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2.2.1. PROJECT INTERBALL 

Plasma thermalization and penetration through the outer polar cusps. Magnetosheath plasma flow is thermalized through the formation of “long-operating” vortex streets and local discontinuities and solitons in a distributed region over polar cusps (stagnation region). Plasma percolation through the structured boundary and secondary reconnection of fluctuating magnetic fields in a high-latitude turbulent boundary layer can account for the main part of solar wind plasma inflow into the magnetospheric trap. Unlike local shocks, the ion thermalization is accompanied by the generation of coherent Alfven wave cascades with scales ranging from ion gyroradius to the radius of curvature of the averaged magnetic field, as well as by the generation of ‘diamagnetic bubbles’ (of few 100-1000 km thick) with a demagnetized heated plasma inside. This ‘boiling’ plasma has kinked power-low spectra with two characteristic slopes (1.2 & 2.4), that differs from the Kolmogorov law. The fluctuation self-organization in the boundary layer (synchronization of three-wave decays) was observed on certain frequency scales. Despite similar scale and spectral characteristics topologies of the summer and winter exterior cusps are different. In summer (positive dipole tilts) the outer cusp throat is open for the direct interaction of magnetosheath flows with the indent magnetopause. The summer stagnation region with the turbulent boundary layer at its bottom is mostly in the magnetosheath. In winter (negative dipole tilts) the smooth magnetopause, being at ~ double distance, is more transparent for the fluctuations including ‘diamagnetic bubbles’. It becomes thick and coincides with the magnetosheath flow boundary. Just inside the magnetopause, the ‘plasma balls’ (few RE thick) are regularly encountered, which contain highly reduced field and heated magnetosheath plasma. We suggest micro-reconnection of fluctuating fields and percolation of the ‘diamagnetic bubbles’ as most effective mechanisms for filling of the ‘plasma balls’. The data don’t conform to a unique large-scale reconnection as the general source for the heated plasma there. 

The discovery of the ‘plasma balls’ suitably finalizes the Interball mission, which name has been given after  ‘fireballs’ introduced by Fairfield in late 70’s.   

	[image: image13.png]



Fig. 1. Magnetospheric boundary in noon-midnight GSM plane for summer in the Northern hemisphere (upper part, dipole tilt angle positive) and winter in the Southern hemisphere (bottom, tilt angle negative).


Study of fine spectral and time characteristics of energetic particles. Almost Monoenergetic Ions (AMI, see Fig. 1) and thin dispersion structures in energetic ion and electron spectra has been discovered due to very high energetic resolution of DOK-2 spectrometer. It has been shown that AMI beams can be generated due to particle acceleration in bursts of a strong, potential, electric field, arising by the disruption of magnetospheric current sheet filaments. In particular it occurs in multiple spontaneous reconnection events in the geotail plasma sheet and by collisions of solar wind current sheets with the Earth's bow shock (see AMI near bow shock in Fig. 2). 
Thin dispersion structures in ion and electron spectra in auroral zones has been also discovered. These structures are narrow lines with energies smoothly decreasing with time. In ion spectra, unlike the electron ones, we observed usually a pair of lines with the energy ratio of 1:2. It was shown that these structures are due to gradient-curvature drift of particles momentary injected on the night side of the magnetosphere. In several cases particles made several full turns around the Earth. The pairs of lines in ion spectra should correspond to protons and -particles. The analysis of dispersion structures in high-resolution spectra allowed to determine precisely the moment of particle acceleration T0, to estimate the duration of this process and find the source spectra of particles in the specific event. One example of the method of T0 determination for a dispersion event is given in Fig. 3. In some dispersion events the variations of the line energy with time were like periodical sinusoidal oscillations superposed on a normal hyperbolic decrease. The periods were of 3-5 min. These oscillations were found to be well correlated with the PC-5 type variations in local magnetic field. The magnetic field oscillations were linearly polarized, transversal and mainly in east-west direction. The phase relation is such that the line energy increased while eastward magnetic field component increased. 
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Fig. 2.  Example of AMI near the bow shock
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Fig. 3. Example of the injection time T0  determination for ion and electron dispersion structures for event on June 28, 1997 in auroral zone. 


The simple explanation of this phenomenon in a frame of gradient drift model was given. The analysis of such 'wavy’ dispersion events allowed to find estimates of longitudinal amplitude of such field line oscillations

Investigation of the fast and large solar wind plasma and magnetic field variations. Events with very sharp (faster than 10 min.) and large (by absolute amplitude) increase/ decrease of solar wind ion flux (density) has been studied. In most cases these events do not include changing of other solar wind parameters (velocity, temperature, magnitude and direction of interplanetary magnetic field). There were investigated the probability of such events as function of their amplitude, their statistical features, connection to the solar corona phenomena and their “geoeffectivity”. The statistical analyses included several tens of simultaneous observations of solar wind fast and large variations in the foreshock (ahead of the bow shock) by Interball-1 and Magion-4 satellites. For these events the distance between spacecraft was rather small (1-5 thousands km). The comparison of these measurements for different spacecraft positions allowed us to estimate the correlation length of structures in the plane, perpendicular to solar wind motion, is ~ 2 RE. 

The analyses of ion flux measurements with high time resolution allowed us (also in the first time) to show that plasma variations in the foreshock are the fast magnetosonic waves going upstream from bow shock with velocity about 80 km/s but blowed downstream by solar wind with the larger velocity (about 400 km/s). The estimate of the velocity of small-scale quasi-harmonic structures in the foreshock also was performed from two point observations. 

The case and statistical study was made of the absolute and relative low frequency and high frequency variations of the ion flux (density) and magnetic field module in the magnetosheath, It was done using Interball-1 data both for dusk and for dawn magnetospheric flanks. The dependence of the amplitudes of the plasma and field variations on the spacecraft position relative the magnetosheath borders – radial profiles of variations - was obtained. It was shown that the amplitude of plasma flux variations are rather constant across the magnetosheath; the amplitude of field variations decrease from magnetopause to bow shock. The dependence of the magnetosheath plasma and field variations on the external condition – the direction of the interplanetary magnetic field – was also studied. It was shown (at the first time) that amplitude of these variations strongly increase if the solar wind enter to magnetosheath across the quasi-parallel bow shock. 

Ground-based and satellite study of mechanisms for the ionospheric polarization jet formation. Long-lasting ground based measurements of a polarization jet (PJ) by the latitudinal chain of ionospheric stations in Yakutia (3 < L < 5; MLT = UT + 9 h) and by 5 subauroral Russian stations were analyzed. A number of cases were found when PJ was recorded simultaneously with energetic ion observations by AMPTE/CCE and INTERBALL 2. In the considered cases of strong magnetic substorms, PJ was accompanied by strong injection of ions with the energy of ~ 20 - 50 keV and intensity of ~ 106 cm-2c-1ster-1keV-1. Close to the injection region near the midnight sector no ion energy dispersion has been observed, while they have been detected in the evening sector. Measurements by ionosondes at different longitudes show that the westward velocity of the front of PJ development is close to the gradient drift velocity of 20 keV ions (forming the ion dispersion events). Thus, the physical mechanism of PJ formation due to energetic ion injection during a strong substorm burst is experimentally established.
Satellite measurements show that in the near midnight sector energetic ions reach the shell L = 3.0 in 20 – 30 minutes after a substorm commencement with AE > 500 nT. 

The polarization jet is formed in about 5 – 10 minutes after the substorm commencement. Thus polarization jet is a manifestation of substorm brake-up phase but not the recovery phase as it was considered before (Fig. 4).
N. Buzulukova and Yu. I. Galperin have developed a simple semi-quantitative theory of the PJ formation and its characteristics. They demonstrated that the presence of PJ strongly influences the drift trajectories of outer radiation belt particles and can produce the electric field, maintaining the PJ band.
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 Fig. 4. Onset time of PJ observation at Yakutsk station versus the time of commencement of substorms with AE ( 500 nT, for cases with time delays between these two events is less than 3 hours. Dashed line marks the absence of time delay.
Bow shock position determination. About 450 crossings of the Earth’s bow shock (BS) by WIND orbiter and ~ 850 BS crossings by MAGION 4 (Interball 1 subsatellite) orbiter were analyzed in details. It was revealed that:

1) Earth’s subsolar bow shock is approaching to planet with decrease of Alfvenic Mach number Ma. This unusual behavior is realized only in a case of practical coincidence of directions of interplanetary magnetic field (IMF) with those one of the solar wind ((bv ( 0o, right panel). In other cases subsolar bow shock moves from the planet with the decease of Alfvenic (and sonic Ms) Mach number in accordance with traditional expectations (central and left panels).
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Fig. 5. Dependence of normalized subsolar BS position on Alvenic Mach number for quasi-perpendicular (left), inclined (center), and field-aligned (right) solar wind flow. In order to clarify  dependencies on Ma similar functional curves 14+const/(Ma-1)^3 were added to all panels (smooth lines) with a const to be best fitting observational data
2) The cross-section of the Earth’s bow shock by terminator plane is asymmetric. Dependence of this effect on the solar wind upstream parameters was studied. It was found that asymmetry of the BS terminator cross-section exists when magnetosonic velocity Vms=V( essentially exceeds V((, which is the maximal of sonic Vs and Alfvenic Va velocities (d,f). The effect vanishes when mentioned above velocities are close each other (a,c,e), or when the solar wind flows almost along IMF (a,b). The ratio of axes of the terminator cross-section ellipsoid can be as high as ~1.1 whether IMF is almost perpendicular to the solar wind flow (f). In a case of Parker spiral angle of ~45o between the IMF and solar wind directions, cross-sectional ellipsoid is both elongated in the direction perpendicular to IMF and shifted by ~ 1,5 Earth’s radii in the “dawn” direction (d).
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Fig. 6. Projections of normalized bow shock crossings to the terminator plane for quasi- field aligned (a,b), inclined (c,d), and quasi-perpendicular (e,f) solar wind flows, subdivided into cases with low (a,c,e) and high (b,d,f) anisotropy of phase velocity of fast magnetosonic wave.
Plasma characteristics in the high-latitude magnetosheath in the vicinity of cusp. Gasdynamic model and the global MHD simulation are used to calculate the plasma properties in the high-latitude magnetosheath. We compared the data of Interball and Polar spacecraft, which were obtained in the high-latitude magnetosheath in the vicinity of cusp under conditions of the strong northward IMF with gasdynamic model and global MHD simulation. Magnetic field plays an important role in the reconnection and in the formation of depletion layer within the magnetosheath. Observed plasma properties are in the better agreement with MHD simulation rather than with gasdynamic model. Observations show that under these conditions the formation of the depletion layer at high latitudes leads to the subsonic flow that allows the steady high-latitude reconnection.  

Ion velocity distributions in the highly-structured LLBL: a case for multiple reconnection. Analysis of ion velocity distributions in the highly-structured LLBL, that is one of the two basic types of LLBL (1) shows that widely accepted view of the LLBL being created by magnetosheath plasma entering along single reconnected flux tube (FTE) is not the only option. Ion observations of with SCA-1 ion analyzer on Interball-Tail probe show that in many cases ion velocity distributions have two or three magnetosheath-type components. Two of these components are counter-streaming along magnetic field line, while third component is nearly at rest relative the magnetic field (2). These observations give experimental evidence for multiple reconnection that may play a role in the formation of LLBL.
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Fig.7. An example of ion velocity distribution in magnetic coordinate system within LLBL on April 16. 1996, as measured on Interball. Horizontal axis is along the local magnetic field direction, vertical axis is perpendicular magnetic field line. Simultaneous injection of magnetosheath-like plasma is seen along magnetic field line and in opposite direction

Auroral kilometric radiation fine structure. The fine structure of the Auroral Kilometric Radiation (AKR) is studied using multicomponent measurements of the electromagnetic field in the frequency band 4 kHz-1 MHz (the POLRAD experiment onboard the INTERBALL-2 satellite). Special attention is paid to the measurements near the source of AKR: under conditions when the lower boundary of the emission range descends sufficiently low, lower than the local gyrofrequency of electrons. From the analysis of the electric field structure a conclusion is drawn that the bulk of the AKR power is carried by the signal component that is fast variable in time and frequency (flickering component). The power of a constant component (continuum) is lower by at least an order of magnitude. During strong bursts of the AKR, the relative contribution of the flickering component increases. The spatial structure of the zone of generation has at least three characteristic scales along and across the magnetic field.

Observations of small-amplitude AKR with a weakly pronounced flickering component in a broad frequency band and for along time confirm the classical theory of AKR generation in a large-scale cavity of plasma density. The dimension of this cavity in altitude is several thousand kilometers, and its latitude/longitude extension is determined by the region of precipitation of energetic electrons in the auroral zone. The large-amplitude AKR with a dominant flickering component suggests some powerful small-scale and short-lived sources. Such sources can occur at a strong inhomogenity of the flux of precipitating particles. Another possible mechanism for origination of small-scale sources is the hypothesis of a self-support of the AKR suggested by Calvert. According to this hypothesis, the AKR itself forms density cavities, which, in turn, results in intensification of the radiation. In this case, the amplitude dependence of the AKR flickering components is naturally explained. (Fig.8)
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Fig.8

AKR triggering by type III solar radio bursts. Simultaneous registration of type III solar radio bursts and Auroral Kilometric Radiation (AKR) have been studied by POLRAD instrument onboard the INTERBALL-2 spacecraft over the time period from July 1997 to October 1998. It has been found that the onset of AKR and increasing AKR intensity occasionally coincident with the arrival of type III solar radio bursts. The time delay between the burst detection and the AKR stimulation ranges from practically simultaneous to ten minutes. 

In the Fig.9 we present the AKR onset occurred after the type III solar radio burst. The AKR onset could be seen when the type III burst is ongoing. Simultaneous data from Geotail satellite show that the AKR emission was permanently observed during relatively long time period even before the arrival of the type III burst. On Interball-1 spacecraft, located close to the Geotail, strong variations of both magnetic field and plasmas begin in 10 minutes before the detection of the type III burst. It should result in electron precipitation in the auroral region leading to the AKR generation. That demonstrates difficulties in determination of a cause for the AKR onset observed onboard the INTERBALL-2. 

The  INTERBALL-2 can be summarized as follows:
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The coincidence of the AKR intensification and arrival of type III solar radio bursts is seen in about 10% of the cases in period from October 1996 to October 1998. The AKR become more intensive and broader in frequencies shortly after a detection of the radio burst. 

2. Multispacecraft observations indicate that the coincidence of the type III burst arrival and the AKR stimulation is not an evidence for the AKR triggering.  Variations in solar wind parameters accompanying drifting source of the type III bursts, noted in two cases seem to be a possible primary cause of the magnetospheric instabilities that finally leads to the AKR emission. The interplanetary conditions, physical processes in the magnetotail and foreshock/magnetosheath regions should be also taken into account in the study of the AKR triggering. 
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