through wave-particle inter-
actions. In the first two phases of the mission, the MMS space-

craft will traverse the inner magnetosphere with separations

ranging from hundreds of kilometers to approximately an Earth
radius. Wave measurements in this region will permit assess-

ment of the localization of key wave modes and their spatial

and temporal coherence. Coincident energetic particle meas-
urements will be used to test models of proposed wave-particle

interaction mechanisms such as drift resonance.

2.2.2 How Are Particles Accelerated in Plasma

Injection Events in the Near-Earth Tail?

During the course of explosive energy conversion events (at

the onset of magnetospheric substorms), there are often

observed powerful, extremely impulsive high-energy ion and

electron "injection" events. These have been observed most

extensively near geostationary orbit (6.6 R E geocentric dis-

tance) within the middle magnetosphere. A dramatic example
of such an event is shown in Figure 2.6. The initial particle

injection pulse is temporally narrow (<1 min in duration),

extends to very high energies (>1 MeV), and represents a flux
increase of several orders of magnitude over the background

flux (in the energy range of 100-1000 keV). Once the particle

pulse appears in the middle magnetosphere, it is entrained on
magnetic field lines, and the particle population drifts rapidly

around the Earth under the influence of the magnetic gradient
and curvature forces to form a "drift echo" event.

How are such brief, powerful acceleration events possible? Are

they similar to impulsive particle acceleration events on the

Sun and in other planetary environments (e.g., Mercury,

Jupiter, Saturn)? Such questions have been asked for many

years, but the means have not been available to address the key

issues in such plasma injection events: Where do the "seed"

particles originate that form the injected population? What
combination of inductive and non-inductive electric fields

accelerates the particles to such high energies on such short

time scales? What pathway do particles follow in order to ulti-

mately form such a narrow spatial and temporal pulse? And,
what is the energy spectrum and "efficiency" of the injec-

tion/acceleration process?

Fermi acceleration is a likely candidate for particles in the

nightside magnetosphere. Particles distributed along magnetic
field lines are confined to the magnetospheric region by the

magnetic mirror effect associated with the strong magnetic
field increase near the Earth. During the dynamical evolution

of the nightside magnetosphere, energy loading generates

strongly stretched magnetic field lines whose equatorial legs
are extended far in the antisunward direction. The antisunward

displacement of the stretched field lines in the plane of the

magnetic equator can be as large as several Earth radii. The

rapid dynamical evolution of the substorm abruptly changes
this stretched configuration in a process known as "dipolariza-

tion." Dipolarization generates a rapid convective earthward

motion and shortening of the stretched field lines. The result-

ing magnetic field resembles, in magnitude and flux tube

shape, the unperturbed dipole magnetic field of the Earth.

The substantial shortening of magnetic flux tubes likely has a

profound effect on the resident plasma particle population. The

dynamical shortening of magnetic flux tubes, together with the

effective trapping of particles by mirror forces, leads to a

Fermi-type acceleration process, which primarily affects the

energy of particles parallel to the magnetic field. In addition to

this effect, a competing process, betatron acceleration resulting

from the magnetic field increase during dipolarization, leads to

a perpendicular energy increase. The competition between

these two processes is regulated by the equatorial dwell-time of

charged particles (longer times favoring stronger betatron

acceleration), and the amount of flux tube shortening, which
favors Fermi acceleration.

The relative importance of these two processes remains an

open question, but one that will be answered very effectively
by the MMS mission. The spacecraft cluster provides an

opportunity to study the evolution of parallel and perpendicu-

lar energies of particles on flux tubes moving across the con-

figuration. Together with magnetic field and inductive electric
field measurements, a direct assessment of the relevance of

both of these effects is readily feasible by energetic particle

measurements.

2.2.3 What Are the Mechanisms for Accelerating

Charged Particles at Plasma Boundaries?

The ongoing ISTP project has explored not only the better-

studied energetic particle regions of the inner magnetosphere,

but also the appearance of energetic particles in other regions

of geospace, including distant boundary layers. These studies
have revealed the often global nature of magnetospheric accel-

eration processes and have underscored the critical importance

of accurately knowing the seed populations located in the

weaker magnetic field regions. As an example, ISTP measure-
ments have identified a heretofore unmeasured population of

very energetic ions and electrons in the high-altitude magne-

tospherie cusp. These observations reveal large fluxes of non-
thermal charged particles, co-located in regions of very weak

magnetic fields and extremely intense plasma waves. Several

mechanisms have been proposed to explain these observations.
Two of the mechanisms invoke distant acceleration (e.g.,

upstream of the quasi-parallel shock) and then subsequent
access of these particles into the outer cusp region. One of the

models, however, proposes that the particles are accelerated in

situ by wave turbulence in the natural trapping geometry of the

cusp. The exact role of these various mechanisms remains
unclear. Whatever the specific acceleration process, this popu-

lation appears to be a robust feature of the cusp and thus poten-

tially of the entire magnetopause boundary layer. As such, it

may well represent an important boundary condition for

describing energetic particle populations inside the magnetos-

phere.
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Figure 2.6. The three panels on the left show the signatures of an energetic electron injection event detected in three
different energy ranges by three geosynchronous satellites separated in local time. The peak flux enhancement is

observed by the first satellite at -04:40 UT and at progressively later times by the second and third satellites as the

electrons gradient-drift eastward around the Earth. As the electrons continue to drift around the Earth, they are detect-
ed again by the satellites, producing smaller peaks in the data known as "drift echoes." The panels on the right show

the results of a test-particle simulation that successfully reproduces the observed features. The model results indicate

that such injection events can result from betatron acceleration by transient electric and magnetic fields associated with

substorm dipolarization [Li et aL, 1998].
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In the final mission phase, when the five spacecraft are tra-

versing the high-latitude magnetopause. MMS will be able to

solve the mystery of the energetic cusp population. The orbit

will provide latitudinal cuts through the outer cusp region,

potentially with the spacecraft straddling the magnetopause.

Such configurations will provide coincident measurements of

the wave properties in the magnetosphere, in the magne-

tosheath, and in the cusp at the same time that the energetic tail

of the particle distributions is also being measured. Such meas-

urements should definitively determine whether the energetic

cusp particles are accelerated remotely or locally through
waves.

Like the magnetopause, the magnetotail current sheet is often

very thin compared to the energetic particle gyroradius. Non-

MHD, microphysical effects are thus likely to be important

near such thin boundary regions. At these boundaries, particles

become "non-magnetic" and may feel the accelerating effects

of large electrostatic potentials that are approximately perpen-

dicular to the magnetic field lines. Indeed, hints of this behav-

ior are seen in some data that remotely sense thin current

regions. Theoretical predictions of features in phase space den-

sity of energetic particles produced within thin current sheets

have been put forth with various levels of sophistication from

numerical modeling approaches. However, in reality, space-

time ambiguities of the magnetic and electric field structure

often confound a straightforward interpretation of such obser-
vations in the context of such models. MMS will be ideal for

addressing the acceleration of particles at thin boundaries.

Electric fields exhibiting a significant magnetic field-aligned

component are natural acceleration mechanisms for charged

particles. Parallel electric fields are an essential ingredient in

the magnetic reconnection process, particularly at the magne-

topause, but also in the magnetotail. It has been shown that the

maximum value of the integral of Ell along magnetic field lines

is equal to the rate of magnetic flux reconnection. For the mag-

netotail, modeling has shown that energies obtained this way
can range up to some 100 keV for average flux reconnection

rates associated with magnetotail dynamics. Observations both

at the magnetopause and in the magnetotail indicate, on the

other hand. that reconnection processes are often bursty,

involving the rapid reconnection of large amounts of magnetic

flux, such as is associated, for example, with bursty bulk flows

(BBF). For these very large reconnection rates even higher

energies may result. Acceleration by parallel electric fields is

thought to be important in other astrophysical systems (e.g.,

extragalactic jets and pulsar magnetospheres) as well as in the

terrestrial magnetosphere. It is therefore important to further

investigate regions of parallel electric fields and study their

viability as particle acceleration mechanisms at both day- and

nightside magnetosphere.

With its combination of electric and magnetic field instruments

and energetic particle and thermal plasma detectors, the five
MMS spacecraft will be able to probe the structure of parallel
electric fields and obtain the data needed to assess their effi-

ciency as particle acceleration mechanisms. These studies,

along with others involving, for example, inductive electric

fields, will make it possible to evaluate the relative importance

of individual acceleration processes in different magnetospher-

ic regions as well as to determine their role as overall providers

of the magnetospheric energetic particle population.

2.2.4 Experimental Requirements for the MMS

Particle Acceleration Investigation

Table 2.3 summarizes the measurement parameters and rec-

ommended interspacecraft distances for each of the three key

science questions that constitute the MMS particle acceleration

investigation. The orbital phases during which each questions
will be addressed are also indicated.

2.3 Turbulence

Turbulence is ubiquitous in the solar wind-magnetosphere sys-

tem and indeed throughout the universe. In a broad sense, tur-

bulence refers to coupled nonlinear fluctuations spanning a

wide range of spatial and temporal scales in the plasma. At the

largest scales, the phenomena can be described by MHD (or

fluid) turbulence, which bears resemblance to the behavior of

the more familiar geophysical and atmospheric turbulence. At
smaller and smaller scales, electromagnetic interactions and

plasma instabilities assert themselves and produce microturbu-

lence phenomena that are unique to space plasmas. The intrin-

sic importance of understanding the nature of turbulence in

nonuniform plasmas, together with this multiscale property,

makes it a natural and compelling scientific target for the MMS
mission.

The study of fluid turbulence in space plasmas has been

brought to its conceptually most advanced stages in the solar

wind. However, in the boundary regions to be sampled by the

MMS spacecraft, use of some of the concepts and assumptions

appropriate for the study of solar wind turbulence is not justi-

fied a priori. In qualitative terms, the difference between tur-

bulence in these regions and turbulence in the solar wind is

somewhat akin to the difference between ordinary fluid
mechanical turbulence in a viscous shear layer and turbulence

behind wire grids. The latter type can be considered homoge-

neous and isotropic while the former is driven by macroscopic

velocity shear and has rather different properties, including the

possibility of inverse cascades in 2-D systems, i.e., cascades to
larger rather than smaller scale sizes and resulting self organi-

zation. Nevertheless, quantities such as the average velocity

distribution in a shear layer and the turbulent eddy viscosity
exhibit universal scaling and highly reproducible behavior. In

the layers to be probed by MMS, measurements from five

spacecraft are essential in order to provide the necessary statis-

tical characterization of spatial and temporal features of the

turbulence, identify underlying physical processes, and derive

scaling laws that permit use of MMS results in contexts other
than Earth's magnetosphere.

The following discussion is organized according to questions

applicable to the different boundary regions of the magnetos-

phere because of the unique conditions that exist in each of
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Orbit

Spacecraft Separatior

Measured Parameters

What is the Role of

Inductive Electric Fields
and Wave-Particle

Interactions in High-
Energy Particle
Acceleration?

• 1.5 x 12 RE equatorial
orbit with nightside
apogee

• 1.5 x 30 RE equatorial
orbit with nightside
apogee

100 km to 1 RE

• dB/dt

"?xE

• EM wave spectra

• 3-D electron and i

on phase space density
of plasma and non-ther-
mal tail of distribution

Anisotropies

How are Particles

Accelerated in Plasma
Injection Events in the
Near-Earth Tail?

• 1.5 x 12 RE equatorial
orbit with nightside
apogee

100 km to 1000 km

• EM wave spectra

• 3-D electron and ion

phase space density of
energetic particles with
energies from 100 keV
to 1000 keV

What are the Mechanisms for

Acceleration of Charged
Particles at Plasma
Boundaries ?

• 1.5 x 12 RE equatorial orbit
with dayside apogee

• 1.5 x 12 to 30 RE apogee
raising equatorial transition
orbit

• Polar orbit skimming the
magnetopause from high to
low latitudes

10 km to 1000 km

• 3-D magnetic and electric

fields within boundary layers

• EM wave spectra

• 3-D electron and ion phase
space density of plasma and
non-thermal tail of distribution

Table 2.3. The measurement requirements for the

them. Taken as a whole, the range of fluid and microturbulent

phenomena and the coupling to reconnection and particle

acceleration that is expected to be encountered in these regions

enable in effect a comprehensive laboratory study of turbu-

lence with results that can be generalized to other astrophysi-
cal environments.

2.3.1 What Are the Temporal and Spatial Properties
of, and the Physical Processes Responsible for,

Turbulence in the Magnetosheath, Magnetopause,
and Plasma Sheet?

2.3.1.1 Magnetosheath Turbulence. The magnetosheath,

the transition region between the bow shock and the magne-
topause, is the site of turbulence from various sources. For

example, solar-wind turbulent structures convect across the

bow shock into the magnetosheath: fluctuations generated at

the bow shock (in particular in regions where it has quasipar-
allel geometry) propagate downstream into the magnetosheath;

fluctuations generated by Kelvin-Helmholtz or Rayleigh-

Taylor instabilities at the magnetopause propagate upstream

into the magnetosheath: and local instabilities, in particular

mirror and ion cyclotron modes, which are driven by

anisotropy in particle distribution functions within the magne-
tosheath, occur on the meso and microscales. For lack of mul-

MMS particle acceleration investigation.

tispacecraft data, the roles played by these various sources, and

their relative importance in determining the properties of mag-

netosheath turbulence, remain largely unexplored. The MMS
mission will be optimally configured to address these issues.

An important example of mesoscale magnetosheath turbu-

lence, especially near the magnetopause, is the magnetic mir-

ror mode. The mirror mode is an important object of study

because it appears to be a common phenomenon in solar sys-
tem plasmas. It has been observed in the solar wind, in the

magnetosheaths of outer planets, in the wake of Io, and in the

coma of comets. Like the ion cyclotron instability, it is driven

by thermal pressure anisotropy, in which the pressure perpen-
dicular to the magnetic field exceeds that along the field. It cre-

ates spatial structure in the form of alternating regions of high

plasma pressure accompanied by low magnetic field pressure
and low plasma pressure accompanied by high field pressure.

Determining the reason for the appearance of mirror mode

waves in these plasmas is a two-fold problem. We need to

understand the mirror mode waves themselves, their geometri-
cal properties (e.g., sheet-like or tube-like), scale sizes and

intensities, and the conditions under which they arise. We also

need to understand why the ion cyclotron instability, which

grows from the same pressure anisotropy and which, judging
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fromnumericalsimulations,appearstobeaneffectiveagentin
limitingthemagnitudeoftheanisotropy,doesnotsucceedin
quenchingthemirrormode.Possibleexplanationsincludeion
compositionaleffectsthatdestroythecyclotronresonanceand
spatialinhomogenitiesthatspoilthecoherenceofthecyclotron
motionof theresonantions.Measurementsofioncomposition
andspatialgradientsarethereforeessentialtothestudyofmir-
rormodewaves.Thelackof suchmeasurementsonprevious
missionsinwhichmirrormodewaveswerefoundhasbeena
seriousimpedimenttoprogress.

TheMMSMissioncanenhanceourunderstandingof mirror
modewavesbyexploringthosewavesthatoccurin themag-
netosheathnearthemagnetopause.Thetransversescalesizeof
thewave-generatedstructuresisbelievedtobeseveralgyro-
radii,oftheorderof200km.The separation of the spacecraft

needed to resolve the geometry is a fraction of this scale, i.e.,

ideally about 10-50 km. At least four measurements, or three
baselines, are needed to determine orientation, aspect ratio, and

velocity of the structures.

2.3.1.2 Magnetopause and Boundary Layer

Turbulence. It is the magnetopause current layer with its

adjoining, interior low-latitude boundary layer (LLBL) and
exterior plasma depletion layer that is most similar to a turbu-
lent fluid mechanical shear layer, although its behavior is

strongly modified and controlled by the magnetic field.

Nonpropagating mesoscale instabilities that may operate in the
subsolar magnetopause region and then be transported along

the magnetopause in a purely convective manner have not been

the subject of extensive observational studies to date. Included

here is the Rayleigh-Taylor instability, which may be excited

when the magnetopause is caused to accelerate, and the tearing
mode. which is discussed later in this section.

All of these wave and instability modes are excellent topics for

observational studies with MMS. They are relevant to turbu-
lence because in their nonlinear stages they may develop

increasingly short spatial scales and fluctuations that have the

basic stochastic nature characterizing turbulence. An important

aspect of turbulence is its ability to produce transport. The spe-
cific advantage of MMS in this context will be its ability to

resolve short spatial and rapid temporal scales to provide quan-

titative characterization of the turbulence and of its resulting

transport.

Figure 2.7 shows a spatially low-pass filtered map of the mag-

netopause magnetic field, constructed by integration of the

magnetohydrostatic Grad-Shafranov equation, in which mag-
netic-field and plasma data from a single-spacecraft

(AMPTE/IRM) were used as spatial initial conditions. Several

tearing-mode islands, separated by X-type null points, are seen
in the current layer. These structures convect past the observ-

ing spacecraft at a velocity (the deHoffmann-Teller velocity)
that can be determined directly from measured plasma veloci-

ties and magnetic fields. This figure illustrates one type of
mesoscale turbulent tearing-mode structure that may exist in

the magnetopause. It also illustrates the extreme anisotropy of
such turbulence. The presence of such island structures allows

for effective plasma transport from the magnetosheath edge to

the magnetospheric edge of the magnetopause layer but not for

transport onto geomagnetic field lines. However, it is likely
that some of the X points separating the islands serve as seed

locations for bursts of patchy reconnection, a process that can

provide direct access of magnetosheath plasma to open mag-

netospheric field lines connected to the ionosphere. A desirable

adjunct to MMS is the development of a general field-map
reconstruction method, based on the MHD equations, that per-

mits the assimilation of data from several spacecraft to produce

field maps at high spatial resolution, describing three-dimen-
sional features and time dependence.
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Figure 2.7. Map of the magnetopause current layer showing several tearing-mode islands separated by X-type null points.
The Z component of the magnetic field is shown in color; as indicated by the color bar, it is positive outside, but negative
within the current layer. Yellow circles indicate locations were the data used to construct the map were taken, with the

spacecraft moving from left to right. At each circle, the measured transverse field vector is shown. Also shown is the vec-
tor n normal to the magnetopause, as determined by minimum variance analysis of the measured field. The map is based

on magnetic field and plasma measurements by the spacecraft AMPTE/IRM during an encounter with the magnetopause
on October 19, 1984 [Hau and Sonnerup, 1999].
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2.3.1.3 Plasma Sheet Turbulence. Evidence for the pres-

ence of vortical flows in the near-Earth equatorial tail region

was reported a number of years ago but the prevalence and

properties of such wake-like flow phenomena have not been

assessed. More recently, events known as current disruptions

and bursty bulk flows (BBFs) have been extensively docu-

mented as occurring in the geotail environment. They are

observed in association with large magnetic field fluctuations

and appear to have stochastic properties that allow them to be

described as turbulence. Past analyses suggest that they are

spatially localized features associated with Earthward transport

of significant amounts of particle mass, energy, and magnetic
flux. However, uncertainties exist in these results because an

accurate assessment of transport produced by BBFs relies on

knowledge of their spatial dimensions as well as of their spa-

tial and temporal occurrence patterns. Such knowledge in turn

depends on the ability to differentiate between temporal evolu-
tion and spatial variation in measured time series, which is dif-

ficult or impossible to achieve on the basis of single-spacecraft

information. The MMS mission will provide a unique opportu-

nity to separate spatial variation from temporal evolution and

to evaluate the role played by turbulence associated with BBFs

in producing Earthward transport of particle mass, momentum,

and energy, as well as magnetic flux in the magnetotail.

Similarly, the importance of cross-tail plasma transport associ-

ated with wake-like vortical flows can be quantified.

While these and other observational results indicate the impor-

tance of turbulence in the plasma sheet, the basic properties of

that turbulence, i.e., quantities such as fluctuation spectrum in

the spatial domain, correlation time, correlation length, and

mixing length have yet to be determined systematically, a task

that requires coordinated multipoint measurements. The MMS

mission can be configured to permit determination of these

basic parameters of plasma sheet turbulence. A particularly

favorable arrangement for some of the geotail studies is to have

the individual satellites placed along an equatorial orbit like

beads on a string, as they traverse the tail plasma sheet.

2.3.2 What Are the Sources, Propagation, and

Consequences of Mesoscale Boundary Waves?

magnetopause layer, and step-like changes in magnetopause
location.

A principal physical mechanism expected to operate in the

magnetopauseFLLBL region is the Kelvin-Helmholtz instabili-

ty, which is driven by free energy associated with the velocity

shear across the region. Wave growth at mesoscale wave

lengths is modest; the resulting expectation is that wave trains

have to travel substantial distances tailward from their point of

generation bel'bre they reach amplitudes where nonlinear

effects become important. For this reason, it is important that

the proposed MMS orbit phases permit observation of flank

and high-latitude magnetopause behavior in the near-Earth tail

as well as in the mid-tail and distant-tail regions.

The Kelvin-Helmholtz instability is impeded by shear in the

magnetic field that is usually present within the magnetopause
current layer; large-amplitude waves on this layer are therefore

expected predominantly when and where the local magne-

tosheath field is parallel or antiparallel to the local geomagnet-
ic field. At the inner edge of the LLBL, the fields on the two

sides of the edge are more or less parallel, the result being that

Kelvin-Helmholtz wave activity there may be far more com-

mon than at the magnetopause. Ordinary MHD analysis of

Kelvin-Helmholtz instability on a thin discontinuity indicates

that growth rate increases with decreasing wave length. In real-

ity the magnetopause has a thickness of the order of 500 km so

that one might expect maximum growth at wavelengths of the
order of this thickness. The existence and role of such relative-

ly short surface waves is best explored by muitispacecraft mis-

sions, such as MMS, that permit small-scale characterization of

the waves, including their actual wavelengths and propagation
directions.

Even under conditions where the Kelvin-Helmholtz instability

cannot operate, stable surface wave motion, initiated by some

external disturbance, is possible. Among possible sources for

such stable waves and solitons are pressure pulses and other
structures, including various plasma discontinuities such as

hot-flow anomalies in the magnetosheath, which impinge on
the magnetopanse.

Mesoscale surface waves have been observed from time to

time at various locations on the magnetopause with its adjoin-

ing low-latitude plasma boundary layer (LLBL). Typical

observational characteristics of such wave trains are multiple
crossings of the current layer, for which the normal vector n,

determined for example by minimum variance analysis of sin-

gle spacecraft magnetic field data, tilts back and forth from one

crossing to the next. Wavelengths and propagation directions

can be established from single spacecraft information only by

the introduction of additional assumptions. At the inner edge of

the LLBL, surface waves manifest themselves as the repeated

appearance and disappearance of magnetosheath-like plasma at

the observing spacecraft. Sometimes measurable flow vector

deflections and magnetic field deformations can be seen as

well. In addition to wave trains, various solitary structures are

also observed to move along the magnetopause. Included here

are FTE flux tubes, localized bumps or depressions on the

The nonlinear evolution, interaction, and turbulent transport

coefficients pertaining to macroscopic modes, such as the

Kelvin-Helmholtz and tearing instabilities, have been studied

extensively, both analytically and by use of numerical simula-

tion tools. To date, the many types of behavior predicted from

such studies, (e.g., wave breaking and, under some conditions.

the occurrence of inverse turbulent cascades and resulting self-

organization in the form of vortex or magnetic-island coales-

cence, have not been verified in spacecraft data for lack of suit-

able), coordinated multispacecraft information. Similarly, it

has not been possible to derive turbulent transport coefficients

from the data for comparison with theoretical predictions. With

suitable choices of spacecraft separations and cluster configu-

ration, MMS will be ideally configured to bridge these gaps

between theory and actual observations of nonlinear phenome-

na and transport in the magnetopause and its boundary layers.
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AnidealMMSmissionconfigurationforstudiesof mesoscale
magnetopausestructureswouldconsistof fivespacecraft,four
ofwhichdefineatetrahedronwithsidessmallerthanatypical
magneticislandwidthorKelvin-Helmholtzwavelength.These
fourspacecraftservetoestablishmagnetopauseorientationand
velocitywithhighaccuracyandtoinvestigatetemporalcoher-
ence,lateraldimensions,motionandotherfeaturesofturbulent
structureswithinthemagnetopausecurrentlayerorof defor-
mationsmovingalongit,suchasH'Esorsurfacewaves.The
fifthspacecraftshouldbeplacedacomparabledistanceoutside
thetetrahedron.Thisspacecraftwill helpdeterminetheaccel-
erationof theboundary,definespatialpropertiesof turbulence
in thedirectionnormalto themagnetopause,andestablish
plasmaandfieldconditionsaswellastemporalchangesinthe
magnetosheathduringmagnetopauseencountersbytheother
spacecraft.The mission configuration described here would
also be well suited for studies of certain mesoscale magne-

tosheath structures. But small spacecraft separations are need-

ed for other studies, (e.g., for the determination of local gradi-
ents and current densities), both in the magnetosheath and the

magnetopause.

The magnetopause sometimes moves only slowly in the inward
or outward direction. Such was the case during the event

shown in the field-map shown in Figure 2.7. But more often it

exhibits rapid, rapidly changing, and inward/outward motion.

Speeds up to 100 km s-t or more are not uncommon. For typi-

cal magnetopause widths---of the order of 500 km--such high

speeds lead to observation times of magnetopause structures of

only a few seconds. The high time resolution required to study

magnetopause structure in such cases is easily achieved by

magnetometers and electric probes but poses a design chal-

lenge tbr plasma instruments, for which a data rate of better

than one sample per second would be desirable, if the fastest

moving magnetopause layers are to be resolved.

2.3.3 What Is the Role of Turbulence in Plasma Entry

through the Magnetopause ?

The transport of plasma from the magnetosheath, across the

magnetopause, and into the magnetosphere is one of the most

important physical processes in magnetospheric physics. As
discussed in Section 2.1 above, there is conclusive observa-

tional evidence that reconnection plays an important role in

such transport. However, it has not been firmly established
whether, --and in what circumstances,--reconnection oper-

ates as a predictable and geometrically well-organized global

process or sometimes qualifies as turbulence by occurring in a
small-scale stochastic manner. The latter situation has been

called magnetic percolation.

A characteristic feature of the reconnection scenario is that dif-

fusion is not important everywhere but only at highly localized
reconnection sites. But plasma transport can also occur in a

broadly diffusive manner, as a result of mesoscale and
microscale turbulence driven by instabilities that are either

local and microscopic in nature or that produce a cascade of

energy to sufficiently small scales so that the frozen magnetic
field condition can be broken.

A dilemma in magnetospheric physics is that no quantitative

understanding has been reached concerning the relative impor-
tance of such diffusion and reconnection at the magnetopause.

Calculations based on observed local mass flows in the LLBL

and on its transverse scales have led to an estimated mass dif-

fusion coefficient of the order of 10L)m2 sl with an associated

kinematic viscosity of the same order of magnitude. But

assumptions concerning the magnitude of gradients and of the

effective magnetopause entry area are built into such estimates,

rendering them highly uncertain. Many theoretical predictions
of the diffusion coefficient associated with specific unstable

microscale and mesoscale wave modes also exist. They indi-

cate difficulties in achieving values as high as 10'_ m 2 s -l.

Direct calculation of local mass diffusion from single-space-

craft observations is not practical because of the unknown

irregular inward/outward motion of the magnetopause. In most
cases, such motion completely dominates the sought-after dif-

fusion velocity perpendicular to the magnetopause. It also pre-
vents accurate determination of those gradients across the mag-

netopause and boundary layer that drive the transport.
Estimates of the kinematic viscosity require determination of

the correlation between normal and tangential velocity compo-

nents at the magnetopause, (either from the distribution func-

tions, in the case of microscopically based viscosity, or from

macroscopic fluctuations), in the case of turbulent (eddy) vis-

cosity. Such estimates are again compromised, or rendered

invalid, by magnetopause motion. Another difficulty is that an

extremely accurate vector, n, defining the direction normal to

the magnetopause is needed. The plasma velocity is mostly

tangential to the layer so that even small errors in n can signif-
icantly change the value of the diffusion velocity, i.e., the

velocity component along n, thereby seriously compromising

the accuracy of transport coefficients derived from the data.

Using a mission configuration (described in Section 2.3.1.2)

with small spacecraft separation along n, to obtain gradients

and magnetopause motion, and larger separation in the magne-

topause tangent plane, to obtain an accurate normal vector n,

including its temporal changes, the MMS mission will provide

an excellent opportunity to obtain reliable mass diffusion and
viscous diffusion coefficients applicable in the magnetopause

regions.

2.3.4 Experimental Requirements for the MMS

Turbulence Investigation

Table 2.4 on the next page summarizes the measurement

parameters and recommended interspacecraft distances for

each of the three key science questions that constitute the
MMS turbulence investigation. The orbital phases during

which each questions will be addressed are also indicated.
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Question

Orbit

Spacecraft
Separation
Distances

Measured
Parameters

What are the temporal and spa-
tial properties of, and the physi-
cal processes responsible for,
turbulence in the magne-
tosheath, magnetopause and
plasma sheet?

1.5 x 12 RE equatorial orbit with
dayside apogee and transition to

1.5 x 30 RE nightside apogee
(mag-netosheath and mag-
netopause studies)

1.5 x 12 R E and 1.5 x 30 RE
nightside apogee (plasma sheet
study)

10 km to 1 R E

• High-frequency electric and
magnetic fluctuations
• Debye-scale plasma structures
• Low-frequency electric and

What are the sources, prop-
agation, and consequences

of mesoscale boundary
waves?

10 x 40 RE nightside apo-
gee polar magnetopause
skimming orbit

10 km to 1 RE

• Low-frequency electric and
magnetic waves
• High time-resolution elec-
tron and ion distribution

What is the role of turbu-

lence in plasma entry
through the magneto-
pause?

1.5 x 12 RE equatorial
orbit with dayside apogee

and 10 x 40 RE polar
magnetopause skimming
orbit with nightside

apogee

10 km to 1 RE

magnetic waves
• High time-resolution electron
and ion distribution functions

. Ion composition

functions

• Ion composition

• High-frequency electric
and magnetic fluctuations
• Debye-scale plasma
structures

• Low-frequency electric
and magnetic waves
• High time-resolution
electron and ion distribu-
tion functions
• Ion composition

Table 2.4. Measurement requirements for the MMS turbulence investigation.
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3.0 The MMS Five-Spacecraft Cluster: the

Need for Multipoint Measurements

The MMS mission requires at least four spacecraft in a tetra-
hedral formation in order to distinguish between spatial and

temporal effects and to resolve the three-dimensional structure

of the processes under study. However, the Science and

Technology Definition Team recommends a baseline mission

with five spacecraft, configured in either a hexahedrai or "quad

tetrahedra" formation (Figure 3.1). The addition of a fifth

spacecraft will add relatively little to the cost and operational
complexity of the mission but, as discussed in Section 3.2

below, will contribute significantly to the mission's scientific

yield. The separation between the spacecraft will vary from 10
km to tens of thousands of kilometers, allowing MMS to

observe processes operating on the microscale and to relate

these to larger-scale processes and structures.

3.1 Separating Temporal and Spatial Effects Using
MMS

Boundaries such the magnetopause and the cross-tail current

layer are in near-constant motion, with average speeds of ~ 10-

100 km s"l. As spacecraft usually have orbital speeds of 1 km
st or less at these altitudes, it is nearly always the in/out

motion of the boundary or the propagation of a large-amplitude

surface wave that causes the slowly moving spacecraft to rap-

idly cross these interfaces. Because of this boundary motion, it

is impossible with a single spacecraft to obtain many of the key
measurements necessary to understand magnetic reconnection,

charged particle acceleration, and plasma turbulence. The rea-

son is that spatial gradients in the particles-and-fields environ-

ments of these interface regions appear in the instrument data

as temporal variations when the boundaries move across the

spacecraft. In such situations, the temporal variations that we

need to measure and analyze are said to have been "aliased'" by

the presence of spatial gradients (or vice versa).

The aliasing problem is well-illustrated by the difficulties

inherent in studying charged particle acceleration near the

cross-tail current layer or the dayside magnetopause with sin-

gle-point measurements. Populations of energetic charged par-
ticles from a variety of sources are always present near these

boundaries. However, they are not always accelerated locally.

As boundary motion carries the energetic particle layers over

the spacecraft, variations in the particle fluxes are recorded by
the instruments as a function of time. Thus, while an increase

in particle flux measured as the spacecraft approaches the cen-
ter of the boundary may imply that particles are being acceler-

ated in the boundary (a temporal phenomenon), it may also

simply indicate that their intensity is greatest near the center of

the boundary (a spatial feature).

The solution to this spatial aliasing problem is to acquire data

with multiple instruments distributed across a small network of

spacecraft. From time delays in the appearance of variations in

the particles-and-fields data, the direction and speed of the

underlying boundary motion can be inferred and spatial gradi-

ents can be obtained directly. If the spacecraft are arrayed as a
tetrahedron (the MMS hexahedron = two tetrahedra with a

common base), these determinations can be made equally well

for boundary motion in any direction (i.e., the "sensitivity" of

+Z +Z

+X ÷X

-Z

+Y

-Z

Figure 3.1. Two possible configurations for the five MMS spacecraft near apogee: a hexahedral configuration (left),
comprising two tetrahedra, and a "quad tetrahedra" configuration (right). Within each of the tetrahedra, spatial gradi-
ents of the plasma and fields wilt be measured, from which curl B, curl v, and curl E can be derived. The five space-
craft will make it possible to determine the gradient of these derived quantities as well.



the technique is then not a function of the direction of bound-

ary motion). This ability to obtain spatial gradients is essential

to the MMS goal of understanding the fundamental physics of

reconnection, particle acceleration, and turbulence. By meas-
uring spatial gradients, for example, MMS will be able to

determine the electric current density vector from the curl of

the magnetic field across the multispacecraft tetrahedron.

Knowledge of the current is essential for determining the local

MHD stress balance within plasmas permeated by reconnected

field lines, such as FTEs and plasmoids (see Section 2.1.4), and

for establishing the local rate of energy generation or dissipa-
tion.

Conversely, identification of trends in the data caused by spa-
tial effects will allow these effects to be corrected for and the

true temporal variations in the charged particle and fields envi-

ronments of the boundary regions to be determined. Important
applications of these temporal variation measurements include

(1) the observation of the onset of intense electric fields, fast

plasma flows, and energetic particle acceleration, which signal

the onset of reconnection, and (2) the cross-correlation of mag-
netic field temporal fluctuations from the arrayed spacecraft to

create a "telescope" for observing low-frequency plasma
waves and determining unambiguous propagation vectors and
polarization.

3.2 Why a Five-Spacecraft Cluster?

Although the MMS mission could be flown with four space-
craft, the Science and Technology Definition Team has base-

lined a five-spacecraft mission rather than a four-spacecraft
mission for three reasons.

First, a relatively closely spaced cluster of five spacecraft will

enhance MMS' ability to separate phenomena that vary in time

from phenomena that are steady, but highly structured in space.

As discussed in the preceding section, single spacecraft have

no hope of distinguishing spatial from temporal effects. While

even two spacecraft can separate space and time if they are not
spaced too close to one another or too far apart relative to the

spatial scale of the phenomena under study, variable separa-
tions and/or strings of spacecraft following the same track are

needed to cover the different temporal regimes that are impor-
tant for accomplishing the MMS science objectives. The abili-

ty to resolve spatial and temporal variability is improved as
more spacecraft are added.

Secondly, five spacecraft in hexahedral formation will improve

MMS' ability to determine the structure and motion of plasma

boundary layers and to identify the external conditions respon-

sible for the boundary motion. In a three-dimensional system,
such as the Earth's magnetosphere, spatial structure can be

determined by measuring plasma gradients along three orthog-
onal axes, X, Y, and Z. This measurement can be made with a

set of four spacecraft, one of which is at the origin of a carte-
sian coordinate system with the other three along the X, Y, and
Z axes, forming a tetrahedron. However, there is still a need to
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know whether and how fast the boundary is moving and what

the external conditions are that may be causing the boundary to
move or change. The most common example of an external

condition is the magnetosheath density and magnetic field vec-

tor just outside the magnetopause. Five spacecraft will there-

fore be required to determine spatial structure of a plasma
boundary layer plus either the external conditions or the veloc-

ity of the boundary motion.

Finally, five spacecraft will create a "curlometer" that can

measure the spatial gradients of plasmas and fields to derive

important parameters such as currents (from curl B), plasma

vorticities (curl v), and induced electric fields (curl E). The

tetrahedral formation can make this measurement provided that

the derived quantity (current, vorticity, etc.) is uniform in the

space occupied by the cluster. In the nonuniform case, howev-

er, a fifth spacecraft is crucial because, by adding it outside the

base of the tetrahedron, two back-to-back pyramids are formed

(as a hexahedron) (cf. Figure 3.1) that can measure a spatial
gradient of the derived quantities. As the hexahedron moves

through space, temporal variations of the derived quantities

can also be sensed. Alternatively, the fifth spacecraft could be

placed inside the pyramid defined by the other four spacecraft,

forming four tetrahedra internal to it. This "quad tetrahedra"

configuration would then provide full vector gradients of the

derived quantities over a small spatial scale.

4.0 Instrumentation

The five MMS spacecraft will be identically instrumented.

Each will carry a payload consisting of two plasma instru-
ments, an energetic particle detector, an electric field instru-

ment, and a magnetometer. Achievement of the MMS science

objectives requires that the instruments be capable of extreme-

ly high time resolution. This and other performance require-

ments are set forth for each type of instrument in the following
paragraphs.

4.1 Plasma Instrumentation

The MMS plasma instrumentation should be capable of meas-
uring three-dimensional composition-resolved distribution

functions covering the energy/charge range from 1 eV to 40

keV with a time resolution of 0.75 second. The energy resolu-

tion (AE/E) should be approximately 20 percent, and the mass

resolution (m/Am) should be at least 4. The geometric factors

of the plasma instruments should be in the range of 5 x 10 -4

cm 2 sr for electrons and 1 x 10 -2 cm 2 sr for ions. The angular

resolution of the data should be within 10 ° so that plasma flow
velocities and field-aligned current densities can be deter-

mined. In order to achieve high time resolution for electron and

ion distribution functions while at the same time obtaining

good sensitivity for minor ions, a set of two plasma analyzers
is suggested, with 10 ° x 360 ° fields of view oriented normal to

the spin plane and separated by 90 ° around the spacecraft cir-
cumference so that complete three-dimensional distributions

can be measured in one-fourth of a spin period.
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4.2 Energetic Particle Detector

The energetic particle detectors carried by the MMS spacecraft

should be capable of measuring 3D energetic ion distributions

in the energy range of ~30 keV to several MeV, and of deter-

mining major species (H, He, CNO group) ion composition.
Electron distributions should be measured over the energy

range of-30 keV to at least several hundred keV. The time res-
olution required is -1.5 seconds (one half of a spacecraft spin

period). Good temporal, spatial, and spectral resolution are
needed to characterize the structure and dynamics of magne-

tospheric boundary layers, and of the processes operating in

particle acceleration regions. To provide the statistics for good

temporal resolution in boundary layer studies, large geometry
factors (-0.1 cm 2 sr) for each instrument look direction are

highly desirable. An example candidate instrument would be a
new generation compact TOF x E spectrometer. These have a

fan-shaped field of view of ~ 10° x 160 °, and very good geom-

etry factors. Two such heads could provide full 3D coverage
twice per spin, with low mass, power, and volume require-
ments. This measurement technique has much recent flight

experience (AMPTE, Galileo, ISTP, etc.). A dedicated electron
head using imaging, multistrip sensor technologies (as on
POLAR, CLUSTER, etc.) would also be possible and desir-

able. Data would be binned and compressed in the instrument

DPU to provide the temporal resolution appropriate to the sci-

ence requirements in each spacecraft data mode. Prelaunch cal-
ibration would be maintained by in-flight calibration sequences

and by interspacecraft comparisons in regions of uniform flux.

4.3 Electric Field Instrument

Each MMS spacecraft should carry a three-axis DC electric

field instrument and plasma wave receiver. The role of the
electric field and wave instrument is (1) to determine changes

in the perpendicular (e.g., fast flows) and parallel electric (e.g.,

AEII ) field signatures as evidence of the reconnection diffusion
region, (2) to detect and characterize both quasi-static and tran-
sient spatial structures of multiple scale sizes from the Debye

length to -R E and to characterize plasma waves from Alfv6n

frequencies to the local plasma frequency in the outer magne-
tosphere to investigate turbulence, and (3) to determine the

potential of large scale structures to investigate particle accel-
eration. The electric field measurements will also be used to

measure plasma drift velocities, local plasma density, and

spacecraft potential. The capabilities of the electric field instru-
ment should be similar to (or better than) those of the Polar

instrument, with the goal to obtain ~ 1 mV/m on spin-averaged,

perpe_djicular electric fields, -3 mV/m on AEII, and -1 x 10-14
(V/m) /Hz at 100 kHz spectral power density. One approach is
to use 80-meter tip-to-tip double probes in the spin plane, and

> 10-meter tip-to-tip axial masts. It is recognized that the accu-

racy of the measurement (depending upon magnetic orienta-

tion) depends upon the length of axial masts. If sufficient mass
and stability margins are available, 20-meter tip-to-tip axial
masts are desirable. In addition, to determine the magnetic

component of plasma waves with frequencies ranging from 25
Hz to several hundred kHz, a search coil antenna system could

be deployed on a boom positioned to offset the magnetometer
boom. The search coil would share electronics with the E-field

instrument. (This option is included in the spacecraft design

presented in Section 8.1 and in the spacecraft mass estimate

given in Table 8.1.)

4.4 Magnetometer

A candidate magnetometer for Multiscale Mission is a dual tri-

axial magnetometer using ring core fluxgate magnetic sensors.
These low-noise sensors are derived from the same technology

used on the ISEE, Pioneer Venus, Voyager, Galileo, GGS, and

Cassini missions. A dynamic range of 60,000 nT with a digiti-
zation of-1 nT on one of these two triaxial sensors and a -600

nT with a resolution of ~10 pT on the other triaxial sensor

would cover the full range of field strengths with the resolution

required. The vector magnetic field should be sampled at a rate
of at least 100 vectors per second. These data can be averaged

to lower rates over much of the trajectory but are needed for

periods of burst mode collection. The sensors should be
mounted on a stable boom so that any time varying spacecraft

fields are less than 0.1 nT. The relative timing of samples

should be known on the multiple spacecraft to better than 1 ms

if the spin period is 4 seconds and proportionately better for

shorter periods. The orientation of the spin axes of the space-
craft and their spin phase should be known to within 0.1 °. A

magnetic cleanliness program during the design, fabrication,

integration and test phase is an essential adjunct to the magne-
tometer investigation. If these requirements are met, intercali-

bration techniques using quiet field regions of the magnetos-

phere can provide extremely accurate intercalibration of the
multiple magnetometers. The ability to tilt the spin axes of one

or more of the spacecraft to check the zero levels of the other
sensors is a useful feature. Continuous operation of the space-

craft with spin axes at significant (>45 °) angles offers many

advantages to both the fields and plasma investigations.



5.0 Phases of the MMS Mission

The nominal MMS mission has an operational duration of two

years. It will be conducted in four phases, which are defined by

changes in the orbital parameters. In each phase, the three funda-

mental processes--reconnection, particle acceleration, and turbu-

lence-will be studied in different magnetospheric settings. In

Phases 1 and 2, the spacecraft cluster will be in a 10%inclination

orbit. During Phase 1, the scientific emphasis will be on processes

ocurring at the low-latitude dayside magnetopause and on sub-

storm-related processes in the near-Earth magnetotail. Phase 2 will

focus on the investigation of the dawnside flank of the equatorial

magnetopause and the magnetotail at distances up to 30 RE, with

special interest in substorm onset and evolution. Phase 3 will use

lunar swing-bys to take the spacecraft out to 120 RE in the deep tail

and then to rotate the plane of the orbit to become perpendicular to

the plane of the ecliptic. During this phase MMS will investigate

plasmoid evolution and the nature of merging at the distant neutral
line. Phase 4 will be conducted from the 90°-inclination orbit

achieved through the rotation of the orbital plane during Phase 3

and will focus on the investigation of the entire dayside magne-

topause, which it will skim from north to south, with additional

interest in studies of the mid-tail. Specific details of each mission

phase are given in the paragraphs that follow.

5.1 Phase 1: Dayside Magnetopause/Near-Earth

Magnetotail Investigation

The nominal subsolar distances to the bow shock and magne-

topause are 15 RE and 10 R E , respectively. With an apogee of 12

R E during Phase 1, the MMS spacecraft will sample the low-lati-
tude magnetopause over a range of local times around noon with

excursions into the magnetosheath. As upstream conditions vary.

multiple magnetopause crossings will occur. When apogee is on

the night side, the focus of the investigation will be on substorm-

related phenomena, such as the evolution of the current sheet and
earthward plasma flows in the near-Earth tail. As illustrated in the

diagram in Figure 5.1, Phase 1 will last nine months, with the evo-

lution of the orbit taking the spacecraft cluster from an initial

apogee at 0340 local time, across the magnetotail, and around to

the dayside magnetopause.

Since the Earth's magnetic field dominates at close distances, the

Phase 1 orbit has been designed so that its line of apsides lies close

to the magnetic equator. The orbital period will be adjusted to be

exactly synchronous. The argument of perigee for Phase 1 is 0 °. As

a result, apogee and perigee will occur over the intersection of the

geomagnetic and geographic equators (i.e., at ~ 15 E or 156 W).

5.2 Phase 2: Near-Earth Neutral Line/Magnetopause

Flanks Investigation

Primary emphasis during Phase 2 of the mission will be on

processes occurring in the region of the near-Earth neutral line, i.e.,

between 20 and 30 RE. In order to explore this region in the mag-
netotail, orbit apogee will need to rise, as illustrated in Figure 5.2.

As apogee is raised, MMS will be able to explore the dawn flank

of the magnetosphere, with excursions through the low-latitude

boundary layer (LLBL) back and forth across the magnetopause.
As the orbit traverses the magnetotail, the MMS cluster must
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Figure 5.1. During Phase 1, MMS orbit apogee will occur at a

radial distance of 12 RE and will precess over a nine-month peri-
od from 0340 local time, through the midnight meridian, around to
the dayside magnetopause. Orbit inclination during this phase is
10°. The focus of the science investigation during Phase 1 will be
on the evolution of the current sheet in the near-Earth tail during

substorms and on magnetic merging at the subsolar magne-

topause.
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Figure 5.2. During Phase 2, the MMS orbit apogee will be gradually

lengthened, from 12 to 30 RE, and will continue to precess in local
time. The focus of the investigation will shift during this phase to
processes occurring at the magnetopause flanks and in the LLBL and
to reconnection at the near-Earth neutral line, which is located in the

tail between 20 and 30 RE.
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remain close to the plasma sheet for as long as possible in order

to achieve the maximum scientific yield. Balancing the require-
ment to be close to the plasma sheet with the engineering require-

ment to avoid long eclipses places a seasonal time constraint on

the optimal orbit. To avoid long shadows, and to maximize the
amount of time that the spacecraft spend in the plasma sheet, it is

best to cross the midnight meridian at a time when the plasma

sheet is displaced from the GSM equatorial plane (i.e., around the

June or December solstice) when the tilt angle is largest in mag-

nitude. If the mission orbits are designed such that either June or

December corresponds to the midnight position as shown in

Figure 5.2, then the launch windows can be determined by step-

ping backwards in time from either of those dates.

5.3 Phase 3: Distant Magnetotail Studies

Phase 3 is primarily an orbit transition phase in which the gravi-

tational pull of the Moon will be used to increase the perigee and

apogee distances and then to induce a -90 ° orbit plane change.

These maneuvers will be accomplished on the night side of the

orbit so that the spacecraft will make deep passes into the distant

tail (-100-120 R E) to conduct science investigations of that
region. Two sets of double-lunar-swing-by (DLS) maneuvers will

be performed to effect the change from low- to high-inclination

orbit. In order to complete all phases within the planned mission

lifetime, the duration of the DLS will be no longer than one
month.

5.4 Phase 4: Magnetopause Skimming/Mid-Tail

Investigation Phase

apogee is near midnight. The separation is then increased again to

1000-2000 km. After apogee crosses the dusk meridian, the sep-

aration is reduced, becoming 10 km at noon.

Phase 2 (Near-Earth Neutral kine/Magnetopause Flank Study):

the separation is increased as apogee moves through the morning

hours, becoming a few thousand kilometers at 03 MLT. It is then

reduced to 1000 km around midnight (30 R_ apogee) before being
increased again to a few thousand kilometers at 21 MLT.

Phase 3 (Deep Tail Study): Separation will increase to a few RE
with some orbits in a string of pearls configuration.

Phase 4:(10 x 40 RE, polar orbit). A hexadron/quad-tetrahedron
with separations of a few thousand kilometers would be formed at

apogee, with a string of pearls evolving as the dayside perigee is

approached.

7.0 Orbit Insertion and Formation Flying

The five MMS spacecraft are to be launched from a single vehi-

cle. Because of the high altitude of the MMS orbit and the limit-

ed mission budget, launch vehicle options are constrained to

Delta II class vehicles. For the preliminary study presented in this

report, launch on a Delta II 7925H with 10' fairing has been

assumed (Figure 7.1). (There are more capable foreign carriers

that are within the MMS budget requirements. The viability of

such options will be assessed in the coming months.)

By the end of Phase 3, the inclination of the MMS orbit will have

increased to 90 + and the perigee and apogee will have been raised

to l0 RE and 40 R E, respectively. Apogee will be on the night
side. This orbit will allow MMS to skim the magnetopause from

pole to pole during Phase 4 and to make observations in the pre-
viously underexplored high-latitude magnetopause environment.

On the dayside, MMS will sample the cusp/cleft regions as well

as subsolar and high-latitude reconnection sites under changing

IMF orientations. On the night side, north-south cuts of the plas-

ma sheet in the mid-tail will provide information on the dynam-

ics of the plasma sheet. Finally, traversals of the high-latitude

boundary layer will allow MMS to investigate the transport of

solar wind plasma across the magnetopause.

6.0 MMS Spacecraft Separation Strategies

As described below, the distances separating the five MMS space-
craft will vary from 10 kilometers to a few thousand kilometers to

a few RE throughout the mission, with the separations sometimes

decreasing and sometimes increasing as a particular orbital phase

evolves. It is this feature that gives MMS its "multiscale" charac-

ter and that will make it possible to relate the plasma micro-

processes that are the focus of the MMS investigation to meso-

and macroscale phenomena.

Phase ! (12 RE apogee, 10° inclination): apogee starts at about 03
MLT and swings through midnight and then to noon. The hexa-

hedron/quad tetrahedron forms at apogee. Separation starts at
1000 to 2000 km and are reduced to 10 km tbr a few weeks when

Figure 7.1. The five MMS spacecraft are shown here in
stacked configuration, mounted inside the 10' fairing of a
Delta II 7925H launch vehicle.



Two orbit insertion scenarios were evaluated to determine
which would deliver the most mass to the Phase 1 orbit. In the

first scenario, the launch vehicle deposits the five MMS space-

craft directly into the 1.2 Rti x 12 R E 10°-inclination Phase 1
orbit; in the second scenario, the five spacecraft are put first

into a 28°-inclination parking orbit from which they then use

on-board propulsion to perform the final maneuver into the

Phase 1 orbit. Scenario 1 requires that the launch vehicle carry
a fourth-stage kick motor to achieve the final inclination,

resulting in a loss in efficiency. Scenario 2 is therefore prefer-

able. Each spacecraft needs to provide -330 m st AV to per-
form the inclination change. The total mass delivered to the

parking orbit is estimated to be -1540 kg or roughly 308 kg per

spacecraft. (These values are based on the current best estimate

of spacecraft mass, as given in Table 8.1, plus a 20% margin.)

The 1540 kg total mass value does not include the mass of the

Payload Attach Fitting (PAF), as noted in Table 8.2. With the

expenditure of fuel needed to perform the inclination-change

maneuver (hydrazine propellant is assumed), the total mass of

the cluster upon arrival in the Phase 1 orbit will be -1305 kg

(~261 kg per spacecraft).

Once the MMS spacecraft have been placed into orbit, the
parameters of the individual spacecraft orbits have been

designed so that the configuration of the five-spacecraft for-

mation will evolve during the orbit to form a specified hexahe-

dron/quad tetrahedron near apogee. The flight formation
results from the initial conditions of the orbit and does not

require any action by the spacecraft. The hexahedron/quad-

tetrahedron will evolve in a deterministic manner throughout

the orbit, becoming thirly elongated along the orbit at lower
altitudes.

S czlnel"
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8.0 The MMS Spacecraft

The MMS mission design calls for five identical spacecraft

with identical science payloads. The baseline science instru-

mentation (see Section 4.0) utilizes proven, relatively straight-

forward designs employing currently available technology. As
far as spacecraft technology is concerned, no new mission-

enabling technologies are required: the MMS mission could be

conducted with technologies in existence today and meet the
baseline science requirements. However. certain mission-

enhancing technologies currently under development--such as

an interspacecraft ranging and alarm system (IRAS), phased-

array antennas, and advanced conductive solar arrays--would

improve pertormance and reduce costs and/or complexity.

The following sections describe a strawman spacecraft design.

This design meets both the scientific and the engineering

requirements of the MMS mission.

8.1 Spacecraft Configuration

The strawman MMS spacecraft has been configured for maxi-

mum simplicity and ease of packaging. Each spacecraft is a

spin-stabilized fiat structure with the form of a regular octagon

when viewed from either end and with a very stable height-to-

diameter ratio (Figure 8.1). Because the upper stage of the

launch vehicle will be spin-stabilized, the five spacecraft must

be balanced in their launch configuration (cf. Figure 7.1), and

the center of gravity of the spacecraft stack must meet the

requirement specified in the launch vehicle user's guide. This

stacking and balancing requirement has led to the proposed flat

design for the spacecraft bus. This design, in turn, necessitates

Energetic Electric Field

Parti_le Wh-e Boom (4)

Scn$(l"

Elect.
C&D H

Tangential
Thrusters

(4)

.4.--- Sun Sensors

Hot Plasma

(2)

Ma_ Boom

ILAElect
Space(.a'a_ reside ring

A.mp R'opranks (4)

Figure 8.1. View of the MMS payload deck, showing the location of the various instruments and spacecraft subsys-
tems. The MMS design uses an open architecture to faciliate instrument and subsystem integration ancl to provide
ease of access, even when the five spacecraft are instacked launch configuration. The spacecraft octagon measures
109" from apex to apex and 19" in height (not including deployed solar array petals).
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OomDonent _ Mass Ckg) Dimensions (in) 0omments

4 E-Field -Radial 2 8 8 x 5 x 13 4" Protrusion o/s s/c

2 E-Field -Axial 2.5 5 4.5 diam x 11.5 Top & Bottom Decks

1 E-Field -Electronics 2 2 Inside s/c

2 Hot Plasma 8 16 6.0 dia x 4.0 Faces O/S 90 degrees

1 Mag + Boom 2.5 2,5 7 x 4 x 3 Faces O/S

1 S-Coil Mag + Boom 2.5 2.5 7 x 4 x 3 Faces O/S

1 Energetic Particle 2 2 4 dia x 4 cyl. side faces O/S

8 Ranging Antennas 0.1 0.8 6 trans, 2 receive

1 R.A. Electronics 1.5 1.5 4 x 8 x 6 Inside s/c

2 Omni Antenna 0.5 1 4 x 2 dia. top and bottom

1 Xpondr X-band 3.1 3.1 6.8 x 5.3 x4.5 Inside s/c

1 Comm Amplif 2.17 2.17 6.5 x 6.5 x 6.5 Inside s/c

1 Other Comm Stuff 3.37 3.37 Inside s/c

1 Earth Sensor 0.77 0.77 5.25 x 3.60D Faces O/S

1 Earth Sensor Elec. 1.77 1.77 6 x 7 x 3.25 Inside s/c

2 Sun Sensor 0.109 0.218 2.6 x 1.3 x 1 Faces O/S

1 Sun Sensor elec. 0.726 0.726 4 x 2.3 x 3.7 Inside s/c

1 Prop Tanks/Plumb. 19.86 19.86 16.5 dia, 1840 in3 4 tanks+ 15% plumbing

8 1# thruster+valve 0.34 2.72

1 Thermal 3.5 3.5 N/A Blankets & T'stats

1 C&DH box 11.5 11.5 1 0x 14.63x 11.13 +pyro, EVD cards

1 S/C Harness 6 6 mostly on lower deck

1 Battery 7.7 7.7 7.2 x 7.2 x 7.2 Inside s/c

1 Power System Elec 5.4 5.4 12 x 12 x 4 Inside s/c

1 Solar Array 4.2 4.2 2.32 m2 cells only, 1.8 kg/m 2

1 Separation Device 5.9 5.9 3T' v-band at upper ring I/F

1 Structure 42 42 composite + cell substrate

1 Fuel 95.72 95.72 1000 dv

Probe S/C 257.93

Total

Table 8. f. As shown in this table, the best estimate for the MMS spacecraft mass budget (without the 20% margin) is 257.93 kg.
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Figure 8.2. This 3-D view of the MMS spacecraft shows the eight
solar array petals in deployed position and the fan-shaped field
of view of the energetic particle detector.

the addition of a mechanism to deploy eight petal-shaped solar

array panels (Figure 8.2) to increase the on-orbit solar array

area to meet the power needs of the spacecraft and the instru-

ments. As illustrated in Figures 8.2 and 8.3, the instruments

are positioned on the payload deck such that the fields of view

for all instruments are clear and the boom deployments are

unimpeded.

In the strawman design, the load-bearing element of the space-

craft is a central interior tube or ring around which the instru-

ments and spacecraft subsystems are positioned on the payload

deck. When the spacecraft are stacked one on top of the other

in launch configuration, these rings will form a very strong

cylindrical structure well capable of carrying the vehicle
launch loads. The diameter of the inside ring is designed to

match the diameter of the payload attach fitting of the launch

vehicle resulting in a simple, straightforward load path.

The baseline MMS spacecraft has been configured as an open

structure to facilitate integration of the instruments onto the

spacecraft and to provide access to the instruments after inte-

gration without disassembly of the spacecraft. This open archi-
tecture is particularly advantageous because it will allow

access to at least some components when the five spacecraft

are integrated together in stacked configuration for part of the

mission-level integration and test activity.

Table 8.1 provides a detailed mass breakdown for the baseline

MMS spacecraft, while Table 8.2 indicates the mass margin

against the launch vehicle capability. The functional block dia-

gram in Figure 8.4 illustrates the strawman mission system
architecture.

8.2 Attitude Control System (ACS)

The MMS spacecraft must be spin-stabilized, with a nominal

spin rate of 20±0.2 rpm and a spin axis knowledge of better

Figure 8.3. Top view of the spacecraft, showing the fields of
view of the two (non-scanning) plasma instruments.

than 0. !°. Only "loose" control of the spin axis normal to the

ecliptic plane (_5 °) will be required for the science observa-

tions. The spacecraft spin axis will be canted -2°-5 ° from

ecliptic normal to prevent shadowing of the electric field boom
sensors. In addition to basic orbit maintenance maneuvers,

numerous in-plane and out-of-plane orbit maneuvers will be

required during the mission. The first--and most significant

from the standpoint of the AV required--is the out-of-plane
maneuver to change the inclination of the orbit from the 28 °-

inclination parking orbit to the 10°-inclination Phase 1 orbit
(see Section 6.0). The instruments will be unpowered (except

for heaters) during this initial plane change maneuver. At the

end of Phase I, in-plane apogee raising maneuvers will be per-

formed to bring the MMS cluster into the Phase 2 orbit. As dis-
cussed in Section 5.1.3, two complicated double-lunar-swing-

by maneuvers will be perlbrmed in Phase 3 to achieve the 90 °-
inclination Phase 4 orbit. The ACS will maintain the proper

attitude of the spacecraft to allow data taking throughout all the

maneuvers except the initial plane change.

5 Probe S/C 1289.65

3712 PAF 0

MMS Mission Total 1289.65

7925H- 10 Vehicle capability 1540

Margin (kg) 250.35

Percent Margin 19.4%

Table 8.2. Mass margin relative to the capacity of the
Delta II 7925H Payload Attach Fairing (PAF) mass not
included).
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Parameter IValue Remarks

Spacecraft EIRP 14.0dBW

Polarization loss
I

Free space loss

-0.3dB

-205dB 50000 km at 8.450GHz

Atmosphere + rain loss -4.7dB 99.9% coverage at 5° el

Groundstation G/T 33dB/?K 11m 55% efficient

Data rate 60dB-bps 1Mbps

Received Eb/N0 5.69dB

Implementation loss 1.0dB

Required Eb/N0 2.6dB R-S + rate V2 BPSK
BER=10-5

Margin 2.0 dB

Table 8.3. Commerica111-meter dishes will be used for commu-

nications with MMS during Phases 1 and 2. 11-meter dish can
communicate to 50000 km at 1 Mbps. Value given in table rep-
resent worst case assumptions.

Parameter Value Remarks

Spacecraft EIRP 14.0dBW

Polarization loss -0.3dB

Free space loss -227dB 100 RE at 8.450GHz

Atmosphere + rain loss -0.08dB 30° el

Groundstation G/T 52.2dB/°K 34m 55% efficient

Data rate 61.76dB-bps 1.5Mbps

Received Eb/N0 5.61dB R-S + rate 1/2BPSK
BER=10-5

Implementation loss 1.0dB

Required Eb/N0 2.42dB

Margin 2.2 dB

Table 8.4. DSN 34-meter dishes will be used for communication
with MMS during Phases 3 and 4. 34-meter dish can communi-

cate to 100 RE at 1 Mbps. (Values shown represent nominal case
assumptions.)
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There is a complex interrelationship among the spacecraft spin

rate, the ability of the ACS to achieve the 0.1 ° pointing knowl-

edge, and the ability of the hot plasma instrument to provide the

required 0.75-s time resolution. This interrelationship has impli-

cations for the design of both the ACS and the hot plasma detec-

tor. At the nominal spin rate of 20 rpm, the hot plasma analyzer

can achieve the required time resolution with a fixed field of

view--that is, without scanning. Use of a fixed field of view

greatly simplifies the design of the instrument. However, at that

high rate of spin, traditional star trackers appear not to be able to

perform well enough to meet the knowledge requirement of 0.1 °
about the spin axis. On the other hand, if the spin rate is lowered

to a rate at which a star tracker will perform as required (i.e, <6

rpm), then the hot plasma detector must employ electronic scan-

ning in order to achieve the need time resolution. A study is

therefore currently under way to assess star tracker performance

and to identify alternatives to star trackers, such as steerable

horizon-crossing sensors and star scanners.

8.3 Data and Communication System

The MMS spacecraft will use an X-band frequency for uplink

and downlink. The uplink and downlink telemetry will be in the

Consultative Committee for Space Data Systems (CCSDS)

Advanced Orbiting Systems (AOS) format. Commanding for the

instruments is estimated to be 100 bytes per instrument per day

for each spacecraft.

The instrument complement will generate -2 Gbits per day per

spacecraft. Because the range to the ground stations will be rela-

tively close during Phases I and 2, commercial stations with I l-

meter dishes (Table 8.3) will be used for spacecraft-to-ground

communications during these two phases. However, for commu-

nication during Phases 3 and 4, the DSN 34-meter dish will be

needed (Table 8.4). In order to minimize ground station cost, the

spacecraft must be able to store up to two weeks' worth of sci-

ence data without loss until the range to the ground station is

short enough to allow the data to be transmitted at a high rate (at

least 1 Mbps but less than 2.2 Mbps).

In order to minimize system costs, the spacecraft must be capa-

ble of transmitting an EIRP of at least 14dBW in the direction of

the Earth. It is assumed that the transmitter will be capable of

transmitting continuously for at least four hours.

In order to analyze and interpret the MMS science data it is vital

that the shape and orientation of the five-spacecraft formation at

the time of data acquistion be known. This knowledge will be
obtained by tracking the spacecraft as they progress through their

orbits and then reconstructing the configuration of their forma-

tion on the ground. Methods for tracking the spacecraft and
determining their orientation are currently under study. Two

options are being considered: two-way Doppler ranging and one-

way Doppler ranging using the signal from high-stability oscil-

lators on board each spacecraft. Two-way (coherent) Doppler is

the current baseline, with a requirement of 100-km spatial reso-

lution of the cluster position for normal operations.
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8.4 Power System

The MMS instrument complement requires -39 W of power at 28 V.

The spacecraft requires an average power of -94 W on the day side

and -103 W on the night side. Thus the total power requirement is

-133 W during the daylight portion of the orbit and -142 W during

eclipse (see Table 8.5 for the detailed power budget breakdown). To

meet these power requirements, dual-junction GaAs cells with an

assumed efficiency of 2 lpercent will be used, covering a total area

of the spacecraft of 2.32 m 2 (0.29 m2 per facet x 8 facets). This

design yields adequate margin for all power load cases. For the

strawman spacecraft design presented here, it is assumed that the

maximum eclipse duration would be 2 hours. Under this assump-

tion, a 26-Ah battery will be sufficient to satisfy spacecraft power

needs during eclipse, if the depth of discharge is limited to 40%. A
lithium ion battery has been baselined to minimize the weight and

volume impact (7.3 kg, ~7 in3). Although lithium ion batteries of

this size are not currently available, it is anticipated that they will be

readily available in time for MMS spacecraft development. If not, a

NiH2 battery would suffice.

8.5 Interspacecraft Ranging and Alarm System (IRAS)

A unique feature of the MMS mission is that the five spacecraft

together form a single sensor that can measure the div, grad, and

curl of the electric and magnetic fields directly. In order to calculate

these vector quantities, the distances between the spacecraft must be
known to better than 1% of the separation between the spacecraft.

The interspacecraft distances will be changed throughout the mis-
sion to match the scale size of the phenomena being investigated and

will vary from 10 km to several tens of thousands of kilometers (see
Section 6.0 above). To determine interspacecraft distances less than

100 km, the strawman design calls for an Interspacecraft Ranging

and Alarm System (IRAS) on each spacecraft that will continuous-

ly monitor the distance among the spacecraft and record that dis-
tance during science operations or when an alarm flag is set. The

IRAS will employ an RF antenna on each spacecraft and will send a

low-speed serial message to the C&DH system. This message will

contain the following information: distance to the other spacecraft in
the formation, alarm status of each spacecraft, thruster t'u-ing status

of each spacecraft, and internal IRAS health and safety. The IRAS

will also provide timing intbrmation to within 50 ms, allowing for

Technology Development

Formulation Phase

Instrument AO process

Spacecraft RFP Process

Implementation Phase

highly accurate correlation and intercomparison of the data acquired

by the five individual spacecraft. A technology program to develop
the proof-of concept hardware for the IRAS is currently under way.

However, in view of the possibility of an accelerated development

and launch schedule for MMS (see Section 10) and given the inno-

vative and unproven nature of the IRAS, an alternative back-up con-

cept to provide the ranging data is also being developed. The pro-

posed back-up system will employ several ground stations for

improved tracking data and post-processing activities to remove cor-
related error terms. Further analysis of the proposed back-up system

is needed in the coming year; however, preliminary evaluation of

this option indicates that it represents a viable alternative to the

IRAS, though it complicates mission operations somewhat by

reducing spacecraft autonomy.

9.0 Mission Lifetime and Reliability

The MMS mission concept has been optimized so that required
measurements can be taken at the necessary locations within the

magnetosphere within the specified two-year mission lifetime. The

mission design calls for the deployment of a "virtual sensor" con-

sisting of five spacecraft. This concept allows for implementation of

an aggressive spacecraft design philosophy to maximize design sim-

plicity and minimize redundancy and still ensure that the science

goals will be met. The overarching reliability goal is to have at least
four spacecraft still operating at the end of the two-year mission life-

time. If there is fuel remaining after the nominal end of mission, then
measurements can continue in an extended mission with the space-

craft cluster in the Phase 4 orbit until the fuel has been completely

consumed. Expendables will be sized to support 1,100 m s-1.

10.0 Mission Schedule

The MMS launch is currently scheduled for June of 2006 (see figure

10.1). NASA is working on a new initiative: Living with a Star.
Part of that initiative includes accelerating the launch dates of the

STP mission. The impact to MMS could be a move up of the launch

date by 6 months. A decision on that should come in the summer of

2000. The impact on the MMS schedule would be a shortening of
the formulation phase by 6 months. The baseline schedule, as

depicted in figure 10.1, shall be used for planning and costing pur-

poses until other direction is given.

FY00 FY04 FY07
Q1234 1234

Spacecraft build

System level 1& T

Launch Preparations

Releas _ Selection

Mini ,e,tudy Detailed _u ly

Rel :ase

CDR

I/

Launch •

Figure 10.1. MMS launch is currently scheduled for September 2006. However, because no new mission-enabling
technology is required for either the instruments or the spacecraft, the accelerated schedule shown here could be
implemented.



Instruments On &

Transmiting (Peak)

Nominal

Mission Mode

(Day)

Nominal

Mission Mode

(Night)
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Safe Mode

Margin %

Total Power

Instrument Totals & Margin

Margin 20 20

Hot Plasma (2@7W)

Energetic Particles (1 @2W)

3-Axis Magnetometer (1 @ 1.2W)

Search coil

Electric Field

Spacecraft Loads--Margined

Power

PSE 92% Efficient (120W Load) 10.0

Electrical

PSDU (22% of 120W Load) 10.0

Harness (25% of 120W Load) 10.0

Attitude Control

Digital Sun Sensors: 1.0
Earth Sensor: Ithaco Steerable Horizon 1.0

Crossing Indicator (SHCI) (7.5W)

Nutation Damper: Not Required 1.0
ACE: Functions Reside In CDH

Command & Data Handling

Processor: Primary @ 16W; Redundant @8W 20.0

Peak

182.2

38.64

6.44

14

2

1.2

0.4

15

143,2

11,0

11.0

6.2
2.9

3.3

10.4

2.8
7.6

0.0

0.0

37.8

37.8

Avg. Power

132.9

38.64

6,44

14

2

1.2

0.4

15

93.8

11.0

11.0

6.2

2.9
3.3

10.4

2.8

7.6

0.0

0,0

37.8

37.8

Avg Power

141.9

38.64

6.44

14

2

1.2

0.4

15

102.8

11.0
11.0

6.2

2.9

3.3

10.4

2.8

7.6

0.0

0.0

37.8
37.8

Avg. Power

143.2

0

0

0

0

0

0

0

143.2

11.0

11.0

6.2

2.9

3.3

10.4

2.8

7.6

0.0
0.0

37.8

37.8

Communications

Small Deep Space Transponder (12.7W) 10

TWTA (20W RF; 40W Power) On When 10
Transmitting

IRAS ranging (8W) 10

Thermal

Propulsion & Battery Heaters

Propulsion
Transducers, Electronics

66.8

140
44.0

8.8

9.0

9.0

265
14.0

3.7

8.8

0.0
0.0

26.5
14.0

3.7

8.8

9.0

9.0

66.8

14.0
44.0

8.8

9.0

9.0

2.02 2.02 2.02 2.02

1 2.02 2.02 2.02 2.02

Table 8.5. MMS power budget.
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