Two Distinct Plasma and Energetic Ion Distributions within the June 1998 Magnetic Cloud 
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Abstract.   On June 24-25, 1998 a magnetic cloud was observed by ACE near the L1 Lagrangian point.  The cloud contains what at first appears to be a single interplanetary magnetic field (IMF) flux rope.  However, within this flux rope we find two distinct distributions of plasma and energetic particles.  The first region of the cloud is populated with anti-sunward streaming energetic ions and exhibits a low alpha to proton ratio, typical of the solar wind.  Halfway into the magnetic cloud a second and distinct spatial region was encountered, demarcated by a significant drop in the proton temperature, increase in the proton density, and increase in the alpha to proton ratio.  This second region was also populated with “pancake” energetic ion pitch angle distributions (PADs).  Therefore not only are the two regions within the flux rope occupied by two different plasma regimes, implying different coronal origins, but the ion anisotropies are completely different, (unidirectional vs. bidirectional), implying markedly different global topologies for the magnetic field lines.

Introduction

The temporal and spatial evolution of a coronal mass ejection (CME) -- from the injection, through the convection or expansion, to the observation at 1 AU -- is of great scientific interest.  Often these CME’s are observed at Earth as magnetic clouds and an understanding of the processes involved in cloud formation is of fundamental significance to heliospheric physics.  Both general models of magnetic clouds [Burlaga et al., 1990] and statistical properties of magnetic clouds [Lepping et al., 1990] have been well reported in the literature.  We report on a magnetic cloud observed by instruments on the ACE spacecraft near the L1 Lagrangian point on DOY 175-176, 1998 that challenges our understanding of these interplanetary structures.

Observations

On June 24, 1998 a magnetic cloud, identified by Smith et al. [1999], moved past the L1 point.  Figure 1 shows the magnitude |B|, longitude ((), and latitude ((), of the interplanetary magnetic field (IMF) in a GSE coordinate system during the passing of the cloud as measured by the MAG experiment on ACE [Smith et al., 1998].  An increase in the magnitude of the IMF begins near 1648 UT on day 175.  The rotations in both latitude and longitude associated with the increase in the IMF, traditional signatures of magnetic clouds [Burlaga et al., 1990], indicate the arrival of the flux rope observed at 1 AU.  The rotations in the IMF and the enhancement in the IMF magnitude continue for over a day, until at 1550 UT on day 176 a weak forward shock is observed at 1 AU, followed by yet another rope-like magnetic structure convecting past the spacecraft.  

The last three panels of Figure 1 show the number density, kinetic temperature, and proton speed respectively, all measured by the Solar Wind Electron Proton Alpha Monitor (SWEPAM) [McComas et al., 1998].  The velocity of the plasma increases prior to noon on day 175, followed by a long period of decreasing proton velocity.  Although pressure balance (not shown) is maintained throughout the cloud, there are abrupt changes in the number density, kinetic temperature, and the He++/H+ ratio (not shown) at a region we have identified as the plasma separatrix, 176:0314. 
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Figure 1.  IMF magnitude, longitude, and latitude.  Measured in a GSE coordinate system, along with the number density, kinetic temperature, and proton velocity.  Five vertical lines indicate the solar wind increase and beginning of the sheath, the end of the sheath and beginning of the magnetic cloud, the plasma separatrix, the forward shock, and the end of the energetic particle event respectively.

Figure 2 shows spin averaged ion intensities and ion pitch angle distributions measured by the ACE/EPAM instrument, [Gold et al., 1998].  Ion intensities from channels centered at 55 keV, 149 keV, 427 keV, 1412 keV are plotted in panels from top to bottom.  These energy channels come from the LEMS30 detector system that has four 90( sectors and whose angle from the ACE sun-oriented spin axis is 30(.  The pitch angle distributions (PAD's) shown at the bottom of Figure 2 contain observations from both the LEMS30 system (described above with the four sectors labeled A-D) as well as the LEMS120 system that contains eight 45( sectors (labeled 1-8) and is orientated at 120( from the ACE spin axis.  The energy channels from the two systems are essentially the same.  For each sector displayed in the pitch angle distributions below, the cosine of the particle pitch angle is plotted on the abscissa and the intensity (normalized to the maximum sector) is plotted on the ordinate.  The upper row of PAD’s are 0.046-0.067 MeV ions while the lower row of PAD’s are 1.060-1.880 MeV ions.  The peak flux (J) measured in particles/(cm2 sr sec MeV) is indicated above each PAD.
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Figure 2. Energetic ion intensity histories associated with the June 1998 cloud are shown in the top four panels.  The boxes below represent 20 minute averaged ion pitch angle distributions.   The top row of boxes are channels P1 and P1’ (0.046-0.067 MeV).  The four 90( P1 sectors are indicated with letters A-D while the eight 45( P1' sectors are indicated with numbers 1-8.  The lower row of boxes are from P7 and P7’ (1.060-1.880 MeV), labeled accordingly to the same scheme.

Prior to the arrival of the magnetic cloud the energetic ions exhibited strong field aligned flow, but not quite a beaming anisotropy.  This distribution persists for well over a day before the arrival of the magnetic cloud at 1 AU.  The region identified as a possible sheath was observed at 1012 on day 175, just after the jump in proton speed from 400 km/sec to well over 500 km/sec.  The solar wind velocity profile becomes less erratic at the end of the sheath region when at 175:1648; the structure we identify as the first region appears at ACE.  Inside this first region, that lasts through the second half of day 175, the energetic ions exhibit strong beaming along the magnetic field as seen in the ion PAD’s (II) in Figure 2.  This distribution persists at all energies until at 176:0220 a transition to a trapped (pancake) distribution is observed.  These pancake distributions are well established by 176:0314 where a plasma separatrix is observed.  These PAD’s (III) in Figure 2, where the intensity is peaked at 90( to the field and a depletion of particles flowing along the field is observed, appears stable for almost 12 hours while the second region is convected past the spacecraft.  The offsets between the P and P’ intensities is because the Compton-Getting convection effect is stronger in P (30() than in P’ (120().

A new spatial region is convected past the spacecraft shortly after noon on day 176 that has been identified as a weak forward shock.  The jump in proton velocity, density, and temperature are used to identify this shock.  Little effect is seen in the local energetic ion profiles at this time.   Late on DOY 176 another rotation in IMF longitude is convected past the spacecraft that may be the signature of a "mini" or partial flux rope.  As shown in the PAD’s (IV), ion streaming is re-established in the mini-flux-rope, but the direction of flow is sunward, away (downstream) from the forward shock.  The termination of the mini-rope also terminates the energetic ion event observed in EPAM.

Discussion

Changes in plasma properties during the passage of a magnetic cloud have been reported in the past.  An unusual composition in a magnetic cloud was reported by instruments on ACE for a magnetic cloud that was observed in May of 1998, [Gloeckler et al., 1999, Skoug et al., 1999].  During the May cloud, changes occurred in composition during the middle of the event.  A preliminary analysis of energetic ion and electron observations during the May 1998 event using the EPAM instrument do not show changes in ion or electron PAD’s similar to that observed in the June 1998 magnetic cloud, only steady uniform field aligned flows throughout the entire event.  Interesting changes during a magnetic cloud were also reported by Christon et al. [1998]; however these changes were identified as temporal, not spatial changes.

Particle pitch angle distributions are the "surgeons knife" used to analyze changes in energetic ion and electron distributions.  These pitch angle distributions are the clearest way to understand how the magnetic field and energetic ions and electrons are coupled.   Each of the PAD’s in Figure 2 have been averaged over twenty minutes, during this time the particles have traveled significant distances following the interplanetary magnetic field lines.  For the specific case of the June magnetic cloud the distributions were remarkably constant over the period of hours, far longer then the averaging interval.  Since the 1.5 MeV protons have a velocity of 0.40 AU/h, this implies that the magnetic structure observed at ACE extends a significant fraction of an AU in either direction beyond the spacecraft along the IMF. 

The energetic particles are not the only indication that there are different structures within the cloud.  The plasma observations also show a significant change in the number density, kinetic temperature, and the He++/H+ ratio (not shown), where the temperature shows a somewhat variable profile in the first region and a significant drop in the second region.  The fact that abrupt changes observed in the plasma observations occur near the same time that the energetic particles show different PAD’s indicates that ACE has entered a different region of the cloud entirely.

Armstrong et al. [1994] and Gosling et al. [1994] reported on an interesting and well-studied cloud observed near 5 AU at 32( south heliolatitude by Ulysses.  Armstrong et al. [1994] analyzed the energetic ions and electrons in this structure and found distinctly different intensities and PAD’s in different parts of the cloud.  Osherovich et al. [1999] interpreted the Ulysses observed cloud as a complex structure of multiple helices embedded in a cylindrically symmetric flux rope.  Although other explanations that could explain the different distributions observed in the energetic particles during magnetic clouds may certainly be derived, the multi-tube model reported on by Osherovich et al. [1999] may provide part of the explanation for the observed distributions.
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