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ABSTRACT:

Conditionally-stable trapping of charged particles at hundreds of keV and MeV energies on the front side of the Earth magnetosphere is explored by numerical modeling of single particle orbits in the geomagnetic field using the Tsyganenko B-field model.  The distant magnetosphere magnetic field lines are compressed towards the Earth to balance the solar wind pressure, and this region is distorted to exhibits two localized minima in the magnetic field strength along the field lines at high latitudes on either side of the magnetic equator.  In these local magnetic traps, the B-field provides energetic particle confinement of residence times that range from several minutes to the duration of the seasonal time scale (i.e., several months). 

Simulation of energetic proton orbits in the Earth's magnetosphere shows under what conditions and in which locations these local trapped radiation zones would result. The existence and size of the confinement zones keenly depend on the tilt of the geomagnetic dipole axis to the Sun-Earth direction. The modeling carried out herein demonstrates that the northern near polar cusp (cleft) confinement zone is prominent primarily around summer solstice, and correspondingly the southern zone is largest around winter solstice.  

During equinox these local magnetic traps can exist in both of the hemispheres where they appear to form near-cusp extra radiation belt structures with latitudinal width typically only about 2 to 5 latitudinal degrees. These and other features of the two local off-equatorial magnetic field minima regions are illustrated and discussed.  

INTRODUCTION:

Well instrumented spacecraft have in recent years extensively traversed the high latitude regions of the Earth's magnetosphere.   One of the most exiting discoveries in the physics of magnetosphere is the discovery of  temporary trapped energetic protons and heavier ions in the cusp polar region by CAMMICE detector carried onboard the ISTP POLAR satellite.  Indeed, this phenomenon had been predicted on theoretical grounds in the early works of  Antonova and Shabansky (1968),  Shabansky and Antonova (1968) and Shabansky (1971).  It is speculated that the polar cusp/cleft regions of the Earth may well have greater influence on magnetospheric structure and dynamics than previously thought.
Nowadays, it has become recognized that the geomagnetic cusps are hosts to energetic electrons and ions, in addition to the thermal and supra-thermal plasmas.  Measurements of energetic ion species with the ISTP/POLAR satellite (e. g., Chen et al., 1997;  Sheldon et al., 1998;  Spjeldvik at al., 2005) and the INTERBALL spacecraft (e. g., Pissarenko et al., 2001) have demonstrated that the high latitude and high altitude dayside  magnetosphere contains zones of fairly persistent energetic trapped radiation, including heavy ions in a variety of charge states.  These regions are distinct from the standard radiation belt structures (which surround the Earth and typically contain maximum trapped fluxes around the magnetic equator), and are associated with the (high  latitude) geomagnetic cusp configuration.  

Generally, it is well known that the farthest dayside geomagnetic field lines that form interhemispherical loops are distorted from a dipole topology under the compression caused by the solar wind, and thus these high invariant latitude field lines modify their overall shape so that, at some fioeld lines, the magnetic induction become locally more intense at the geomagnetic equator than in higher latitudes.  As a consequence,  two high latitude minima appear in the magnetic field strength on these field lines on either side of the magnetic equator, in the high latitude northern and southern hemispheres.  In some measure, these local high-latitude B-field minima can result in conditionally stable confinement structures in the northern or/and southern hemispheres. 

In this report we analyze the conditions for charged particle confinement in the dayside near-cusp magnetosphere using a high accuracy numerical simulation of single charged particle trajectories that are within or pass through these regions of the geomagnetic field minima. Additionally we find that the polar cusps themselves allow a confining situation for energetic particles.  We have considered various levels of  magnetosphere disturbance activities (to determine durability of particle confinement in the B-field minima) and the effects of different tilts of the Earth’s geomagnetic field structure with regard to the Earth-Sun line.  

To model the Earth's magnetic field under different conditions, we employed the Tsyganenko geomagnetic field model including magnetospheric electric field effects.   With numerical modeling we show that the zones are  largely limited to the vicinity of the magnetospheric cusps, and that the existence and structure of these particle accumulations  strongly depends on both the seasonal cycle and on geomagnetic activity.  

The existence of a two-minima magnetic field line structure at the distance of ~7 to 10 REarth is illustrated in Figure 1, and it is a known feature of the dayside magnetosphere.  These local minima have been experimentally confirmed by  Zhou et al. (1997) and also verified with ISTP POLAR in-situ observational data, and can clearly be seen in this figure at the location where the magnetic field lines that cross the equator at high invariant latitudes "bend" to dip into the geomagnetic cusp regions.
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Figure 1
Model Dayside Geomagnetic Field during Equinox Conditions and kp-index = 0.  Magnetic field lines in the noon meridian plane are computed according to the Tsyganenko-89 geomagnetic field model with zero tilt and  Kp=2.  N  and S  marks the northern and southern cusps respectively. Black solid lines depict magnetic field lines with  equatorial field maximum (marked with yellow indicator) separating two local minimums (marked with red) at the closed lines. Black dotted lines depict field lines without the equatorial maximum. Green lines show contours of the constant magnetic field magnitudes separated by a factor 2.

The importance of this structure for energetic particle confinement in the magnetosphere was first time considered by Antonova and Shabansky (1968) using a simple two-dipole geomagnetic field approximation.  They noted that a magnetic field strength maximum between the two off-equatorial minima serves as a bifurcation point (“branching point”) for trajectories of some trapped particle in their drift around the Earth. As a result a corresponding drift shell ought to be  represented with a double-connected surface, i.e. possessing a “hole” on its dayside, and it appears that this feature would facilitate a mixing of the geomagnetic tail and high latitude dayside particle access to sources and sinks. 

Additionally, it now also appears that corresponding minima in the magnetic field strength also tends to exist on the geomagnetic field lines that are seen to be bent "away from" the Sun towards the night side.  Of course, Figure 1 only represents a 2-dimensional cut through the geomagnetic field, and in full 3-dimensional analysis it is then evident that the geomagnic induction minimum region really is fairly rotationally symmetric around the polar cusps.  Indeed, between the magnetic field lines that closed on the dayside of the Earth and the tail field lines bent into the nightside, an axially symmetric funnel-shaped structure, named a cusp, is located.  By its nature, the outer cusp region itself possesses a rather weak magnetic field that represents a fairly easy access of the hot solar plasma and low energy particles to the earth’s high latitude magnetosphere and even into upper atmosphere in the magnetic polar regions.  

If that local field minimum exists around the cusp axis, it may form a confinement zone of trapped particles that is rather different from the trapping properties of the classical radiation belt structure.  Antonova et. al. (2001) studied analytically some of the properties of such a cusp-trap using a simple axially symmetric magnetic field model for the cusp vicinity.

The local minima in the cusp region are a direct product of interaction of the solar wind with the magnetosphere, and its existence and characteristic parameters are controlled by solar activity.  Moreover, the position and topography of the geomagnetic cusp regions depend on the magnetic tilt angle, i. e. the angle between Earth-Sun direction and the Earth’s magnetic dipole axis.  

The only earlier attempt to study the influence of the tilt on the cusp local minimum structure was carried out by Shabansky (1971), and he found that the near-cusp minimum becomes less pronounced with increasing tilt angle, and would essentially disappear if the tilt angle exceeded 11(.  In this report we study a possibility of formation of autonomous confinement zones in the cusp region using more sophisticated geomagnetic field representations (Tsyganenko, 1989, 1995) labeled T-89 and T-96.  

We are aware that the Tsyganenko-models do not describe the newly discovered magnetic field turbulence that has been observed in the cusp regions (Chen et al., 1997;  Chen et al., 1998;  Chen and Fritz, 1998) and electric field turbulence also observed by the ISTP/POLAR instrumentation.  In spite of this shortcoming, that we do not yet know how to properly quantify in our modeling, we have accounted for the magnetospheric electric field influence in our modeling. 

 The focus of our present research is not to seek out every possible mechanism that can foster confinement of energetic particles in the cusp-region vicinity.  Rather we would like to demonstrate that, in the framework of the Tsyganenko geomagnetic field models, the cusp confinement zones can exist under well-determined conditions. 

The particle captured in the zones  form a kind of  cusp radiation ring/belt, where they drifts with  a period of several minutes, conserving  its 1st  and the 2nd adiabatic invariants.  This and other features of the cusp trapped radiation zones as they look at in Tsyganenko magnetospheric field model are discussed.

CONDITIONS FOR CUSP RADIATION BELTS

       Figure 2a  shows a typical cusp magnetic funnel structure formed with the geomagnetic field lines in the summer solstice configuration at UT=17:30. These are the conditions for which the geographical north pole is maximally inclined to the Sun and a tilt angle T  between the Earth-Sun direction and the geomagnetic dipole axis reaches the minimal magnitude T=55.5(. The model geomagnetic field lines are constructed utilizing the test code provided in T-89 model package (courtesy of Tsyganenko).
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Figure 2a
Comparison of some energetic particle drift trajectories for 

maximum geomagnetic tilt angle at northern summer solstice conditions

at UT=17:30.

For winter solstice conditions, and at UT=03:30, when geographic northern pole is maximally declined from the Sun the angle is equal to T=123.5(.   This situation is displayed in Figure 2b.
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Figure 2b
Comparison of some energetic particle drift trajectories for 

maximum geomagnetic tilt angle at northern summer solstice conditions

at UT=03:30.

The intermediate configuration corresponding to T=90( occurs during in a spring or autmn equinox, at UT=11:30, when  the dipole axis is perpendicular to Sun-Earth direction, i.e. to the nominal solar wind velocity vector. 

     Figures 3a and 3b show the geomagnetic field  strength along the magnetic field lines versus geodetic latitudes for conditions of vernal or autumnal equinox.  In these figures, the geomagnetic field lines are constructed to represent model minimal (Kp=0-1) and model maximal (Kp≥5) levels of geomagnetic activity as provided in the Tsyganenko model (by the package parameter IOPT).  This corresponds to the extreme values of  IOPT: 1 and 8 respectively.  

The field lines are traced from for latitudes from the Earth’s surface: maximal latitude corresponds the last geomagnetically closed dayside field line.  In this model, the geomagnetic field lines that ar effectively "anchored" at higher latitudes go to the geomagnetic tail domain, and the field line that are "anchored" at the lowest latitude exhibits only one single field strength minimum.  

We find that the field induction minima settle almost symmetrically relatively the magnetic equator.  The local maximum and adjacent minima are located on the gfeomagnetic field lines that are anchored between 73( and 80( of geodetic latitudes during quiet time (see Figure 3a). 
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Figure 3a.
The geomagnetic field strength along dayside magnetic field lines 

versus Cartesian latitudes for the field lines that are "anchored" at different 

latitudes.  The computations corresponds to equinox conditions in 

the quiescent magnetosphere. 
[image: image5.wmf]
Figure 3b.
The geomagnetic field strength along dayside magnetic field lines 

versus Cartesian latitudes for the field lines that are "anchored" at different 

latitudes.  The computations corresponds to equinox conditions in 

the strongly disturbed magnetosphere.  

The minimum magnetic field strength  reaches about 5x10-4 Gauss for latitude of 80(.  When the solar wind pressure  increases (disturbed conditions, illustrated in Figure 3b), the two minima structures shift inwards in the magnetosphere, to between 71( and 75( latitudes.  

The two distinct magnetic field minima, in this case, point to the possibility of there existing local magnetic traps at high latitudes in the both hemispheres.  

It is interesting to note that the magnetic field line "anchored" at 75( (purple line) exhibits two local maxima with related three local minima.  The picture for an autumn equinox situation differs only insignificantly from that for the spring equinox condition.

      As would reasonably be expected, when the tilt angle differs from 90( the magnetic field topology picture becomes less symmetric.  

Figure 4a  demonstrates that during summer solstice, the southern minima (at negative latitudes) broaden significantly and becoming less pronounced.  
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Figure 4a.
The geomagnetic field strength along dayside magnetic field lines 

versus Cartesian latitudes for the field lines that are "anchored" at different 

latitudes.  The computations corresponds to summer solstice conditions in 

the geomagnetically quiescent magnetosphere.

It is evident from Figure 4b, that the overall picture becomes more symmetric with increased solar wind pressure.  Here we notice that the magnetic field strength is again exhibiting two distinct minima (i. e., in both hemispheres).  We find that the structures with the local magnetic field strength  minimum at high latitudes exist for any geomagnetic axis tilt angle both for quiet and for disturbed conditions.  This result, which is based on the more modern Tsyganenko geomagnetic field models, qualitatively differs from that for the earlier two-dipole model (Shabansky, 1971), where it was computed to exist only for a tilt angle range reduced to 90((11(. 
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Figure 4b.
The geomagnetic field strength along dayside magnetic field lines 

versus Cartesian latitudes for the field lines that are "anchored" at different 

latitudes.  The computations corresponds to summer solstice conditions in 

the geomagnetically very disturbed magnetosphere.

One recognizes that the presence of a local minimum on the closed lines  is only a necessary but not a sufficient condition for formation of local confinement zones.  The existence of actual energetic particle trapping (durable or short-term) in the cusp regions is investigated by numerical simulation of orbits of energetic protons in the energy range of  0.1 to 2 MeV.  The modeling was carried out starting from the spatial position at the local magnetic field minima with velocity vector condition (v(B)=0,  i.e. with pitch angle 90( at that location.  

The  trajectory tracing simulation is based on the numerical solution of the full Lorentz force equation for a particle's motion in the pertinent geomagnetic and geoelectric fields (e. g., Gusev and Pugacheva, 1982), and the trajectory is computed numerically applying the  Runge-Kutta-Gill method with a Fortran code that uses double and (where deemed necessary) quadruple precision.  For the geomagnetic field  we use T-89 and T-96 field models.  The electric field model employed here considers both the corotation and the convection fields in the equatorial plane with:

 the corotation electric field potential   
Ucor = -CRE/R
where   C=91.5 kV,  and the convection electric field potential  

UV-S= -AR2sin(
The latter was taken from the Volland-Stern geoelectric field model (Volland, 1978) with coefficient A taken as being dependent on the geomagnetic activity level:  

A = 0.0449 / (1.0 - 0.159KP + 0.009KP2)3

expressed in units of  kV/RE2.   

Nomenclature used:  RE = 6371 km  is the Earth’s mean radius, (  is the azimuthal angle between the directions of the field vector and the sunward axis, and  R  is the radial distance from magnetic dipole center. 

The electric field  away from the Earth’s equatorial plane is computed tracing  the electric field potential from the equatorial plane to a given spatial point along neighboring magnetic field  lines (e. g., Pugacheva et al., 2004).

       A 3-dimentional example of a confined trajectory in the cusp region is shown in Figures 2a and 2b for summer solstice conditions.  The trajectories appear to be substantially "frozen into" the local field minima of the magnetic lines that topologically form the polar cusp funnel-structure, and so reveal that a magnetic trap zone is indeed present there.  

During the summer solstice configuration, the local trapping zone appears essentially only  in the northern hemisphere,  but it is then much more pronounced there than those found for the equinox configuration.  The closed proton trajectories are found to occupy the dayside facing cusp region forming something like a shallow funnel of confined proton flux with width of about 5 latitudinal degrees and with a large funnel diameter of dozens of Earth radii.  

To quantify, this width is computed to be about 20 REarth for the proton orbit illustrated in Figure 2.  Typically, during summer solstice conditions, this local proton confinement zone is located within the latitude ranges of 79(-83( in the quiescent magnetosphere, and shifting to a lower latitude range of 74(-78( for highly disturbed conditions when the magnetosphere is strongly compressed on the dayside.  

The proton orbit test show that during spring equinox two local confinement zones can exist simultaneously, but only for the disturbed  (compressed) magnetosphere.  The illustration given in Figures 5a and 5b shows the GSM  XY  and  XZ  proton orbit projection  is closed both for values of Z > 0 and Z < 0.   
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Figure 5.
The XY and XZ  projections in Cartesian GSM coordinates of the 0.3 MeV  proton drift orbits passing along the northern field line minimum for spring equinox conditions in the highly disturbed magnetosphere.
In a winter solstice situation, a rather pronounced confinement zone appears only around the southern cusp.  Figure 6 depicts the 0.3 MeV proton XZ orbit projection which is found to be closed for Z<0,  and mostly so in the highly disturbed (compressed) magnetosphere.  During quiet time the width of the zone decreases to about 1( of latitude.

[image: image9.wmf]
Figure 6. 
The  XY  and  XZ  projections in Cartesian coordinates of a 0.3 MeV  proton drift  orbits that passes along  the southern magnetic field line minimum for winter solstice conditions in the highly disturbed magnetosphere. 

The 0.3 MeV proton drift period around the cusp  is of the order of several minutes, and the protons could drift for many periods within the zone, perhaps accumulating flux in that magnetic trap.  Even protons of relatively high energies can be held in that zone: we found that the proton orbit remains closed even for a 2 MeV proton, while proton of 3 MeV  energy is computed to escape from  the trap, unable to complete a closed confined trajectory.

       Due to the Earth’s rotation, the confinement zone shifts to the other geodetic meridians subjecting proximate magnetic lines to the geofrontal expose of the solar wind pressure.  This process, that may entail reconnection of the geomagnetic field lines, possibly may results in the appearance of intense variable electric field as observed with detectors on the ISTP POLAR satellite.  

When the local electric field becomes as strong as about 100 mV/m (reported by Chen et al., 2004), the trapped protons going through those long circular drifting orbits as wide 20REARTH could conceivably be accelerated up to several MeV energy  in a single polar cusp drift period, i.e. thus is a time span of several minutes. 

The influence of the convection electric field on the process of capture in the cusp region was tested tracing selected proton trajectories in simultaneous geomagnetic and electric fields simulated with T-89 model (with parameter choice IOPT=8) and with the Volland-Stern model with  Kp=5–8.  At least for summer solstice we observed usual closed  trapped particle trajectories.


THE BIFURCATION OF 

NERGETIC PROTON TRAJECTORIES
      As we discussed above, an existence of a local minimum not always results in the formation of a local energetic charged particle confinement zone. Nevertheless the B-field minimum significantly changes the behavior of the common radiation belt trapped particles that pass through these local minima in the geomagnetic field.   For example, the modeled behavior of the protons during summer solstice conditions show the possibility of confinement around the northern off equatorial field minimum.   

We have also investigated what happens with the hundreds of keV protons that start their trajectories from another off-equatorial field minimum in the southern hemisphere, and with the same initial condition: (V(B) = 0.  The orbit is shown in Figure 2, where the trajectory curve is noted as deflection away from the geomagnetic equatorial plane.  Those orbits do not create a particle confinement zone around southern cusp, but rather the protons drift around the entire planet Earth. 

On the night side, the orbit resides within the common geomagnetic equatorial plane.  However, upon entering the evening side, the protons begin to climb into higher magnetic latitudes, and reaching a culmination point on the noon side magnetosphere.  Moving further to the dawn lobe they again descend towards lower magnetic latitudes, and finally returning to the geomagnetic equatorial plane.  This 0.3 MeV proton trajectory looks like belonging to a curved, inclined plane for which the dayside portion is deflected away from the geomagnetic equatorial plane.  This deflection appear to occur at an angle that is determined by solar activity compression of the magnetosphere.   

The protons are found to conserve their second adiabatic invariant and  pitch-angle near 90( when their orbits passing through L-shells of L=8-9.  However, we find that for the protons drifting around the Earth at higher L-shells of 10-12, the second invariant is substantially violated.  This finding is  shown in the Figure 7. 
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Figure 7. 
The XY and XZ  projections in GSM Cartesian coordinates of 

0.2 MeV proton drift trajectories starting from the southern off-equatorial field 

minimum for summer solstice conditions at  L(10-12  showing a violation of 

the 2nd adiabatic invariant during the drift.

This outer magnetosphere non-constancy of the 2ns adiabatic invariant effect was also noted and considered by Shabansky (1971).  That invariant suffers strong variations on the night side of the Earth, and after one drift period the particle appear to "forget" its initial 2nd invariant value, thus returning to the starting point of its essentially closed drift trajectory with this adiabatic invariant significantly changed.   

The implication of this is that particles (and energetic protons in particular) could not remain trapped in such outer drift orbits for more than some 2-3 drift revolutions.  Consequently, such outer zone particles should only be considered as being quasi-trapped.  

During equinox conditions, the dual cusp local cusp radiation belts exist only for disturbed conditions when the magnetosphere is extra strongly compressed.  In contrast, at quiet times at equinox, a proton starting along the northern field minimum on the dayside sector tends to drift in a plane perpendicular to the geomagnetic equatorial plane. 

As the energetic proton approaches the morning side, its drift motion attains the character of regular azimuthal drift within the geomagnetic equatorial plane, thus returning to its initial location in the same perpendicular plane on the mid-day  sector, after passing the evening magnetic lobe.  

This effect is illustrated in  Figure 8.  
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Fig. 8. 
The XY (black line) and XZ (red line)  projections of the proton 

drift orbit starting from the northern off-equatorial field minimum at equinox 

in the quiescent magnetosphere.
Similar orbits are shown in an inserted 3-dim projection image in the upper right corner of the same figure for particles  starting in the southern minimum at mid-day.  This type of energetic particle trajectories was also predicted by Shabanskiy (1971), and  have been studied in some detail by Delcourt et al.,  (1998, 1999). 

SUMMARY

Within the framework of the empirical-based Tsyganenko geomagnetic field models,  numerical simulation of energetic charged particle orbits  carried out herein reveals the existence of particle confinement zones in the dayside polar cusp of the Earth’s magnetosphere.  The distant magnetic field lines are compressed by the solar wind  on the front side of the magnetosphere, and thus possess two off-equatorial high latitude field  minima in the northern and the southern hemispheres.  We have analyzed the 3-dimensional aspects of these features which provide in  conditions for relatively stable localized particle magnetic traps there. 

The high-latitude energetic particle confinement zones form a cusp funnel magnetic topology with locally weak field strength that contains trapped radiation.    Energetic particles may be temporarily trapped there for residence times that may range from several minutes to probably several days or longer.  We show that this possibility also depends on the seasonal tilt of the Earth’s rotation axis.  

Energetic protons and other ion species could well become captured within the northern cusp-structure radiation zone during the summer solstice season, and could likewise be held within the southern polar cusp-topology during the winter solstice season.  During the equinox season, more “shallow” dual confinement zones appear (i. e., in both hemispheres), especially in the  disturbed magnetosphere when the solar wind ram-pressure is high.

In addition to the cusp-structure magnetic trap during solstices, another off-equatorial magnetic field minimum results in one more noticeable  feature in the disturbed magnetosphere.  We find that there should be a  deflection of equatorial partuicle orbital motion plane on day side magnetosphere.  At equinox, in the quiescent magnetosphere, this deflected orbital plane on the dayside becomes almost perpendicular to the geomagnetic equator.  This finding has a number of interesting implications. 

Additionally, the geomagnetic fields in the immediate vicinity of the cusp minima are found to be strongly variable, according to ISTP POLAR spacecraft observations.  This is a magnetic field feature that is not explicitly part of the widely used Tsyganenko Earthspace magnetic field models.  

This high-latitude geomagnetic field variability, and the strongly variable electric fields associate therewith, also discovered with the ISTP POLAR satellite instruments certainly have the potential to alter the features of the near-cusp belt phenomenon considered here.  However, in future analysis, there has to be a basis for perturbation analysis, whether weak or strong perturbations.  Thus we here wanted to establish the principal characteristics of the cusp-topology energetic particle trap within the framework of the average Tsyganenko models for the purpose of analyzing and zero-order steady-state modeling the energetic charged particle confinement structure. 

Future efforts will be directed towards characteristic time dependent conditions and the directly observed magnetic field and particle flux variation phenomena of energetic particle trapping in the cusp vicinity zones.  
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