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Table 1: THEMIS Facts:

	Launch
	February 17, 2007, Cape Canaveral

	Current Orbits
	P1, 1.2 x 31.7 RE, i = 3.2°, T = 94.0 hours

P2, 1.3 x 19.6 RE, i = 6.7°, T = 47.5 hours

P3, 1.4 x 11.8 RE, i = 6.5°, T = 23.9 hours

P4, 1.4 x 11.8 RE, i = 7.1°, T = 23.9 hours

P5, 1.5 x 9.9 RE, i = 11.5°, T = 19.2 hours

	 Spacecraft (5)
	All subsystems healthy

	Instruments (5/spacecraft)
	Electrostatic analyzers (ESA):  All healthy

Solid state telescopes (SST):  All healthy

Search coil magnetometers (SCM): All healthy

Fluxgate magnetometer (FGM): All healthy

Electric field instrument (EFI): All healthy

	Ground based observatories (GBO)
	All-sky white light imagers (ASI): All healthy

Fluxgate magnetometers (GMAGS): All healthy

	E/PO observatories
	12 schools with E/PO magnetometers: All healthy

	End of baseline mission
	August 2009


Table 2.  Mapping Review Criteria to Proposal Sections

	Criterion
	Section
	Comment

	Relevance of proposed work to HP research objectives and focus areas
	1. Executive Summary

2.  Introduction
	

	Participation in Heliophysics Great Observatory
	1.  Executive summary (for the moment)
	

	Promise of future impact
	3.  Extended Baseline Mission

4.  ARTEMIS
	

	Budget/cost efficiency
	7.  Technical Budget
	

	Technical status/Spacecraft and instrument health
	7.  Technical/Budget
	100% healthy

	E/PO activities
	8.  Education/outreach
	

	Broad accessibility and usability of data
	8.  External use of data

Appendix.  Mission Data Archive Plan
	

	Results evidenced by citations, press releases
	8.  Impact
	

	Productivity and vitality of the science team (publications and younger scientists)
	8.  Impact
	

	Mission Archive Plan
	Mission Data Archive Plan
	


1. Executive Summary

Following the successful completion of the prime mission in September 2009, the THEMIS spacecraft will be poised to tackle new research problems during an extended mission covering the period from FY10 to 12.  We propose to divide the mission into two complimentary components: an extended THEMIS baseline mission and ARTEMIS.  The extended baseline mission will employ three spacecraft with new orbital parameters specifically chosen to address as yet unresolved magnetotail, inner magnetospheric, and magnetopause questions.   Preservation and utilization of the outermost two spacecraft requires their deployment elsewhere: consequently ARTEMIS will employ the two spacecraft on a mission of discovery to the Moon.  ARTEMIS will address questions concerning the distant magnetotail, the foreshock and solar wind structure, and the lunar wake.  Table 3 summarizes the timetables, orbits, and objectives of the extended baseline and ARTEMIS missions.

THEMIS has made numerous scientific discoveries to date, including a proof-of-concept study correlating westward-propagating features in the magnetotail and on the ground that validates the timing concepts upon which its substorm studies will be based, a demonstration that flux transfer events can be detached from the magnetopause, and an analysis of hot flow anomalies at the moment they form.  These have been well covered by the press and electronic media.  Because THEMIS represents the fulcrum of NASA’s” Great Observatory”, reaping the full harvest of scientific results from the mission require a close working relationship and the involvement of almost the entire heliophysics research community.  THEMIS will therefore continue to seek out collaborations with researchers representing NASA’s heliospheric, magnetospheric, and ionospheric/thermospheric spacecraft, the spacecraft of other agencies, and ground-based observatories.  THEMIS will enable joint studies by continuing to make all THEMIS data sets, documentation, and software tools publically available and easily accessible from multiple sites in multiple formats.  To involve the research community, we are requesting reinstitution of funding for the proposed and selected (but subsequently deleted) Guest Investigator program.

Table 3: Science Return Versus Mission Phase

	Mission Phase
	Center Date
	Orbit
	Objective

	
	
	Baseline Mission
	

	Coast
	08/01/2007
	Pearls-on-String, 14.7 RE apogee
	Boundary waves/FTEs

	T1
	02/01/2008
	9.9, 11.8, 11.8, 19.6, and 31.0 RE apogees align radially each 4 days
	Begin substorm survey

	D1
	8/15/2008
	10.7, 11.6, 11.6 19.5, 30.7 RE

align every 8 days
	Begin solar wind coupling studies

	T2
	2/15/2009
	11.6, 11.6, 11.7, 19.6 30.5 RE

align every 4 days
	Complete substorm survey

	D2
	8/15/2009
	11.5, 11.6, 12.9, 20.0, 31.5 RE

align every 8 days
	Complete solar wind coupling studies

	R
	Throughout
	Perigee passes
	Compare source/energized particle populations, track injections

	
	
	
	

	
	
	Extended Baseline Mission: 3 spacecraft
	

	T3
	4/15/2010
	dZ = 600-3000 km, dR = 1 RE

align every 8 days
	Thin current sheets, current generation mechanisms

	D3
	11/01/2010
	dZ = 1000-3000 km, dR = 1000 km, every day
	Effects of boundary conditions on reconnection: cold plasma quenching

	T4
	4/10/11
	dZ = 100-500 km, dR = 1000 km

every day
	Current disruption instabilities

	D4
	12/1/2011
	dZ = 200-1000 km, dR = 200 km
	Kinetic physics of asymmetric reconnection

	T5
	6/21/2012
	dZ = 200-1000 km, dR = 1000 km
	Turbulence

	R
	Throughout
	String of pearls
	Evolution of the large-scale electric field, electron phase space densities beyond geosynchronous orbit, effects of VLF/ULF wave-particle interaction

	
	
	
	

	
	
	ARTEMIS: 2 Spacecraft
	

	xxx
	yyy
	1-20 RE separations at lunar distance
	Reconnection, solar wind-magnetosphere interaction, plasma sheet turbulence

	
	
	1-20 RE separations at lunar distance
	Foreshock, solar wind turbulence

	
	
	1-20 RE separations at lunar distance
	Comprehensive survey of lunar wake in solar wind, magnetosheath, magnetotail

	
	
	
	

	
	
	THEMIS and ARTEMIS in Tandem
	

	
	Throughout
	Near- and mid-tail
	Plasmoid initiation and tailward motion

Dissipation of Earthward flows from distant tail reconnection


2.  Introduction

During the 6 months following their launch on February 17, 2007, the five THEMIS spacecraft operated in a ‘string-of-pearls’ orbit.  Using these spacecraft observations, and those from the dedicated array of 20 ground observatories in North America, members of the THEMIS team have: (1) validated the combined space- and ground-based substorm onset timing techniques that underpins the mission’s concept, (2) studied the structure of the magnetopause, magnetosheath, bow shock, and foreshock, and (3) begun to survey the unusually quiet inner magnetosphere during solar minimum.  Results from this ‘coast’ phase of the mission were presented at the Fall 2007 AGU meeting and are described in Section 6 below.

From September to December 2007, the THEMIS spacecraft moved into individual orbits with apogees of 9.9, 11.8, 11.8, 19.6, and 31.7 RE (corresponding to orbital periods of 1, 2, and 4 days) in preparation for their first northern hemisphere season of substorm observations.  Because the apogees of the spacecraft align radially once each four days over North America, the constellation of spacecraft and ground arrays can be used to pinpoint the time and location where substorms begin, crucial information needed to discriminate between proposed causes in terms of current disruption, magnetic reconnection, and other mechanisms.  Two seasons (January to March of 2008 and 2009) are needed to observe a statistically-sufficient number of substorms.  On the basis of the preliminary studies that have been completed to date, we look forward with confidence to the completion of this primary objective by the end of the prime mission in September 2009.  By that time, the mission will have also completed an extensive survey of the inner magnetosphere during solar minimum and provided two seasons of simultaneous solar wind, foreshock, and outer magnetosphere, thereby enabling comprehensive studies of the dayside solar wind-magnetosphere interaction.
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Figure 1.  THEMIS observations of substorm onset.  On their first day of scientific operations, the THEMIS spacecraft observe a magnetotail magnetic field dipolarization associated with a substorm onset.  The dipolarization propagated duskward THEMIS-D to THEMIS-E.  The ground-based observatories captured a simultaneous auroral brightening.  The combined set of observations serves as a proof-of-concept for the substorm timing studies that will be the focus of the mission when the spacecraft line up radially during the two magnetotail seasons.

Although we expect to learn whether current disruption or reconnection is the principle cause of substorms by the end of the prime phase of the THEMIS, many questions concerning physics of these mechanisms and the nature of solar wind-magnetosphere interaction will still remain.  These topics will be addressed by the extended baseline mission, during which the interspacecraft separation in the radial direction will diminish but the separation in the direction perpendicular to the current sheet will increase.  The extended baseline mission is well-suited for studies of the structure of the current sheet, the kinetic-scale structure of reconnection on the dayside magnetopause, and identification of the processes responsible for energization and loss of radiation belt particles during geomagnetic substorms.  

Summary and timetable of the operations needed to be undertaken for the extended baseline mission.

Prolonged lunar shadows mean that THEMIS-1 and –2 will be lost during the ? and ? years of extended mission operations if they remain in their present orbits.  However, the fact that both spacecraft have considerable fuel reserves means that they can be sent to entirely new orbits.  Following extensive discussions and the recommendations of NASA HQ, we therefore seek to initiate a new mission employing the two THEMIS spacecraft with greatest apogees.  We propose to move them via temporary Lissajous orbits into lunar orbits.  We call this mission of discovery ARTEMIS.  ARTEMIS will determine the characteristics of reconnection in the mid-magnetotail, the properties of the foreshock and solar wind turbulence, and the characteristics of the lunar wake.  ARTEMIS will also serve as a solar wind monitor some 80% of the time and work with the extended THEMIS baseline mission to examine the detritus of near-Earth reconnection in the distant magnetotail the remaining 20% of the time.

Technical reasons why we need to move THEMIS-1 and –2.  Why the Moon is a unique vantage point.  Summary and timetable of operations needed to send them there.  What are their separations in lunar orbit.

An alternative mission scenario, one in which four spacecraft are sent to the inner magnetosphere and only one to the Moon.  Advantages and disadavantages.

As illustrated by Table 4, the extended baseline and ARTEMIS missions address as broad range of Heliophysics Objectives.  Heliophysics targetted outcomes that will be addressed by the mission include measuring magnetic reconnection at Earth, determining the dominant processes and sites of particle acceleration, identifying the key processes that couple the Sun to the Earth’s atmosphere, understanding how solar shocks and disturbances propagate to Earth (foreshock and shock/magnetosphere interaction), identifying how space weather (radiation belt) effects are produced in near-Earth space, determining extremes of the variable radiation and space environments at Earth and the Moon, nowcasting solar and space weather (predictability of substorms), and forecasting ‘all-clear periods’ for explorers near Earth (lunar environment).

Achieving these objectives and outcomes, means that THEMIS/ARTEMIS must engage the full national/international research community.  We already rely upon solar wind observations by ACE and Wind, cooperate in magnetospheric studies with Geotail, Cluster, and Double Star, and provide information concerning magnetospheric conditions to FAST, TIMED, and SAMPEX.  Recognizing our responsibility to enable these collaborative projects, we have placed our full data set, documentation, and analysis software on line for downloading, and have scheduled public lectures on how to use them at various scientific meetings.  Harvesting the rich return from the THEMIS mission requires engaging the research community via an active Guest Investigator program: this proposal calls for reinstutation of the GI program originally proposed and selected, but subsequently deleted by NASA HQ.  The success of our mission also depends on active public outreach.  As detailed below, our launch and first THEMIS discoveries press releases have been well covered, we have worked closely with the press and electronic media to get our messages across, and we have worked intensely on education activities. 

Table 4: Mapping THEMIS/ARTEMIS to the Heliophysics Roadmap

	Heliophysics Roadmap Objective
	Extended Baseline
	ARTEMIS

	F1 Understand Magnetic Reconnection
	
	

	F2 Understand the Processes that Acceleration and Transport Particles
	
	

	F3 Plasma-Neutral Interactions on Various Spatial Scales
	
	

	H1 Understand the evolution of solar activity that affects Earth
	
	

	H2 Determine changes in the Earth’s magnetosphere/ionosphere for specification/mitigation/prediction
	
	

	H4 Understand the role of magnetic shielding on evolution and habitability
	
	

	J1 Characterize the variability of space environments for explorers
	
	

	J4 Characterize space weather in planetary environments
	
	

	
	
	

	NAC/NRC Report Goal
	
	

	1.1 Characterize lunar electromagnetic and plasma environment
	
	

	1.4 Interaction of plasmas with the Moon
	
	

	1.3 Magnetotail dynamics at lunar orbit
	
	

	2.1 Predict space weather impacts on robotic and human productivity
	
	


3.  Extended Baseline Mission

The extended baseline mission employs the three innermost THEMIS spacecraft, with new orbital parameters, to address magnetotail, inner magnetosphere, and magnetopause topics that will remain after the end of the prime mission.  The focus changes towards small radial and enhanced latitudinal separations, and opportunities for collaborative studies with other spacecraft within the great heliophysical observatory.

3.1 Magnetotail physics

The primary objective of the THEMIS mission, and the extended baseline THEMIS mission, is to understand the phenomena that occur at onset and during the expansion phase of geomagnetic substorms. At onset, the most equatorward auroral arc brightens and moves poleward.  In the current disruption model (Fig. L1a), disruption of the near-Earth current sheet by a yet unknown plasma instability causes the brightening, while a tailward propagating rarefaction wave instigates reconnection in the mid-tail at distances some 20 to 30 RE from Earth. The disruption causes the near-Earth magnetic field to dipolarize and diverts currents into the ionosphere, while the fast mode wave initiates sunward-moving fast flows. Both activities contribute to poleward arc motion.  By contrast, the near-earth neutral line model invokes reconnection in the mid-tail (Fig. L1b), which launches earthward- (and tailward-) moving flow bursts at speeds of several hundred km/s. The flow bursts brake when they encounter the strong magnetic fields within the inner magnetosphere, resulting in flux pile-up and a dipolarization of the magnetic field.  A substorm current wedge forms where cross-tail (dawn-to-dusk) currents are diverted into the ionosphere by the inertial currents and by the sustained build up of a north-south gradient of plasma pressure.  As more flow arrives, the magnetic field dipolarization front propagates tailward, resulting in the poleward arc motion.
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Figure L1: Two models for substorms illustrate the time sequences to be tested by THEMIS.

By the time the extended baseline period begins, we will have completed two seasons of nightside magnetotail observations and expect to have determined whether the current disruption or reconnection model best explains substorms. In the former case, we will then want to determine conditions that favor the process that causes current disruption.  In the latter case we will want to understand how bursty bulk flows (BBFs) emitted from the reconnection region further downstream are dissipated and how they generate currents in the near-Earth magnetotail. As described below, these tasks require (1) extensive observations in the near-Earth region at distances of 6-12 RE from Earth, with (2) spacecraft separations of 100 to 3000 km in the Z-direction, perpendicular to the magnetotail current sheet, and (3) interspacecraft separations on the order of 0.1 to 1 RE in the radial direction. The orbits of the three innermost THEMIS spacecraft during the extended baseline mission have been specifically chosen to address the physics of the plasma sheet and the inner magnetotail (see Table 3). Note that Cluster does not pass through this crucial region in a tetrahedron formation.

3.1.1.  What are the basic characteristics of thin current sheets and their relation to auroral forms?

Thin current sheets are ubiquitous in astrophysical plasmas and are favorable sites for three fundamental unsolved problems, namely, magnetic reconnection, particle acceleration, and turbulence. During substorm growth phase, magnetic field lines in the outer magnetosphere stretch tailward to form a thin current sheet.  The inner edge of this current sheet is indicated by magnetic field lines changing from dipolar to magnetotail configurations.  This magnetic field transition region (MFTR), lying some 7-12 RE from Earth, is presumably where BBFs slow down and where current disruption instabilities occur. Deep minima in the north-south (Bz) component of the magnetic field occur in the thin current sheet further antisunward.

The enhanced separation of the spacecraft perpendicular to the current sheet during T3 and T4 will facilitate surveys of deep Bz minima and thin current steets as a function ofocation and magnetospheric activity.  Global adaptive models will be used to predict the latitudes on the Earth’s surface to which the deep minima map and the ground-based component of THEMIS will be used to identify the corresponding auroral features.  Since very energetic electrons cannot maintain their adiabatic motion in weak magnetic fields, the inferred locations can also be compared with ground riometer/low altitude spacecraft observations of precipitating electrons.  The next step is to track the radial and azimuthal motion of the waves that drive the flapping motion of thin current sheets.  The spacecraft separations in the Z-direction during T3 and T4 will be essential in determining the characteristics of the wavy motion and the structure of the current sheet in the XZ- and YZ-planes. Several techniques will be used to determine current sheet orientation, including minimum variance analysis of magnetic fields, multi-point timing, triangulation to find the local magnetic equator, identification of magnetic field gradients using spacecraft pairs or 3-point curlometer techniques, and remote-sensing with energetic protons.  There are also several techniques available to determine current sheet thickness, including integration of flows perpendicular to the current sheet during flapping, three-point fits to the Harris function during non-flapping intervals, and the B-gradient method during flapping intervals when the orientation of the current sheet normal is well determined.  In addition to determining the basic characteristics and motion of thin current sheets from this study, we anticipate determining how different auroral forms (arcs, auroral streamers, diffuse aurora) map to distinct current sheet features. The expected results will improve our ability to link magnetospheric features with ionospheric features better than by relying on magnetic field line mapping alone.

THEMIS will determine the occurrence patterns and characteristics of thin current sheets and deep Bz minima in the Earth’s magnetotail and map these features to their ionospheric and low-altitude counterparts. 
3.1.2.  Where is the flow braking region and what are the characteristics of its associated turbulence?

Magnetohydrodynamic (MHD) theory predicts that BBFs will be stopped at locations where the flux tubes they transport have entropies comparable to those of the surrounding media.  However, this entropy conservation may not work in kinetic or turbulent plasmas, where both particles and energy can be lost by processes that lie outside MHD.

To test the hypothesis, we calculate and compare the specific entropy (pV5/3, where p is the plasma pressure and V the volume of a unit magnetic flux tube) at and beyond the MFTR.  We will use THEMIS (and Geotail) observations at geocentric distances of ~10-12 RE to determine the specific entropy at the outer boundary.  Multipoint THEMIS observations will be used to determine the current sheet orientation and the magnetic field component normal to the current sheet.  They will also be the input into adaptive models to estimate V from the best approximation of the local magnetic field.  Observations at different distances from the current sheet during T3 and T4 are essential for this estimation.  We can then use plasma and magnetic field data from the geosynchronous LANL and GOES spacecraft to determine specific entropy at 6.6 RE, where the magnetic field configuration is better understood and does not require the multipoint measurements. A comparison of the two entropy estimates provides a forecast whether or not particular BBFs at THEMIS will slow down before reaching the geosynchronous altitude.
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Figure L2. Cluster observations of a fast flow reversal that occurred between 1848 and 1900 UT on August 24. 2003.  From top to bottom, the panels show the current density calculated from observations by the four Cluster spacecraft, the GSM X components of the magnetic field and bulk velocity observed by Cluster 4, and the spectral scaling index for magnetic turbulence in two nearby frequency ranges. Both indices increase at 1830 UT in association with current sheet thinning as indicated by enhanced dawn-dusk current densities (jy), the occurrence of multi-scale magnetic fluctuations, and fast plasma flows. (What is the purpose of this plot? It sounds like Cluster already solved the problem. In general it is best not to show results from other spacecraft. Recommend removing it.)
Turbulence may also play a key role in flow braking as the dissipation agent of kinetic energy in BBFs. Limited TC-2 observations in the MFTR indicated enhanced spectral power and spectral anisotropy in wavenumber space, but no dependence on scale. By contrast, Cluster observations of spectral anisotropies in the mid-tail region (15-19 RE from Earth) do show scale-dependent spectral anisotropies. The distinction between Cluster and TC-2 observations suggests that (i) turbulence in the plasma sheet undergoes significant changes during its route to the MFTR or/and (ii) the interaction of flows with the more dipolar near-Earth magnetic field drives instabilities and fluctuations that differ greatly from those in the mid-tail. To distinguish between these two possibilities, we shall make simultaneous multi-spacecraft observations of turbulence features together with co-existing temporal/spatial structures in the MFTR over the range of spacecraft separation distances.  Cluster studies of mid-tail turbulence suggest that the inertial range of MHD turbulence terminates at spatial scales near 0.5 RE, where there is a break in the power spectrum. The multi-point THEMIS observations over separation distances ranging from 0.1 to 1 RE in T3 and T4 will be crucial to study the boundary between the inertial and MHD turbulence ranges, enabling us to determine the relationships between turbulence and local instabilities in the flow-breaking region.

THEMIS will determine where flow braking occurs and determine the manner by which turbulence dissipates fast flows in the near-Earth magnetotail.

3.1.3.  Which plasma instability triggers onset in the current disruption model?

Geomagnetic substorms abruptly divert the duskward (+Y direction) cross-tail current in the magnetotail to flow as field aligned currents (FACs) along magnetic field lines into the Earth’s ionosphere. The current disruption model invokes plasma instabilities to disrupt/reduce the cross-tail current and form the FACs. The new orbital parameters provided by the extended baseline THEMIS mission offer a unique opportunity to discriminate between current disruption theories that invoke the ballooning instability and the cross-field current instability.

Three parameters determine the threshold for the ballooning instability: the ion pressure gradient, the magnetic field pressure gradient, and the curvature gradient. On the basis of rough estimates deduced from the GEOS-2 observations of energetic ion azimuthal asymmetries, the scale lengths for ion gradients are expected to be on the order 0.5-1 RE at geocentric distances of ~12 RE.  Current sheet thicknesses are expected to be on the order of 1000-2000 km just prior to substorm onset.  To test the predictions of the model, we shall determine whether substorm onset (as indicated by an abrupt dipolarization of the magnetic field) occurs when the threshold conditions are satisfied.  Radially separated spacecraft P3 and P4 provide the plasma pressure and magnetic field gradients, while latitudinally-separated spacecraft P3 and P5 provide the curvature radius. As noted in Table 1, the separations of the three spacecraft during the extended mission are ideal for this purpose.

Alternatively, the cross-field current instability may trigger substorm onset by high-frequency (HF) wave turbulence. Its threshold depends on the strength of the duskward current density perpendicular to the magnetic field, the magnetic field normal to the current sheet, the number density, and the ion and electron temperatures. The separation of the spacecraft in the Z-direction during the extended mission will permit accurate estimations of the current density in the Y direction. We shall test this theory by determining whether the instability criteria are satisfied substorm onset events used to test for ballooning instability.

Themis will identify the plasma instability responsible for triggering current disruption.

3.1.4.  What diverts the cross-tail currents to the ionosphere and creates the substorm current wedge? (this section gives the impression that the problem has mostly been solved by Geotail and Cluster. Themis will make some progress, but any progress will be limited by less than ideal assumptions and spacecrfat configurations)
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During the early stages of substorm expansion, BBFs have limited azimuthal extent within the Earth’s plasma sheet.  The sharp (~ several 1000 km) azimuthal gradients in flow speed at the edges of BBF channels generate FACs whose associated magnetic field perturbations have been observed in the ionosphere and by Cluster in the mid-tail at distances of 15 to 19 RE from Earth (see Figure L3).  Nevertheless, Geotail observations indicate that most of the energy is transferred into wave energy, particle heating, turbulence, or generation of FACs closer to Earth at distances of 10 to 15 RE from Earth.

Figure L3. (a) Cluster observations of BBFs. Dotted lines indicate the front orientation, while pink arrows illustrate the flow shear direction. (b) Simultaneous observations of equivalent ionospheric current, showing regions of enhanced electrojet and expected auroral precipitation. The expected shear of the BBF in the magnetosphere was in a sense to create an upward FAC flowing at the front layer, consistent with the upward FAC deduced from the curl of the equivalent current in the ionosphere near Cluster’s footprint. (Nakamura et al., 2004).

While the three innermost THEMIS spacecraft will frequently enter this critical region during the prime mission, their equatorial orbits will preclude determination of the full FACs.  With appropriate assumptions, that task can be accomplished during T3 and T4 when separations of the spacecraft perpendicular to the current sheet make possible observations of flow shears and magnetic field gradients in the XY-, but also in the XZ- and YZ-planes.  Ideally, simultaneous measurements from four spacecraft in a tetrahedral formation should be used to derive currents based on observations of the background magnetic field and calculations of all nine spatial gradients.  However, by taking into account the fact that currents tend to flow in sheets and that magnetic field gradients are often negligible in certain directions, we can often use fewer spacecraft to correctly infer the currents.  For example, one can use the approximation that the azimuthal gradients are infinitesimal when measuring the strength of the magnetospheric ring current. Similarly, the sheet-like structure of FACs linking the substorm wedge region to the ionosphere justifies the neglect of gradients in the field-aligned direction.

The momentum equation shows that FACs result from a divergence of perpendicular currents due to inertial forces, flow shears, and pressure gradients. We shall quantify the importance of (1) dusk-to-dawn inertial currents from near-Earth BBF braking, (2) the flow shears (vorticity) on the edges of BBF channels, and (3) pressure gradients in generating FAC. The planned separations of the three innermost spacecraft during the extended mission are ideal for this purpose.


THEMIS will determine the origin of the substorm current wedge.

3.2  Inner magnetosphere

Although particle acceleration occurs throughout the plasma universe, its effects are uniquely observable and relevant within the Earth’s magnetosphere.  Many mechanisms have been proposed to account for the acceleration and loss of relativistic electrons within the Earth’s magnetosphere, but the significance of each remains largely unknown.  Within recent years, our paradigms for the electron radiation belt have shifted from theories invoking radial diffusion towards theories emphasizing the role of waves.  Proposed acceleration mechanisms include resonances with VLF chorus and ULF waves, while loss mechanisms include scattering by EMIC waves into the loss cone.

Determining the significance of each proposed mechanism requires comprehensive field and particle measurements from several vantage points under a variety of solar wind and geomagnetic conditions.  Calculations of radial phase space density (PSD) gradients are particularly useful because they can be used to discriminate between acceleration mechanisms such as inward radial transport (outward radial gradient), and in situ acceleration by wave-particle interactions (local peak in radial gradients).  Multipoint observations of wave power activity and extent are essential to confirm inferences of in situ wave acceleration.  Since past work indicates that the magnetosphere can response very differently to nearly identical variations of the solar wind input, we seek to understand how solar wind preconditioning and pre-existing magnetospheric conditions influence this response.  Finally, because the electric field energizes and transports particles in the radiation belt, we must determine how the global electric field forms and evolves at and beyond geosynchronous orbit. 
The processes that accelerate and cause the loss of electrons are far more prominent during geomagnetic storms than at other times.  From launch in February 2007 until the time of writing (January 2008) the THEMIS spacecraft have not observed a single strong geomagnetic storm with Dst < -100 nT.  Current predictions (http://solarscience.msfc.nasa.gov/predict.shtml) indicate a sharp rise in solar activity throughout 2009 until solar maximum in mid-2011. Based on the last solar cycle, we expect to see about 30 major magnetic storms (Dst < -150 nT) during the extended baseline mission from 2010 to 2012.  Consequently, this is the period during which THEMIS conduct comprehensive case and statistical studies of particle energization, transport, and loss within the inner magnetosphere.  Below we outline some of the studies that will be undertaken during this period.

3.2.1.  What are the primary processes responsible for energetic electron variations during geomagnetic storms?

Case and statistical studies of THEMIS, LANL, and GOES observations will provide the radial phase space density profiles needed to identify which mechanism(s) contribute most to energetic electron flux variations in the inner magnetosphere.  Due to their near-equatorial orbits, the THEMIS spacecraft observe the full distribution functions of particles in the radiation belts and out to their 12 RE apogees.  Orbits with periods of 24 hours and apogees over North America ensure the routine availability of GOES observations and the ability to determine radial phase space density gradients at least twice per day during the course of multi-day geomagnetic storms.

The upper right panel of Figure L1 illustrates a THEMIS-D orbit with a dawnside apogee and the geosynchronous orbit of LANL-01.  The left panel presents the similar time variations of electrons seen by the two spacecraft as THEMIS-D moved outward beyond geosynchronous orbit.  The lower right panel presents the radial phase space density profile determined from the THEMIS-D observations alone.  The gradient is positive, suggesting a source beyond the distances observed.  Comprehensive studies require determination of the evolving radial PSD profiles throughout geomagnetic storms.

In conjunction with geosynchronous spacecraft, THEMIS will track the development of phase space densities, thereby discriminating between the processes that cause electron flux variations during geomagnetic storms.
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Figure L1, A comparison of energetic electron fluxes measured by a LANL spacecraft at geosynchronous orbit and a THEMIS probe moving outward past the LANL spacecraft; and the phase space density radial profile calculated from the THEMIS’ probe measurements.

3.2.2.  What is the role of large-scale electric fields in the inner magnetosphere, and how do they map to the ionosphere?

Large-scale electric fields play a key role in inner magnetospheric physics by transporting electrons and ions from the magnetotail to the inner magnetosphere to form the ring current.  To simulate the ring current, modelers often employ empirical models for the equatorial magnetospheric electric field based on mapped ionospheric measurements [e.g., Weimer, 2001].  THEMIS offers an opportunity not only to validate this technique, but to remove concerns about the mapping by developing empirical models based on in situ observations.  The need for such models is particularly acute because predicted and observed magnetospheric electric fields do not agree.  Whereas the Volland-Stern model predicts that electric fields increase with radial distance from Earth, Rowland and Wygant [1997] employed CRRES observations to demonstrate the existence of a broad local maximum between L=3.5 and L=6.5.  THEMIS offers an opportunity to develop a true empirical model by providing multi-year coverage over the full range of local times to locations beyond geosynchronous orbit.  The multipoint measurements provided by THEMIS will enable researchers to determine the instantaneous azimuthal and radial extent of inner magnetospheric electric fields, while frequent orbital cuts through the inner magnetosphere provided the observations needed to track the evolution of the electric field during magnetic storms.  Figure L1 shows an example of electric and magnetic field measurements.
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Figure L1: Spin-fit electric and magnetic field data and their power spectra from THEMIS-C.  The spectrogram is calculated by wavelet analysis in the ULF wave range, from 1 to 200 mHz.

The strong electric fields that occur during geomagnetic storms also erode the plasmasphere and create plasma plumes that stretch outward to the dayside magnetopause.  Sub-auroral polarization stream (SAPS) electric fields and storm-enhanced plasma density (SED) plumes represent the ionospheric manifestations of these features.  During the disturbed perioids expected in the extended mission, we expect to establish the relationships between between these features in space and on the ground.  In addition to working with simultaneous ground-based GPS observations of ionospheric densities, and ground-based mid- and low-latitude Millstone Hill, and Arecibo radar observations of ionospheric electric fields, we expect to be able to work with the expanding netword of SuperDARN radars during the baseline extended mission.  Finally, we note that the close spacing of the spacecraft during the extended mission will enable studies of the sharp density gradients on the edges of the plumes that are thought to trigger instabilities that disrupt communication and GPS operations.

THEMIS will map electric fields in the inner and outer magnetosphere as a function of geomagnetic conditions.  In conjunction with ground-radar observations, THEMIS will determine how they map to the ionosphere.

3.2.3 What is the role of cold dense plasma in the development of geomagnetic storms?

There are reasons to believe that the largest geomagnetic storms occur when strong southward IMF turnings follow prolonged periods of northward IMF orientation.  Prolonged periods of northward IMF orientation favor the development of super-dense plasma sheets.  Once the IMF turns southward, this plasma is available for injection into the inner magnetosphere where it may produce a stronger ring current [e.g., Thomsen et al., 2003].  During the extended baseline mission, the orbits of the THEMIS spacecraft will routinely pass through the ring current and inner plasma sheet.  We will use THEMIS observations to determine the significance of preconditioning by studying magnetic storms with and without pre-existing super-dense plasmasheets separately.


THEMIS will determine the role of IMF preconditioning and cold dense plasma in the development of geomagnetic storms.

3.2.4.  What is the role of Electromagnetic ion cyclotron (EMIC) waves in storm development?

EMIC waves can scatter MeV electrons into the loss cone.  Consequently, a good understanding of the spatial and temporal distribution of EMIC waves is needed to quantify the loss of MeV electrons from the radiation belts.  Previous observations indicate that the waves intensify during magnetic storms.  However, ground observations indicate that Pc1/EMIC waves occur during the recovery phase.  The apparent lack of EMIC waves on the ground might be explained by absorption at the ion cross-over frequency due to storm-time heavy ions, but it may also represent a true lack of such waves in the magnetosphere at the times of greatest MeV electron loss.  The THEMIS probes and dedicated ground-based observatories (GBOs) provide the ability to distinguish between these two possibilities and complete a survey of EMIC wave power as a function of solar wind and magnetospheric conditions.

EMIC waves occur when ring current ions encounter cold plasmas in plumes, the plasmapause, and the plasma trough.  Multipoint THEMIS spacecraft observations will enable researchers to determine the spatial extent of both the EMIC wave fields and the regions of cold dense plasmas.  Theories predicting that plasma densities control the growth rates of the waves can be tested with densities determined from ESA measurements and electric field potentials.

In conjunction with ground observations, THEMIS will determine when and where EMIC waves occur during geomagnetic storms, providing the information needed to determine whether or not they are a major loss mechanism.

3.3  Dayside science

During the baseline extended THEMIS mission, the orbits of the three innermost spacecraft will pass through the vicinity of the dayside subsolar magnetopause with interspacecraft separations comparable to the thickness of the magnetopause (~1000 km) in the radial direction and ~200-3000 km in the direction perpendicular to the equator.  In comparison with the coast and prime phases of the mission, these new orbital parameters afford an opportunity to study the microscale structure of the magnetopause current layer, in particular the structures associated with asymmetric reconnection, the properties of magnetic islands, particle and energization associated with the islands.


Reconnection at current sheets converts magnetic energy into particle energy, a process that is important in many laboratory, space, and astrophysical contexts.  The symmetric reconnection that occurs within the Earth’s magnetotail is a special case: reconnection generally involves two plasmas with vastly different properties.  Despite its prevalance, much less is known about the kinetics of asymmetric than idealized symmetric reconnection.  However, recent simulations indicate that the two differ greatly. Cassak and Shay [2007] recently provided a list of observable predictions for asymmetric reconnection in terms of input conditions.  This list includes reconnection rates, distinctly different X-line and stagnation point locations, outflow densities and asymmetric outflow velocities, the opening angle of the outflow region, and the shape of bulges produced by transient reconnection.  One of the predicted consequences of asymmetric reconnection is that density gradients across the boundary drive diamagnetic drifts that advect X-lines with the electron diamagnetic velocity in a direction that depends upon that of the guide field [Swisdak et al., 2003].  When the relative drift between the ions and electrons exceeds the Alfvén speed, large-scale outflows cannot develop and reconnection is suppressed.  This fundamental effect, important not only for understanding conditions controlling the onset of reconnection at the Earth’s magnetopause but also in solar and astrophysical contexts, has never been verified observationally. Figure S shows structures and flows generated by a particle-in-cell simulation of asymmetric reconnection at the magnetopause.
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 Figure S.  Structure of (a) the out-of-plane current density Jz and (b) ion flow vectors at t = 16 ci-1 in a particle in cell code simulation of reconnection for asymmetric conditions at the magnetopause.  The density drops by an order of magnitude across the current layer from the magnetosheath in the lower half of the figure to the magnetosphere in the upper half.  The asymptotic out-of-plane guide field is 3.0 in the magnetosheath and 3.8 in the magnetosphere, while the magnetic field within the plane is 1.0.  Initial ion and electron temperatures are 2.0 and 1.0.  The large flows at the current layer are the ion diamagnetic drifts.  The longest vector corresponds to a velocity of ~ 1.2 VA [Swisdak et al., 2002].  Distances are normalized to the ion inertial length, di = c/pi, which for the magnetopause is typically on the order of 70 km.

Another important aspect of magnetopause asymmetric reconnection is the presence of cold dense plasma plumes from the plasmasphere.  The effect of cold dense plasmas on the reconnection rate is a topic of particular interest to the THEMIS science team. During the course of the prime phase of the THEMIS mission, cold dense magnetospheric plasmas were frequently encountered in the immediate vicinity of the dayside magnetopause.  Presumably, these cold plasmas extend outward from the plasmasphere as plasma plumes.  Numerical simulations indicate that their arrival at the magnetopause should greatly diminish or even shut down the local reconnection rate.

The second major objective of the dayside phase of the extended mission is the investigation of FTEs/magnetic islands and their roles in particle energization. Themis will categorize the dimensions and occurrence patterns of FTEs for comparison with the predictions of theory and modeling.  Determining how bubbles grow, coalesce, and decay is important, because it may be the key to understanding how reconnection accelerates electrons to energies far above those associated with the large-scale reconnection flows.  Some models indicate that efficient electron acceleration requires the interaction of electrons with many magnetic islands.  Fermi electron acceleration in contracting magnetic islands yields power law spectral indices consistent with soft magnetospheric and hard coronal observations.  Hints of energetic electrons production in small magnetic islands were seen in a single Cluster event.  The combined plasma, particle, and magnetic field observations provided by THEMIS should enable us to understand the degree of particle energization as a function of the island size and/or island coalescence as well as the guide field strength.

Determining the structure of the asymmetric reconnection layer and tracking the motion of x-lines and FTEs, and determining whether the drift of X-lines prohibits reconnection will require separation distances in the Z-direction ranging from 200 to 3000 km, which will occur during D3 and D4.  Monitoring the effects of inflowing cold dense plasmas, requires two spacecraft within the outflow region and one monitoring the inflow from a radial distance ~1000 km inward, a situation that will occur during D3.


THEMIS will provide the observations needed to describe the kinetic effects of asymmetric reconnection at the dayside magnetopause.

4.  To the Moon: ARTEMIS (P1 and P2)

Introduction  (Angelopoulos)

By sending two spacecraft to the Moon, we enable studies of mid-tail x-line extent, the size and shape of plasmoids, magnetotail twisting in response to variations in the IMF orientation.  We also enable studies of the foreshock and solar wind turbulence hitherto unexplored.  And finally, relevant to the exploration initiation, we enable comprehensive studies of the lunar wake, a fundamental phenomenon with relevance throughout the solar system.

Info on expected orbits/ops strategy (VA)

4.1  ARTEMIS Magnetotail Science

At lunar distances (-50 > X > -70 RE), the magnetotail is a poorly explored region believed to host a wide array of fundamental plasma physics processes.  Early Explorer-35 magnetometer and ALSEP/SIDE plasma observations demonstrated that the basic structure of the near-Earth magnetotail extends to this distance, with the lobes often filled with a finite density mantle plasma.  Tantalizingly brief passes through the lunar magnetotail by ISEE-3, Geotail, Galileo, and Wind hint that the lunar magnetotail hosts phenomena as diverse as quasi-steady reconnection lines, heated plasma jets, beams of energized particles streaming along the plasma sheet boundary layer, twisted and/or cold dense plasma sheets, and plasma turbulence.  Finally, the lunar magnetotail provides a fine vantage point to study the detritus (plasma flows, streaming particles, plasmoids, and flux ropes) ejected by transient reconnection sites nearer Earth.

The two ARTEMIS spacecraft will be separated by 1-20 RE at lunar distance, offering a unique opportunity to distinguish temporal and spatial effects, determine extents across and down the tail, time event motion, and grapple with the shape of large-scale features.  With their comprehensive instrumentation (including 3-D DC electric field measurements and burst mode field and particle capabilities), ARTEMIS brings precisely the resources needed to bear on distant magnetotail research problems.  Spending 4 days in the magnetotail every month from 2010 to 2012, they will observe the plasma sheet from 20 to 30 hours per month.  In two years, the spacecraft will collect 2400 hours of magnetotail data, including 500-700 hours of plasma sheet observations, more than enough to characterize this region of space and define its variability.

Here we focus on three fundamental science topics: magnetic reconnection and plasmoids, solar wind plasma entry, and plasma sheet plasma turbulence.

4.1.1.  Magnetic reconnection and plasmoid studies


ARTEMIS offers an opportunity to study a series of reconnection-related topics in the distant magnetotail.

4.1.1.1. How is solar wind plasma transported inward from the distant magnetotail during southward IMF?


Most of the plasma jets from the distant tail do not reach the near-Earth plasma sheet [Øieroset et al., 2004].  Working in conjunction with Geotail and extended baseline THEMIS mission observations, ARTEMIS will map the pattern of plasma flows within the near- to lunar- magnetotail to determine the fate of reconnection jets generated in the distant tail as a function of solar wind conditions.  The occurrence, and location, of reconnection within the distant tail will be determined from ARTEMIS observations of Earthward streaming energetic particles streaming in the plasma sheet boundary layer, sunward flows, and northward magnetic field components at the current sheet.  We seek to determine how often all three signatures are observed in conjunction at ARTEMIS, their spatial extent across the magnetotail, and whether or not corresponding features are seen Earthward at Geotail or the extended baseline mission spacecraft.  The results will help determine whether the flows are decelerated and/or are deflected towards the flanks.


ARTEMIS will determine the fate of plasma jets generated in the distant magnetotail.

4.1.1.2. When and where does reconnection occur in the lunar magnetotail? 


ISEE-3, Geotail, and Wind observations of long duration flows, bursts of energetic particles, and southward magnetic field orientations in the plasma sheet indicate the frequent presence of large-scale, quasi-steady reconnection lines in the lunar magnetotail.  We do not know the conditions favoring reconnection at this distance down the magnetotail.  On a statistical basis, there are some indications that the steady reconnection lines are bowed, with closest approach to Earth at the center of the magnetotail, but no case study has ever determined whether this is true instantaneously.  Some simulations indicate that the presence or absence of a guide field controls the cross-tail extent of the lines.  Addressing problems of this nature requires observations from a minimum of two spacecraft.  Case and statistical studies by the two ARTEMIS spacecraft will determine the occurrence patterns, orientation, and length of reconnection lines in the magnetotail at lunar distance as a function of solar wind/geomagnetic conditions.

ARTEMIS will determine the extent of distant tail reconnectionl.
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  Figure No Name.  ARTEMIS can determine the extent, orientation, and location of reconnection lines in the mid-magnetotail on the basis of flow direction, magnetic field orientation, and beams of field-aligned energetic particles.

4.1.1.3. How and to what energies are particles accelerated at X- and O-lines? 


Theory indicates that particle energization occurs at both X- and O-lines.  Particles gain energy as they drift along X-lines, but are Fermi-accelerated in the collapsing bubbles that surround O-lines.  Wind observations of a single event in the distant magnetotail provided evidence for electron energization up to 300 keV [Øieroset et al., 2002].  Two-spacecraft ARTEMIS observations of plasma flows and magnetic field components normal to the current sheet are needed to discriminate between (and track the motion of) X- and O-lines.  Two-spacecraft observations are also needed to simultaneously observe inflow/outflow and the dispersive energetic particle layering in the plasma sheet boundary layer.  The expected results of these studies include: a detailed comparison of observations with the detailed predictions for particle enerization at X- and O-lines and a determination of the maximum energy to which particles can be accelerated as a function of input conditions.

ARTEMIS will determine how particles are energized in reconnection.

4.1.1.4. How does reconnection heat plasma ions?


The degree to which reconnection heats ions, and the factors controlling this heating, are presently not known.  Results from some recent simulations suggest that the heating is proportional to the speed of the outflow Alfvenic jets, which are in turn related to the Alfvénic velocities of the inflowing plasma.  The two ARTEMIS spacecraft offer an opportunity to simultaneously compare inflow and outflow parameters.  The distant magnetotail is an ideal location to test model predictions because finite mantle densities in the distant magnetotail mean plasma parameters in the inflow region are better determined than they would be in the low-density near-Earth magnetotail.  Furthermore, the absence of obstacles at this distance eliminates the possibility of heating by flow braking.  Case and statistical studies will define this fundamental characteristic of reconnection.

ARTEMIS will determine the degree to which reconnection heats ions.

4.1.1.5. How do plasmoids evolve as they travel downstream and what are their dimension, shape, and internal structure?


Transient near-Earth reconnection ejects anti-sunward moving plasmoids.  In the absence of multipoint measurements, even the most basic characteristics of these structures remain poorly understood (see Figure S1).  In conjunction with the observations from the extended baseline THEMIS mission and Geotail, we will use the two ARTEMIS spacecraft to time the motion of the events down the magnetotail and determine their cross-tail extent, orientation, shape (from minimum variance analyses of the magnetic field variations observed on their boundaries), internal structure, and topology (as determined from suprathermal electron and energetic particle pitch angle distributions).  The expected return is a comprehensive analysis of plasmoid characteristics, including more accurate calculation of their significance to the solar wind-magnetosphere interaction in terms of the magnetic flux they carry away.

ARTEMIS will define the dimensions, shape, orientation, topologies, and velocities of plasmoids in the up tomagnetotail.
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Figure S1.  Until ARTEMIS returns the first two point measurements of plasmoids in the distant magnetotail, their shapes and structure will remain in the imaginative realm of artists’ conceptions [J. A. Slavin, personal communication, 2008].

4.1.2. Solar wind-magnetosphere interaction studies.

During periods of northward IMF orientation, the plasma sheet cools and becomes more dense, strong east/west components of the IMF may torque the magnetotail, and the magnetotail itself may close within lunar distance, leaving only a wake beyond.

4.1.2.1. How does solar wind plasma enter the magnetosphere during northward IMF?


When the IMF points southward, reconnection on the dayside magnetopause deposits newly reconnected magnetic field lines in the lobes, creating the plasma mantles.  These field lines sink to the mid-plane of the magnetotail, where reconnection creates the plasma sheet.  Observations of a cold dense plasma sheet indicate that solar wind/magnetosheath plasma continues to gain ready access to the magnetotail even during periods of strongly northward IMF orientation when no reconnection is expected on the dayside magnetopause.  Candidate entry processes include (1) slow diffusion, (2) non-linear Kelvin Helmholtz instabilities, and (3) capture of magnetosheath plasma by poleward-of-cusp reconnection in both hemispheres.  To discriminate between these possibilities, we will first use ARTEMIS observations to determine the equatorial dimensions and plasma/magnetic field characteristics of the lunar magnetotail as a function of solar wind conditions.  We will then use closely-spaced observations by the spacecraft pair to seek evidence for the rolled-up waves driven by the Kelvin-Helmholtz instability, the outward-oriented gradients in the plasma density expected for diffusion, and the abrupt shear boundaries between recently reconnected and still open magnetic field lines predicted for poleward-of-cusp reconnection.  The expected result is a determination of the significance of each model as a function of solar wind conditions.


ARTEMIS will identify the processes responsible for plasma entry into the magnetotial during northward IMF.

4.1.2.2  To what degree does the IMF control the magnetotail at lunar distances?
During periods of strongly northward IMF, all magnetic field lines within the magnetotail may close within lunar distance.  Only a (turbulent?) wake would be observed at greater distances downstream.  Strong east-west IMF components may torque the magnetotail, raising the plasma and current sheet on one side and lowering them on the other.  Two spacecraft are required to test these hypotheses.  In the former case, we seek to identify the turbulent wake via comparisons of observations by one spacecraft in the solar wind/magnetosheath and the other within the wake.  In the latter case, we will test the predictions of of the tail-twisting model by using observations by the spacecraft pair over a wide range of separation distances to pinpoint the location of the current and plasma sheets as functions of position and IMF orientation.  The expected result is a better understanding of the configuration of the magnetotail as a function of solar wind conditions.

ARTEMIS will determine whether or not the magnetotail reaches lunar distance during periods of strongly northward IMF orientation and define the characteristics of the lunar wake under these conditions.  ARTEMIS will determine the degree to which the magnetotail twists in response to IMF By at lunar distance.

4.1.3. Plasma sheet turbulence studies
Turbulent dissipation is an effective mechanism for heating fluids and transfering momentum and energy.  To determine the significance of turbulence in the magnetotail, its spatial and temporal variations over a wide range of solar wind conditions and scale lengths must be characterized.

4.1.3.1. At what spatial separations does correlation fall to zero? 

As illustrated in Figure W1, the limited two-point cross-correlation studies conducted to date suggest that correlation coefficients diminish towards zero as spacecraft separations in the near-Earth plasma sheet increase to ~3 RE.  Extensive ARTEMIS observations in the plasma sheet over separation distances ranging from 1 to 20 RE are ideally-suited to determining the distance at which correlations break down.  The scatter in Figure W1 may result from variations in correlation as a function of position or prevailing conditions.  The extensive ARTEMIS data base at lunar distance will permit determination of the factors controlling the correlation scale length.  By comparison with the results shown in Figure W1, and/or those obtained from the extended THEMIS baseline mission, we will be able to determine whether correlation scale lengths vary with distance down the magnetotail.

ARTEMIS will define plasma sheet turbulence characteristics over a crucial and previously unexamined range of spatial scales.
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Figure W1.  Correlation coefficients versus spacecraft separation in the plasma sheet [Weygand et al., 2007].

4.1.3.2. What generates plasma sheet turbulence? 

There have been suggestions that reconnection within the magnetotail, geomagnetic activity, and velocity shears on its flanks control the degree of turbulence within the plasma sheet.  To evaluate the relative significance of these suggestions, we must compare turbulence levels and scale lengths in both regions.  Two-point ARTEMIS observations permit us to do this simultaneously.

ARTEMIS will determine when and where turbulence in the plasma sheet originates.

4.2 Solar Wind and Shock Physics

Artemis provides a unique opportunity to address long-standing questions concerning the physics of the solar wind and of collisionless shocks. In particular, Artemis can be used to (1) quantify the properties of plasma turbulence over an important and as yet unexplored range of parameter space, (2) resolve long standing questions concerning how collisionless shocks accelerate particles to high energies, and (3) study a variety of transient solar wind phenomena, e.g. the properties of solar wind reconnection exhaust and how the structure of interplanetary shocks influences the production of Type II radio emission.

4.2.1 What is the nature of turbulent dissipation in the solar wind and how does it affect correlations over the unexplored region between 10,000 and 110,000 km?

The solar wind is an excellent laboratory for the study of turbulence. Reliable knowledge about the correlative and Taylor scale values allows the effective magnetic Reynolds number in the solar wind to be determined, which is important for magnetohydrodynamic modeling of the solar wind and may provide constraints on kinetic theories of dissipation in space plasmas.  Only recently have multi-spacecraft measurements been used to examine turbulent fluctuations across space without the assumption of frozen in flow.  Studies employing Cluster and other solar wind spacecraft have been used to determine the magnetic correlative and Taylor microscale lengths over spacecraft separations as small as 150 km to as large as 2.3x106 km, but as illustrated in Figure W2, not over over the crucial range of separations between 10,000 and 110,000 km.

Another important problem in plasma turbulence is to understand its anisotropy with respect to the mean magnetic field; this is relevant to several astrophysical phenomena, such as the propagation and acceleration of cosmic rays and the heating of interplanetary plasma.  Single spacecraft analysis, and an initial multi-point study employing closely-spaced Cluster observations, suggest that the correlative scale does vary with respect to the mean magnetic field direction.  First results from studies including separations greater than 110,000 km indicate that the correlative scale varies, but that the Taylor scale remains relatively constant.  To test these preliminary findings, and provide a result that resolves quantitative disagreements, a more detailed study is required which includes two-point cross-correlation measurements over the range of 10,000 to 110,000 km.  Fortuitously, Artemis will make long time series measurements of the pristine solar wind at precisely these new separations, and will provide the observations needed to quantify how the turbulence scales vary both with respect to the magnetic field and solar wind conditions.
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Figure W2. Correlation coefficients versus separation distances in the solar wind [Weygand et al., 2007].

The energy contained in the turbulent cascade is deposited in the dissipation range.  The power spectra of magnetic and electric fluctuations can be used to identify the dissipation range: they have the same index in the cascade range but diverge on small scales (high frequencies) in the dissipation range.  Then the difference between the magnetic and electric spectra can be used to determine whether the energy is deposited in whistler or Alfvèn ion-cyclotron waves.  The ARTEMIS spacecraft provide the comprehensive 3-D DC electric and magnetic field observations needed to assess the relative importance of these two wave modes in the dissipation of collisionless plasma turbulence as a function of solar wind conditions.

ARTEMIS will determine the characteristics of turbulence in the solar wind over a previously unexamined range of spatial scales.
4.2.2 How does diffusive transport in the foreshock accelerate solar wind particles?
As well as mediating the flow of supermagnetosonic plasma, collisionless shocks also act as sites for particle acceleration throughout a range of astrophysical and heliophysical contexts.  For certain magnetic field geometries a portion of the inflowing plasma returns to the upstream region rather than being processed by the shock, the counterstreaming particle populations generate waves, and the waves accelerate particles.  The Earth’s bow shock and foreshock are excellent locations for studying the processes that govern shock particle acceleration.

Linear theory predicts that diffusive shock acceleration at Earth can accelerate solar wind ions to energies of several 100 keV, depending upon solar wind and shock jump conditions.  With distance from the bow shock, wave amplitudes diminish, particle fluxes fall off at rates that diminish with increasing energy, and pitch angle distributions vary from isotropic to streaming.  Consistent with model predictions, ISEE-3 observations 200 RE upstream invariably indicated streaming particle populations, whereas those by spacecraft 0-10 RE upstream from the bow shock often indicate nearly isotropic distributions.  In addition, single-spacecraft observations just outside the bow shock indicate that energetic ion flux e-folding distances vary from 3.2 ± 0.2 RE at 10 keV to 9.3 ± 1.0 RE at 67 keV.  However, a recent two-spacecraft Cluster case study reported that the e-folding distance varies from only 0.5 RE at 11 keV to 2.8 RE at 27 keV.  The reasons for disagreement remain unclear.  And although linear diffusive shock acceleration theory has been extended into the quasi-linear regime (where the energy flows from the particles to the waves, but the waves themselves are given by linear theory), experimental tests of quasi-linear theories at the Earth’s bow shock have not been carried out.

The ARTEMIS spacecraft are well-instrumented to conduct these tests by surveying the characteristics of particles within the foreshock, including their pitch angle distributions, e-folding lengths, and peak energies as a function of location and solar wind conditions.  The presence of two spacecraft helps establish the homogeneity of the upstream wave field, and allows correlation lengths parallel and perpendicular to the field to be studied routinely without the confounding effects of upstream variability.  Interspacecraft separations enable direct measurement of e-folding lengths over distances ranging from 1 to 20 RE, while the orbits of the spacecraft enable them to sample the foreshock at distances from the bow shock along magnetic field lines ranging from 0 to 100’s of RE.  Finally, observations from the baseline extended mission in the vicinity of the magnetopause, can be used to identify the contribution of escaping magnetospheric particles to the upstream population. 


ARTEMIS will define the spatial extent and characteristics of diffusive particle acceleration within the foreshock and in conjunction with THEMIS identify the contribution of leaking magnetospheric particles to the upstream population.

4.2.3 What are the characteristics of transient structures in the solar wind?


ARTEMIS will provide important information concerning transients in the solar wind, including the structure of the outflow region from reconnection current sheets, waves on interplanetary shocks, and timing input to the Earth.

Recent observations of reconnection exhaust regions have led to the identification of reconnection lines extending hundreds of Earth radii in the solar wind.  All examples reported so far were embedded in large magnetic shear current sheets where the reconnection exhaust regions were wide and therefore relatively easy to detect.  High time resolution plasma measurements are essential to detect the much narrower exhaust regions associated with reconnection lines in far more common low-magnetic shear current sheets.  In conjunction with Wind, ARTEMIS enables the multipoint investigations needed to determine the extent of the reconnection X-lines for both high and low magnetic shears and to investigate the structure of the reconnection exhaust as a function of the distance from the X-line.

Since they are generated at the local plasma frequency and/or its harmonic by shock-accelerated electrons, Type II radio emissions are useful for tracking the propagation of CMEs through the heliosphere.  As illustrated in Figure B1, the time sequence of emissions, accelerated electrons, and shocks often indicates a need to invoke either shock structures or IMF lines with curvatures on the order of 10’s of Earth radii.  By understanding the occurrence patterns of rippled shock structures as a function of upstream plasma beta, Mach number, and magnetic field orientation, we can improve our ability to track and predict the CME propagation.  The two point measurements provided by ARTEMIS will allow not only the curvature of the interplanetary shocks and IMF lines, but also the structure of the foreshock region in front of the shocks, to be determined on the appropriate spatial scales.  Using burst modes triggered by entries into the electron foreshock and bow shock crossings, the plasma instruments will return the electron distribution functions needed to identify the electron foreshock beams that establish connection geometries, while high time resolution 3-D electric field observations will aid in understand how the beams are created.
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Figure B1.  The structure of an interplanetary shock inferred from Type II radio waves, suprathermal electrons, and plasma and magnetic field observations of the shock itself [Bale et al., 1999].

Finally, ARTEMIS will be an excellent upstream monitor of solar wind conditions.  When near the Sun-Earth line, ARTEMIS will be closer to the Earth than either ACE or Wind and therefore provide more reliable observations with less uncertain time delays.  When far from the Sun-Earth line, ARTEMIS will contribute to correlative studies indicating the dimensions of solar wind features.  Artemis will provide unprecedented observations of transient solar wind features interacting with the Moon itself – for example, it will be possible to discover how rapid changes in solar wind density and pressure at an interplanetary shock change the lunar Mach cone and the electrostatic structure of the wake.  By virtue of its magnetic field measurements (absent from Lunar Reconnaissance Orbiter) together with particle data (measuring ion energies up to 6 MeV), Artemis will also be able to examine how the moon affects the propagation of energetic particles associated with CME-driven shocks.

ARTEMIS will serve as a monitor of solar wind conditions nearer Earth than Wind or ACE, and in conjunction with Wind will provide the observations needed to establish the characteristics (in particular extent) of reconnection at solar wind current sheets.

Introduce Dietmar material?

 4.3 Understanding the Physics of the Moon’s Wake  

The interaction between the solar wind and the Moon forms a wake on the anti-sunward side of the Moon.  Since globally the Moon is essentially non-magnetic, non-conducting, and has no ionosphere, most solar wind plasma is absorbed on the dayside, leaving a plasma void on the nightside.  The IMF passes through the Moon essentially unimpeded, with only a slight inductive interaction with the interior, producing no upstream shock.  Lunar wake refilling offers an excellent opportunity to understand the wealth of phenomena (see Figure DD1) expected for plasma expansion into a vacuum.  Applications include the wakes following large objects in low earth orbit, including the Space Shuttle, the International Space Station, the Hubble Space Telescope, and the replenishment of plasma voids in torii surrounding Earth, Jupiter, and Saturn.

A paucity of modern in situ plasma measurements limits our understanding of the wake.  Explorer-35 and the Apollo 15 and 16 sub-satellites, observed the wake extensively at high- and low-altitudes, respectively, but carried plasma instrumentation limited by today’s standards.  The Lunar Prospector (LP) instrument package included no ion detectors or electric field analyzers.  Wind, Nozomi, and Geotail carried relatively complete plasma instrumentation, but made only a handful of passes.

Extensive observations by the comprehensive instrument package on ARTEMIS offer an opportunity to:

1.
Determine the three dimensional (3D) structure and downstream extent of the lunar wake

2. Identify the plasma acceleration processes and energetics in and around the wake

3. [image: image23.jpg]


Understand the response of the wake to varying solar wind conditions and entries into the Earth’s magnetosphere

Figure DD1.  ARTEMIS, with its full compliment of charged particle, magnetic and electric field, and wave measurements, can provide multi-point measurements of the wake over a wide range of downstream distances with varying solar wind conditions and will be able to address each of these issues that remain about the lunar wake.

4.3.1  What is the Three-Dimensional Structure of the Lunar Wake?

Early studies treated the lunar wake as an MHD structure, i.e., a standing tangential discontinuity.  Explorer 35 and the Apollo 15 and 16 sub-satellites observed the wake at altitudes of ~700-10,000 km and ~100-160 km, respectively, where they found a central cavity with enhanced magnetic fields bounded by an expansion region with reduced fields.  As Explorer 35 identified no manifestation of the wake beyond 4 RL (1 RL = 1738 km), it was assumed that the lunar wake propagated as a magnetosonic disturbance, closing relatively rapidly within 3-10 RL, depending on the IMF orientation and Mach number, and that a trailing standing shock (never observed) would form at several RL.  However Wind discovered a wake extending further than MHD model predictions to as much as 25 RL, suggesting that the wake refills via an ion sonic mode.  Wind observations of counterstreaming ion beams, large temperature anisotropies, and strong plasma wave turbulence, as well as Nozomi observations of non-thermal ions and counterstreaming electrons, indicate that the wake interaction is more kinetic.  Figure DD2 illustrates the predictions of a global hybrid simulation for a lunar wake that extends well beyond 25 RL downstream.
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Figure DD2.  Density contours (color) and density profiles (solid curves at selected X distances downstream) from a hybrid code simulation of the lunar wake (kinetic ions and fluid electrons).

Asymmetries in the wake structure are likely.  Some should develop when the IMF does not lie exactly parallel to the wake.  Others may result from compressional features propagating downstream and outward from crustal features at magnetosonic velocities.  Although past observations from single spacecraft often suggest asymmetric wakes, two spacecraft are essential to distinguish between spatial and temporal variations, confirm relationships between wake structures and crustal features, determine how far downstream they propagate, and demonstrate the degree to which they affect the structure of the wake interior to them.

The orbital coverage(what is it?) and complete plasma instrumentation provided by ARTEMIS will define the wake’s extent and structure.  Two-point measurements will allow unambiguous determination of the asymmetries in the wake due to the perturbing influences of solar wind and crustal magnetic fields or other effects.

4.3.2 Plasma Acceleration Processes and Energetics in and around the Wake

Near the lunar limb, solar wind electrons diffuse rapidly across the low altitude wake boundary ahead of the slower ions, producing a charge separation electric field that slows the electrons and accelerates the ions.  The resulting ambipolar electric field produces field-aligned beams of accelerated ions streaming into the wake from the flanks and can also cause pitch angle diffusion at the wake boundary.  Recent PIC simulations [Farrell et al., 2007] suggest that the charge separation between the ‘electron cloud’ and the trailing ion front could persist to several lunar radii downstream, forming a standing double layer with electric fields as high as 0.1-1 V/m.  Hybrid simulations indicate that the density cavity should be filled by counterstreaming ion beams and large temperature anisotropies (T(>T||), in general agreement with Wind observations.

Secondary electrons from the surface provide another example of a fundamental acceleration process in the wake.  LP commonly observed beams of secondary electrons produced at the lunar surface and traveling along magnetic field lines into the wake. It appears that these secondary electrons are generated at low energies at the surface, and then accelerated through the plasma sheath above the negatively charged nightside lunar surface. Normally, these accelerated secondaries reach energies of only a few hundred eV or less, but when the nightside surface charges to much larger values during magnetospheric plasma sheet passages and solar storms, LP observes beams of upward-going electrons at several keV.  The beams have never been observed at higher altitudes and it is not known what altitude they reach before beam-plasma instabilities moderate them.  The electric fields and accelerated particles generated in the wake during solar events could have clear consequences for surface exploration or orbiting spacecraft. 
The ion and electron beams and the temperature anisotropies very likely produce waves.  A broad spectrum of waves has been observed in and far upstream from the central wake on magnetic field lines connected to the wake boundary.  Ion acoustic and Langmuir waves have been attributed to instabilities related to differential ion/electron shadowing, and whistlers to beam instabilities near the wake boundary.  Simulations predict waves generated by two-stream electron instabilities in the central wake, bump-on-tail instabilities from particles passing all the way through the wake, ion acoustic-like beam instabilities that slow the ion beams in the central wake, flute instabilities, and low frequency electromagnetic turbulence with frequencies near the local proton gyrofrequency. This veritable zoo of plasma waves has barely been explored, and all the wave generation mechanisms and interactions between waves and particles remain far from understood.  

ARTEMIS’s comprehensive suite of field and plasma instruments enables a detailed study of the plasma physics occurring within the lunar wake that leads to acceleration and energization.  This includes direct observations of non-neutral plasma effects near the wake boundary, the extent of secondary electron beams, and their interaction with plasma refilling of the wake from the flanks. 

4.3.3 Wake Dynamics due to Variable Solar Wind and Within the Earth’s Magnetosphere

The wake structure must vary in response to external drivers.  Statistical studies provide tantalizing hints how the wake responds to changing solar wind conditions, but incomplete instrumentation and orbital coverage has limited our knowledge of this response.  Although the Moon spends the majority of its time in the variable solar wind, it also spends ~4 days each month in the vastly different plasma environment of the terrestrial magnetosphere.  Reconnection lines beyond 60 RE might produce sunward-oriented wakes at the Moon.  Plasma sheet magnetic fields and plasma differ greatly from those in the solar wind and can be highly variable, likely resulting in magnetospheric lunar wakes very different from those in the solar wind.

Using dual-probe measurements, ARTEMIS will determine the dynamics of the wake and its response to solar wind drivers.  ARTEMIS will provide the first detailed measurement of the lunar wake plasma environment within the terrestrial magnetosphere.
To support ARTEMIS, 3D hybrid simulations will be carried out to help provide a global context for the observations.  If a two satellite configuration is adopted, one satellite will provide the upstream boundary conditions for the simulation solar wind injection boundary and the other satellite will provide data from within the lunar wake.  Laboratory experiments using the SMPD (small plasma device) at UCLA would be used to examine plasmas flowing over obstacles that are several ion gyroradii in diameter as well as several ion inertial lengths.  SMPD has a data acquisition system capable of measuring magnetic fields, electric field, plasma density, electron temperature, ion energy, and flows for comparison with ARTEMIS lunar wake measurements.  Keep this paragraph?

Summary of what’s expected from ARTEMIS

5.  Alternative Mission Approaches


During the coming year, we will conduct a cost/benefit analysis concerning the value of 4-spacecraft extended baseline mission and a single-spacecraft ARTEMIS mission to the Moon.  An extended baseline mission with 4-spacecraft in formation would be able to resolve boundary orientations and motion unambiguously.  However, formation flying requires continual expenditure of propellant and most of the propellent currently remaining on THEMIS-2 would be used to return this spacecraft to the inner magnetosphere.  Furthermore, the gain in near-Earth science would be balanced by a loss of lunar science.  That loss might be compensated via partnerships with other forthcoming missions carrying field and particle instruments to lunar orbit, including LRO, extended operations and/or the launch of the spare Chinese Chang’e spacecraft, extended Japanese SELENE mission operations, or NASA selection of LuSIE.

6.  Results to date

As indicated in the three examples given below, the THEMIS mission is as well suited to addressing dayside and inner magnetospheric research topics as it is to addressing nightside substorms.

6.1 The March 23, 2007 Substorm (VA).

Text from Vassilis.  Some reference back to Figure 1 of this proposal.  And then another figure.  Noting use of ground observations.

6.2 A detached FTE at the magnetopause

A recent study addressing the internal structure of flux transfer events (FTEs) provides an excellent example of how multipoint THEMIS observations and high resolution numerical simulations can be combined to resolve longstanding questions [Sibeck et al., 2008].  Transient reconnection along parallel dayside reconnection lines generates flux ropes of interconnected magnetosheath and magnetopheric magnetic field lines that bulge outward into both regions and move under the combined influence of pressure gradient and magnetic curvature forces.  Because magnetosheath and magnetospheric magnetic field lines must drape over the flux ropes, their passage disturbs the surrounding media.  FTEs marked by enhanced magnetic field strengths and bipolar magnetic field signatures normal to the nominal magnetopause, are common in the immediate vicinity of the magnetopause.

However, some events exhibit far more complicated signatures.  Labelle et al. [1987] reported transient events with strong core magnetic field strengths bounded by deep troughs of weak magnetic field strength, bounded in turn by magnetic field strength enhancements.  Despite detailed single-spacecraft studies addressing the layered structure of these event [e.g., Farrugia et al., 1988], the absence of multi-spacecraft observations has precluded even a cartoon model for these ‘crater’ FTEs.

Figure DGS1 presents THEMIS magnetic field observations from 2200:30 to 2203:30 UT on May 20, 2007 in boundary normal coordinates, where L lies in the plane of the magnetopause and points parallel to the local magnetospheric magnetic field, points outward in the direction normal to the nominal magnetopause, and M completes the right-handed triad.  During this interval, THEMIS-B and –C were located in the magnetosphere, as evidenced by the strong steady northward (positive) L-components they observed.  THEMIS-E and –A were in the magnetosheath, as indicated by the variable southward and duskward (negative) M components they observed.  THEMIS-D was located in the current layer, where the L-component of the magnetic field varied between magnetosheath and magnetospheric values.  Thus the constellation bounded the magnetopause, with THEMIS-B (nearest Earth) and –A (furthest from Earth) separated by 0.65 RE in radial distance.[image: image12.png]n i o
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Figure DGS1.  THEMIS-A (black solid), -B (blue solid), -C (blue dashed), -D (red), and –E (black dashed) observations of an FTE in boundary normal coordinates.

All of the spacecraft observed a bipolar magnetic field signature centered on 2202 UT, but the signature was strongest and clearest at THEMIS-D in the current layer (red trace).  THEMIS-D also observed the most pronounced magnetic field strength enhancement.  THEMIS-E and –A observed weak enhancements in the magnetic field strength, while THEMIS-B and –C observed the crater-like magnetic field strength structures with a strong core field, deep troughs, and bounding magnetic field strength enhancements originally reported by Labelle et al. [1987].  THEMIS-B and –C observe dawnward (+M) magnetic field perturbations on the Earthward side of the event, while THEMIS-D and (to a lesser degree) THEMIS-E and –A observed duskward (-M) perturbations.

Figure DGS2 presents predictions of the BATS-R-US global MHD model with enhanced spatial resolution for the conditions prevailing at 2202 UT on May 20, 2007.  The model predicts a detached island of enhanced magnetic field strengths greater than those in either the nearby magnetosheath or magnetosphere.  Magnetic field lines spiral around the island.  Spacecraft in the magnetosheath must observe a weak enhancement in the magnetic field strength.  A spacecraft originally in the current layer will observe the strong magnetic fields within the core region of the event.  However, crucial to the interpretation, spacecraft in the outer magnetosphere may pass through the current layer to enter the event, thereby observing crater FTEs with weak magnetic field strength troughs that bounding strong core field strengths.  Model-data comparisons like the one shown here are integral to the THEMIS mission.
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6.3 Hot Flow Anomalies

Hot Flow Anomalies (HFAs) are kinetic phenomena that occur in when certain IMF tangential discontinuities intersect the bow shock [e.g. Schwartz et al., 2000].  The solar wind convection electric field must point into the discontinuity on at least one side and the magnetic field must connect to the oblique, or quasi-parallel shock on at least one side.  The process by which HFAs form, the relationship their signatures upstream and downstream from the bow shock, and the mechanisms by which incident and reflected ions and electrons are heated to form single populations within the events remain unclear.
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Figure E1.  Artist’s conception of an HFA at the Earth’s bow shock.  In absence of simultaneous multipoint measurements, the internal structure and relationship between between features upstream and downstream from the bow shock remain unclear.

THEMIS offers numerous opportunities for simultaneous observations of HFAs upstream and downstream from the bow shock.  On 4 July 2007, the THEMIS spacecraft encountered an HFA on the dusk side of the Earth’s bow shock, near the point where an abrupt IMF discontinuity first encountered the bow shock [Eastwood et al., 2007, 2008]. THEMIS-A, upstream from the bow shock in the solar wind, observed the classic HFA signatures shown in Figure E2: a heated core region with strong flow deflections bounded by correlated density and magnetic field strength enhancements.  THEMIS-A observations of the ion distribution function indicate two distinct ion populations.  The other THEMIS spacecraft were located in the magnetosheath, where THEMIS-E (closest to the bow shock) observed flow disturbances, THEMIS-C and -D saw waves, and THEMIS-B (furthest from the bow shock) recorded no signature whatsoever.  In summary, these observations suggest that the THEMIS constellation observed a nascent HFA.  Forthcoming surveys will test the hypothesis that older HFAs contain single hot ion distributions, extend further from the bow shock into the magnetosheath, and exhibit stronger perturbations in the upstream region later in the lifetime.
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Figure E2.  An HFA observed by THEMIS-A on July 4, 2004.  From top to bottom, panels in the figure shows the ion distribution function, magnetic field components, magnetic field strength, density, velocity components, and temperature.

Figure E3.  THEMIS ground magnetograms.  The perturbation moved westward across the array (from top to bottom in the figure).

Outside the THEMIS-A HFA, the solar wind electron temperature was anisotropic, with parallel temperatures greater than perpendicular temperatures.  One might therefore expect even greater anisotropies in the core region of weak magnetic field strengths.  However, the very high (~12) electron plasma beta enables the electron firehose instability to render the electron distributions isotropic [Gary 1998].

Subsequent to its observation by the THEMIS spacecraft, the HFA launched a pressure pulse that swept westward across the dayside magnetopause, generating auroral brightenings, field-aligned currents, and corresponding ground magnetometer signatures throughout the dayside high-latitude ionosphere, including the dedicated THEMIS ground based array (see Figure E3).  Ongoing studies include a reconstruction of the corresponding magnetic impulse event vortex from these northern hemispheric and Antarctic ground magnetometer observations and comparison of these signatures with events seen in Polar auroral images [Fillingim et al., 2008].

6.4 Penetration of the plasma sheet into the ring current region during a storm

Radial profiles of PSD can help us determine how far into the magnetosphere plasma sheet particles penetrate.  During late May 2007, the THEMIS spacecraft observed both the ring current and its source population during the course of a weak geomagnetic storm.  As illustrated in Figure W1a, a moderately southward IMF Bz (-7 nT) and enhanced solar wind pressures (8 nPa) led to a weak geomagnetic storm (Dst = -60).  The THEMIS spacecraft cut through the dusk magnetosphere during this storm (Figure W1b).  Depressed magnetic field strengths deep in the magnetosphere and enhanced magnetic field strengths further outward indicate the presence of an enhanced ring current (Figure W1c).

Panels d to f show profiles for PSD multiplied by  as functions of  and radial distance in the quiet period before, during, and after the main phase of the storm.  The upper and lower dashed curves indicate the  values corresponding to our definition of the ring current, namely ions and electrons with energies from 30 and 200 keV in the region between r = 2 and 7 RE.  Figure W1d demonstrates that the PSD of plasma sheet particles ( ~1 to 10 keV/5 nT for ions and  ~0.1 to 2 keV/5 nT for electrons) remains similar from the magnetopause at r ~13.7 RE to r ~6-8 RE for ions and to r ~11.5-12 RE for electrons, but then drops quickly further inward.  Particles with lower  penetrate further Earthward, consistent with energy-dependent separatrixes between open and closed particle drift paths (the Alfvén layers), indicating that the drops are the inner edges of the plasma sheet.  Then the similar PSD between the magnetopause and the inner edges indicate plasma sheet particles on open drift paths.  During these pre-storm quiet times, the open drift paths do not extend to the ring current region. 

During the main phase (Figure W1e) the inner edges of the plasma sheet move earthward to ~3.5-4.5 RE for ions and ~6-7 RE for electrons.  Now convection is stronger and the ring current ions can be supplied by open drift paths that extend further Earthward.  The electron increase inside r = 6 RE may be due to electrons having penetrated to r < 6 RE earlier at the post-midnight local times, drifting eastward and suffering strong losses.  During the late recovery phase (Figure W1f), the inner edges of the ion and electron plasma sheets return to their pre-storm quiet time locations precluding supply to the ring current region.  There is a clear separation between the plasma sheet ions on open drift paths and plasma sheet/ring current ions left behind on closed drift path region. The PSD in the ring current is lower than that during the main phase due to loss but higher than its pre-storm time value. 

The above sequence demonstrates that the plasma sheet is the source of the majority of the ring current ions during geomagnetic storms.  During the recovery phase, the open drift paths retreat tailward, leaving behind plasma sheet particles trapped in the ring current region on closed drift paths.  In the absence of a particle source, losses cause a gradual decrease of ring current phase space densities to quiet time values. 
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Figure W1. (a) Dst, the IMF By and Bz, solar wind density, and solar wind dynamic pressure measured by WIND (at XGSM~ 236 RE, YGSM~81 RE, ZGSM ~ 48 RE) during the May 2007 storm. The vertical lines bound the periods of THEMIS observations shown in Figure 1c to 1f during three phases of the storm (black: pre-storm, blue: main phase, red: late recovery), (b) Trajectories of the THEMIS spacecraft projected into the X-Y plane, (c) Magnetic field strengths as a function of radial distance. (d-f) f(( (f in unit s3km–6) vs. ( as a function of radial distance for ions (left) and electrons (right).  Here  = Ek/B, where Ek is particle’s kinetic energy, B is local magnetic field strength, and f is computed using omnidirectional fluxes).  The lower and upper dashed curves indicate EK = 30 and 200 keV, respectively.  

7.1Technical/budget


7.1.1
Observatory and instrument status (Bester)

7.1.2 Status of the ground system SOC and MOC (Bester)

7.1.3 Data availability (King, McTiernan, Quinn)

7.1.4 Evidence for outside use of data (Sibeck, Angelopoulos)

Topics include:

Usage of our data at SPDF

List of people attending GEM training session

Talks using data at Fall AGU

Downloads from UCB

7.1.5 Data handling (Sibeck, Angelopoulos)

Probably this is simple in view of the map data system below and evidence for use above

7.1.6 Press conference, presentations, publications (E/PO, S/A)

7.1.7 Budget discussion, plus up scenario (Vassilis/Kate/Dave)

8 Education and Outreach (Peticolas, O’Carroll)

THEMIS Senior Review Proposal, E/PO section
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The overall THEMIS Education and Public Outreach (E/PO) proposal was run by Drs. N. Craig and L. M. Peticolas.  Since N. Craig’s retirement in July, 2007, Dr. Peticolas has taken over as the E/PO Lead for THEMIS.  The THEMIS program has included several components, mostly in the formal education realm.  The main goal of the E/PO program is to help inspire rural and Native American high school students to become engaged in earth, space and physical science.  We have met this goal by placing research-grade magnetometers in 12 schools in 10 North-American states and forming the Geomagnetic Event Observation Network by Students (GEONS) program.  Fig. 1 shows the locations of these schools. In this program we have worked closely with 14 teachers at these or neighboring schools over the past 4 years, held yearly workshops for these teachers, made available the magnetometer data on the web in real-time and archived in formats desirable by the students and teachers, and developed, tested and revised THEMIS teacher guides around the topic of magnetism, space weather, and the THEMIS data.  
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Our independent evaluator has queried these teachers as a formative evaluation to help us both understand our impact on these teachers and their students, to help us improve the program, and to improve the THEMIS curriculum we developed with the help of some of the teachers.  A photograph of many of the teachers is shown in Fig. 2. In these interviews and questionnaires we have learned that most of the teachers chose to be part of this program to motivate and/or involve students in ‘real science.’  All of the teachers are using some part of the THEMIS-developed curriculum in their classroom.  Five teachers have presented these materials at state science or education conference workshops to other teachers.  Most of the teachers have given THEMIS materials to other teachers in their school.  Four out of eight teachers filling out a questionnaire in 2007 indicated that this program has increased general interest in science at their (or a neighboring) school.  In this same questionnaire, two out of eight teachers indicated that this program has caused course enrollment increases in chemistry and physics since the start of the program, some as much as a 50% increase.

Another THEMIS E/PO program consist of a Lawrence Hall of Science Great Exploration in Math and Science (GEMS) professional development site for teachers in NV.  A photograph of teachers at the launching of this site is shown in Fig. 3. In addition to this sustainable PD model, we also provide short-term 1-hour to 2-day workshops with San Francisco Bay Area, California, and national teachers at science education conferences.  

In the informal education realm we have worked with the Space Telescope Science Institute to produce a THEMIS ViewSpace show that is now shown in science centers and museums around the country.  And we have an extensive education and outreach website with THEMIS news, science, videos, images, data, and information about us all written for the general public, students and teachers.   See the EPO appendix and look for the upcoming THEMIS E/PO paper in Space Sciences Review for more information on these programs and products and their educational impact. 

A list of abstracts presented at conferences over the past four years on the THEMIS E/PO program can be found in the bibliography (Peticolas et al., 2007b; Orr et al., 2007; DeWolf et al., 2007, Peticolas et al., 2007a; Peticolas et al., 2007b; Craig et al., 2006; Craig et al., 2005; Peticolas et al., 2005; Peticolas and Craig, 2005; Peticolas et al., 2004; Craig et al., 2004; Peticolas et al., 2003)

In the following years, we will continue to expand the GEONS program and to broaden it by collaborating with several other E/PO partners.  The idea will be to create “Heliophysics Ambassadors” who will become familiar with THEMIS and other reviewed lessons from NASA-funded Heliophysics E/PO programs.  They will then not only teach these in their own classrooms, but we will support them to teach other educators in their different states. Currently, FAST E/PO supports the THEMIS E/PO by providing funding for 15% of Dr. Peticolas’ time.  In addition to this partnership, in the coming years we will also work with AIM and RHESSI to broaden the content scope of the GEONS ambassador program.  In addition to including science about noctilucent clouds and the Sun, we will also include science about the moon through the future ARTEMIS mission.  In addition to their lessons, the AIM team will bring their expertise in diversity, coming from a minority institution, Hampton University in Hampton, VA.  RHESSI will support the effort by searching for the quality and relevant lessons from the Heliophysics E/PO community and placing them on a website that will be used by the Heliophysics Ambassadors.  Quality will be determined in part by obtaining an “apple” by the NASA education review process, indicating an excellent product, as shown in Fig. 4.  All missions will help support the evaluation of the program with THEMIS and ARTEMIS carrying most of the weight.  We will also continue to work with the Drs. M. Moldwin and S. Odenwald for science content advice, education support, and space science mathematics problems of the week. All of the missions will help with a 1-week workshop to train these Heliophysics ambassadors.

In addition to these in-kind financial partnerships, we will get advice and guidance about such a program by the GEMS program, the Solar System Ambassador Program, the Educator Ambassador program.  And we will work with the One Earth One Universe team convened by the Sun-Earth Connection Education Forum to expand our work with the Native American communities.

In addition to this formal education program, we anticipate helping to support an effort to update the Sun-Earth Viewer together with the Sun-Earth Education Forum, ACE E/PO, Ulysses E/PO, and Voyager E/PO.   And we may work with MMS and Rice University on a space science planetarium show.  We also plan to make updates to the THEMIS ViewSpace show and to our THEMIS website.
8.1 PAO summary and outlook (O’Carroll)

Our active public outreach program achieved some remarkable successes during the past year- our launch video was advertised by www.nasawatch.com and received more than 21,000 hits on YouTube, the launch itself was covered extensively by the New York Times, Washington Post, and BBC.  PBS Newshour presented a special report on our E/PO efforts to engage Alaskan students and is preparing a follow-up program.  Our press conference at the Fall 2007 AGU was well covered by the media, including AP News and results concering our first substorm, flux ropes at the magnetopause, and hot flow anomalies were well covered by the print media.  The same press conference resulted in numerous interviews broadcast by BBC, CBC, and NPR, including a feature on the NPR program Earth & Sky.

At various times during its mission, THEMIS supplies the near-Earth solar wind, magnetospheric, and ground-based observations needed to understand solar wind structure, the generation of turbulence and energization of particles in the foreshock, how reconnection occurs at the magnetopause, how energy stored within the magnetotail is released during substorms, and how the magnetosphere couples to the high-latitude ionosphere.  Similary, THEMIS benefits greatly from ACE, WIND, and SOHO solar wind observations, works closely with Geotail to understand magnetopause and magnetotail phenomena, works with SAMPEX to understand the radiation belts, and works with TIMED to understand ionospheric-magnetospheric coupling.  Cooperation with Polar and FAST began with observations of substorms on the very first day of THEMIS science operations (March 23, 2007).  When CME-induced geomagnetic storms begin to occur during the extended mission, THEMIS will work with SDO and STEREO.  THEMIS is already working closely with Cluster, which often serves as a solar wind monitor for THEMIS and vice-versa.  Cooperation with NOAA/GOES is institutionalized by the inclusion of NOAA staff in the THEMIS science team, while intercalibration of the energetic particle instruments on THEMIS with those on the DoE LANL spacecraft has already begun.  Cooperation with NOAA will intensify during the extended mission when the GOES-13 and –14 spacecraft with instruments capable of measuring radiation belt particles are brought on line.  THEMIS employs its own dedicated array of ground observatories and works closely with NSF-funded researchers with access to Antarctic and Arctic data sets (imagers, radars, magnetometers, riometers).

	Event
	Type of Coverage
	Covered By

	Launch
	Television
	Three local stations in Florida, BBC, MSNBC, Fox News

	Launch 
	Newspapers
	USA Today, Science Daily, New York Times

	Launch
	YouTube
	Launch Video, >21,500 hits

	Launch
	Radio
	EarthSky NPR radio show

	Fall AGU Press Conference
	Newspapers
	USA Today, Toronto Sun, Canada Com, Washington Post

	
	Radio
	Alaska PBS, CBC Winnipeg, CBC Calgary

	
	Television
	Fox News, WDEF Chattanooga

	Ongoing
	WWW sites
	http://www.nasa.gov/themis
http://ds9.ssl.berkeley.edu/themis/no_flash.html
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Cinq satellites pour dévoiler les aurores boréales

Article publié le 15 Février 2007

Par Jérôme Fenoglio

Source : LE MONDE

11 Extrait : ILS partent à cinq explorer les coulisses d'un spectacle céleste qui laisse les humains sans voix, et les scientifiques à court d'explications. Jeudi 15 février, une fusée américaine Delta II, lancée de Cap Canaveral (Floride), doit semer en orbite les cinq engins de la mission Themis destinée à l'étude des mécanismes qui créent les aurores boréales aux hautes latitudes de l'hémisphère Nord, et, symétriquement, les aurores australes au sud. Depuis longtemps, les chercheurs ont compris que ces manifestations nocturnes sont liées à l'activité de notre Soleil.
NASA camera finds a home in Manitoba couple's yard

Thursday, August 10, 2006 

CBC News

A Manitoba couple has a big orange box in their yard -- a box that scientists hope will unlock the mysteries of the night sky.
easily accessible from multiple sites (including CDAWeb and a mirror site in France).  and the topic of ongoing teaching workshops at launch, GEM, and AGU meetings.  As the fact that the data are freely accessible has been widely advertised, it is difficult to monitor their use.  The presentation of many talks employing THEMIS data by researchers who are not members of the project during the debut of the mission at the Fall 2007 AGU provides evidence that this interaction is working.

12 Appendices

12.1 References

These count against page limit and must be reduced.

12.2 Acronyms

12.3 Young scientists benefiting from the mission

12.4 Mission Data Archive Plan (MAP) (King/McTiernan, Quinn)

12.4.2 Status of data sets

12.4.3 Status of documentation

12.4.4 Realistic plan for final data and ancillary products

12.4.5 Plan to provide to users, invoke SPASE

12.4.6 List of analysis tools and method of provision

12.4.7 Description of plans for serving data VOs, Resident/Permanent archives

The url is:

http://cdpp.cesr.fr/themisdata/
Best whishes,

Christian
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To ensure that these and other collaborative studies occur, THEMIS is committed to an open data and software policy.  Up-to-date THEMIS survey plots and observations can be obtained from the NASA GSFC Space Physics Data Facility’s CDAWEB service, from the mission’s WWW site at themis.ssl.Berkeley.edu, and from an external site in Taiwan.  The same software used by the project’s research team can be obtained from the mission site at UC Berkeley, with prompt support provided by software engineers.  Widespread access to THEMIS observations resulted in ? talks by non-team members employing THEMIS data at the first public presentation of THEMIS research at the Fall AGU!  At the adjacent GEM meeting, THEMIS software engineers taught a room full of scientists how to use the software.

Table 4.  Mapping to SMD Science Plan (use?)
	THEMIS/ARTEMIS objective
	SMD Heliophysics Research Focus Area

	THEMIS: 1.  Define the structure of the near-Earth magnetotail, the processes that occur there, and their role in magnetosphere-ionospheric coupling, 2. Survey reconnection on the dayside magnetopause, 3.  Track the processes responsible for the radiation belts.

ARTEMIS:  1.  Determine the characteristics of reconnection in the mid-magnetotail and relate these characteristics to phenomena in the ionosphere and near-Earth magnetotail.  2. Define solar wind turbulence over ~1 to 20 RE scale lengths and the properties of the foreshock
	a. Understand magnetic reconnection as revealed in geospace storms

b. Understand the plasma processes that accelerate and transport particles

c. Understand the coupling between planetary ionosphere and their upper atmospherics



	THEMIS: Track the processes responsible for the radiation belts.
	a. Understand subsequent evolution of solar activity that affects Earth’s space climate and environment

b. Determine changes in the Earth’s magnetosphere, ionosphere, and upper atmospheric to enable specification, prediction, and mitigation of their effects

	THEMIS:  Track the processes responsible for the radiation belts.

ARTEMIS:  Comprehensively survey the lunar environment, including the properties of the lunar wake in the solar wind, magnetosheath, and magnetotail
	a. Characterize the variability, extremes, and boundary conditions of the space environements

b. Develop the capability to predict the origin and onset of disturbances associated with potentially hazardous space weather events

c. Understand and characterize space weather effects on and within planetary environments.


Situation of THEMIS activity at CDPP/CESR

Its OK to consider the Toulouse a mirror site.

We will include that in the distribution of our software

as a potential mirror site for European users.

    Hi Vassilis and David,

    None of us will be able to attend the today telecon.

    I am giving in the followings a short assessment of our THEMIS activities.

    As most of us were in vacation last 2 weeks, things have not change very much.

    1) We are converging toward our primary goal, i.e., to interface the THEMIS data with the CL software. It is almost finish for the ESA data, some details are now being fixed and then we will go to the SST data.

    2) The mirror database is quasi complete. We launch manually the update because the rsync protocol can last more than one day and thus we have to control it closely. Emmanuel Penou will communicate soon with Tim Quin on this topic.

    3) We have tested TPLOT by using the mirror database as teh REMOTE DATA DIR. It seems to work. The possibility of using the CDPP/CESR mirror database as an alternative remote data dir could be opened to the whole THEMIS Community, if you agree.

    <>

    <>4) CDPP/CESR is in discussion with the GFI companie for prolongating the contract in order to develop and provide the code for producing the new ESA L1 data in the cdf files, as asked by Vassilis. We plan these sub-actions:

    <>a) writing a document describing all the objects to be contained inside the new L1 CDF file<>s.

    b) sending this document to you for validation of the specifications of the new L1 data.

    c) developing the code for producing the new ESA L1 files

    d) testing and validating the code

    e) writing the code documentation (user guide)

    f) develop a new version of the TPLOT module reading the new ESA L1 data files.

    Is this plan OK for you?

    We should confirm it within the next days.

The Suprathermal Ion Detector Experiment (SIDE), part of the ALSEP package,

ALSEP Apollo Lunar Surface Experiments Package
What are the potential advantages from a THEMIS tetrahedron configuration?

Accurate determinations of gradients in plasma parameters and magnetic field (and thus capable of resolving current density into parallel and perpendicular components to the magnetic field) are crucial in several proposed tasks. This capability can make plausible conclusions to convincing ones. We shall study the possibility of putting a fourth probe to the inner region for a tetrahedral formation. The decision will be finalized in October 2008.

Hi David

We got 2 themis invited papers

at EGU (Glassmeier, Chaston) both

on Tsurutani's wave session (ST06).

We also got 2 talks by Kuni Keika

and Dragos Constantinescu.

Vassilis
below can be found material suitable for the ‘recent discoveries section, assuming that this section would have room for it.

13 THEMIS Discoveries to date: Using a String of Pearls Configuration (A/S using contributions from individuals)  We have 3 pages for all of this.

13.1 Dayside Physics  HFA?, Asymmetric reconnection, detached FTE, marit LLBL, Glassmeier response

13.2 Nightside physics.  March 23 substorm (vassilis), Kepko, inner edge of ps

13.3 Radiation belt physics.  Ring current, inward motion of plasma sheet.

13.4 Other

13.5 Results to date on topics concerning the foreshock, magnetopause, and inner edge of the plasma sheet.  Summary of Science Contributions to date- emphasize Y-direction  (A/S).  Topics to note are: Hot flow anomalies, Hall electric fields, the cross-section of an FTE, the cold dense plasma sheet thickness, cold dense plasma sheet occurrence at the magnetopause, flow oscillations in the outer magnetosphere, magnetopause motion in response to varying external pressure.  We might mention all of these, describe only 3 in 1 paragraph detail each.  I suggest Hall electric fields (microstructure, E, B, plasma), FTE cross-section (mesostructure, B), Runov or Chih-Ping (macrostructure, energetic particles).  These are too many.
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Fig. 1 Locations of the schools with magnetometers are indicated as blue dots.  Red dots indicate science observatories.





Fig. 2 Teachers at our 2005 GEONS workshop held in Nevada at the location of the NV magnetometer.





Fig.3 Dr. Peticolas teaching at the GEMS site launch PD workhop.





Fig.4 An example of a pre-existing excellent teacher’s guide created as a partnership between multiple mission E/POs.
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