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Because of finite-gyroradii effects, the atmospheric loss cone for energetic particles in the magnetosphere is shifted away from the magnetic-field direction. Using the Tsyganenko T96 magnetic-field model, maps of the magnitude of the angular shift of the loss cone are created for electrons, protons, and singly-ionized oxygen in the nightside magnetosphere. When the shift exceeds about 5°–10°, stochastic scattering of particles occurs. For protons and oxygen, this loss-cone shift is quite large, even in the dipolar portions of the magnetosphere, and stochastic scattering of protons and oxygen can occur in those regions. Hence, the ring-current ion population probably exhibits a robustly shifted loss cone and stochastic scattering in the dipole magnetosphere. For electrons, large loss-cone shifts and stochastic scattering are restricted to the magnetotail near and beyond the transition region.
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INTRODUCTION
Owing to finite-gyroradius effects the center of the atmospheric loss cone in the Earth’s magnetosphere shifts away from the direction of the magnetic-field line (Mozer, 1966; Il’in et al., 1992; Il’ina et al., 1993; Porazik et al., 2014; Sanchez et al., 2019; Powis et al., 2019; Willard et al., 2019; Borovsky et al., 2022a,b). For positive ions the angular shift of both the northern and southern loss cones is westward and for electrons the angular shift of both loss cones is eastward. Because of the shif the northern and southern loss cones are no longer 180° apart. This angular shift θshift is most-easily calculated via the “Mozer transform” (Mozer, 1966; Borovsky et al., 2020a,b, 2022a,b)
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where v is the total velocity of the particle and vcurve is the curvature-drift velocity of that particle
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(e.g. Eq. 2.17 of Roederer and Zhang (2014)), where m is the mass of the particle, q the signed charge of the particle, c the speed of light, v|| is the component of the particle’s velocity that is parallel to the magnetic field, and γ = (1 - (v2/c2))−1/2 is the particle’s relativistic factor.
It can be important for a number of reasons to understand and assess this loss-cone shift away from the magnetic-field direction. (1) Particle orbits in the magnetosphere are organized by the shift away from the magnetic-field direction whereas particle scattering by plasma waves is organized by the magnetic-field direction (e.g. Borovsky et al., 2022a). (2) The empty-loss-cone distribution of particles is shifted away from the magnetic-field direction, perhaps creating plasma-wave instabilities (e.g. Borovsky et al., 2022a). (3) Experiments that need to critically know where the atmospheric loss cone is (e.g. Porazik et al., 2014; Sanchez et al., 2019; Willard et al., 2019; Borovsky et al., 2020a,b) need to account for this angular loss-cone shift. (4) The magnitude of the loss-cone angular shift is directly related to whether or not there will be field-line-curvature scattering of the particles (e.g. Il’in et al., 1992; Il’ina et al., 1993; Borovsky et al., 2022a,b).
In a dipole magnetic-field geometry the loss-cone angular shift can be algebraically calculated (e.g. Borovsky et al., 2022a,b). In the real distorted-field magnetosphere the angular shift is not known. However, using a mathematical magnetic-field model for the magnetosphere the loss-cone shifts can be numerically estimated.
In this report, maps of the value of θshift in the noon-midnight meridional plane are created and examined for electrons, protons, and oxygen ions using the T96 (Tsyganenko, 1995; Tsyganenko and Stern, 1996) magnetic-field model to calculate the magnetic-field strength B and the local (B×∇B) curvature of the magnetic-field lines. The noon-midnight meridian maps are applicable to the Canadian longitude when Canada is at local midnight near the winter solstice: hence the dipole will have a very strong tilt away from the Sun-Earth line. At this time the Earth’s spin axis is tilted away from the Sun by 23° and the dipole is tilted a further 11°. Maps in the equatorial plane in the absence of dipole tilt are also created and examined. The parameters used for the T96 model were Bz = −5 nT for the solar wind and Dst = −30 nT.
THE SHIFT MAPS
Figure 1 plots the half-angle θl.c. of the atmospheric loss cone (colors) in the noon-midnight meridian of the nightside magnetosphere calculated using the tilted dipole T96 field. In the plot Z is the north-south direction and X is the Sun-Earth direction in GSE coordinates. Magnetic-field lines are drawn in black. The purple dashed line denotes the 23° tilted equatorial plane of the Earth.
[image: Figure 1]FIGURE 1 | The half-angle of the atmospheric loss cone θl.c. Is plotted in color. In the light-blue shaded region θl.c. > 3°, in the yellow region 2° < θl.c < 3°, in the pink shaded region 1.5° < θl.c < 2°, in the green shaded region 1° < θl.c < 1.5°, and in the blue shaded region 0.5° < θl.c < 1°.
Figure 2 shows maps of the magnitude of the loss-cone angular shift eastward in the nightside magnetosphere for electrons of 50 keV (top panel) and 1 MeV (bottom panel). Magnetic-field lines are drawn in black and the Earth’s tilted equatorial plane is denoted by the purple dashed curve. Note that there is a strong “dipole tilt” the with the dipole equator (not marked) southward from the geographic equator on the nightside. The yellow-shaded zones in Figure 2 are regions of the magnetosphere where the atmospheric loss cone angular shift θshift is small (< 0.5°) and the other colors denote regions where the shift θshift is stronger (see Figure caption). Comparing the two panels (of Figure 2) it is seen that the shift is larger for 1-MeV electrons than it is for 50-keV electrons: this is because the 1-MeV electrons have larger gyroradii than do the 50-keV electrons. Note in both panels that the loss-cone shift is large where the curvature of the field lines is strong. If anywhere along a field line there is a loss-cone shift θshift > 10°, particles on that field line will undergo field-line-curvature (FLC) scattering (Borovsky et al., 2022a,b) and their orbits will become stochastic. This is because FLC scattering is parameterized by an “adiabaticity parameter” ε = rgyro/Rc (Il’in et al., 1992; Il’ina et al., 1993), where rgyro is the gryroradius of the particle with pitch angle 90° and Rc is the field-line radius of curvature: ε = rgyro/Rc = 3γmcvo/eB is related to the loss-cone shift at the equator θshift = arcsin (3γmcv/eB), where at small pitch angles ε ≈ θshift where θshift is measured in radians (cf. Borovsky et al., 2022a). Stochastic behavior onsets when ε ∼ 0.1–0.2 (Birmingham, 1984; Chirikov, 1987; Il’ina et al., 1993), which corresponds to θshift ∼ 5.7°–11.5°. Note that as ε and θshift increase, the onset to stochasticity is slow, not abrupt at particular values of ε and θshift (cf. Figure 5 of Borovsky et al., 2022a or Figure 6 of Borovsky et al., 2022b).
[image: Figure 2]FIGURE 2 | Loss-cone-shift maps for electrons. Magnetic-field lines in the nightside magnetosphere in the noon-midnight meridian are drawn as the black curves using the T96 magnetic-field model. The colored shading is the calculated eastward shift of the local atmospheric loss cone for 50-keV electrons (top panel) and for 1-MeV electrons (bottom panels) based on the T96 magnetic-field model. The color scheme is yellow (shift <0.5°), pink (shift 0.5°–1°), green (shift 1°–1.5°), blue (shift 1.5°–2°), red (shift 2°–10°), and gray (shift >10°).
During other times of the year (away from the December solstice wherein the dipole tilt from the Sun-Earth line is strong) the picture in the nightside magnetosphere is very similar to that depicted in Figure 2. This is demonstrated in Figure 3 where the maps of Figure 2 are recalculated from the T96 model with no dipole tile with respect to the Sun-Earth line. Again, the largest angular shift of the loss cone occurs in the midplane of the plasma sheet where the field-line curvature is strongest.
[image: Figure 3]FIGURE 3 | Loss-cone-shift maps for electrons as in Figure 2, but for no dipole tilt with respect to the Sun-Earth line. Magnetic-field lines in the nightside magnetosphere in the noon-midnight meridian are drawn as the black curves using the T96 magnetic-field model. The colored shading is the calculated eastward shift of the local atmospheric loss cone for 50-keV electrons (top panel) and for 1-MeV electrons (bottom panels) based on the T96 magnetic-field model. The color scheme is yellow (shift <0.5°), pink (shift 0.5°–1°), green (shift 1°–1.5°), blue (shift 1.5°–2°), red (shift 2°–10°), and gray (shift >10°).
In Figure 4 two westward-angular-shift maps for protons in the nightside magnetosphere are shown: the top panel is for 10-keV protons (energies typical of the ion plasma sheet) and the bottom panel is for 200-keV protons (energies typical of substorm-injected ions). The gyroradii of protons are in general much greater than the gyroradii of electrons and so the magnitude of the angular shift θshift of the loss cone tends to be greater for protons than for electrons. With the loss cone typically being in the range of 3° or less (cf. Figure 1), one could consider the angular shift of the loss cone to be “significant” if it is 2° or more. The maps of Figure 4 indicate that the angular shift of the loss cone can be significant (θshift > 2°, red shading) for 200-keV protons at L = 4 and the loss-cone shift can be significant for 10-keV protons at L = 6. The gray shading (θshift > 10°) in the two panels of Figure 4 indicates that one can expect 10-keV protons to have stochastic orbits at L = 8 and 200-keV protons to have stochastic orbits at L = 5 owing to field-line-curvature scattering.
[image: Figure 4]FIGURE 4 | Loss-cone-shift maps for protons. Magnetic-field lines in the nightside magnetosphere in the noon-midnight meridian are drawn as the black curves using the T96 magnetic-field model. The colored shading is the calculated eastward shift of the local atmospheric loss cone for 10-keV protons (top panel) and for 100-keV protons (bottom panels) based on the T96 magnetic-field model. The color scheme is yellow (shift <0.5°), pink (shift 0.5°–1°), green (shift 1°–1.5°), blue (shift 1.5°–2°), red (shift 2°–10°), and gray (shift >10°).
Figure 5 shows two westward-angular-shift maps for oxygen O+ in the nightside magnetosphere: the top panel is for 10-keV oxygen (energies typical of the ion plasma sheet) and the bottom panel is for 200-keV oxygen (energies typical of substorm-injected ions). The gyroradii of O+ is 4 times the gyroradii of protons at the same kinetic energy and so the angular shift θshift of the loss cone tends to be greater for oxygen than for protons. The maps of Figure 5 indicate that the angular shift of the loss cone can be significant (θshift > 2°, red shading) for 200-keV O+ at L = 2.5 and the loss cone shift can be significant for 10-keV O+ at L = 4. The gray shading (θshift > 10°) in the two panels of Figure 5 indicates that one can expect 10-keV O+ to have stochastic orbits at L = 5 and 200-keV O+ to have stochastic orbits at L = 4 owing to field-line-curvature scattering.
[image: Figure 5]FIGURE 5 | Loss-cone-shift maps for oxygen O+. Magnetic-field lines in the nightside magnetosphere in the noon-midnight meridian are drawn as the black curves using the T96 magnetic-field model. The colored shading is the calculated westward angular shift of the local atmospheric loss cone for 10-keV O+ (top panel) and for 200-keV O+ (bottom panels) based on the T96 magnetic-field model. The color scheme is yellow (shift <0.5°), pink (shift 0.5°–1°), green (shift 1°–1.5°), blue (shift 1.5°–2°), red (shift 2°–10°), and gray (shift >10°).
Using the T96 model for Bz = −5 nT and Dst = −30 nT with no dipole tilt, four loss-cone-shift maps in the equatorial plane of the magnetosphere are plotted in Figure 6. The upper-left panel is the magnitude of the eastward shift for 1-MeV electrons, the upper-right panel is the westward shift for plasma-sheet-energy (10-keV) protons, the lower-left panel is the westward shift for substorm-injection-energy (100-keV) protons, and the lower-right panel is the westward shift for plasma-sheet-energy (10-keV) O+ ions. In each panel the Sun is off to the left and the magnetotail is on the right. The yellow shading in each panel represents equatorial regions where the loss-cone shift is minor (<5°). For the 1-MeV electrons the inner magnetosphere (<5 RE) exhibits minor shifts, but moving into the transition region and the magnetotail the shift becomes serious. For all four panels of Figure 6 recall that stochastic (finite-larmour-radius) scattering comes in strongly when the loss-cone shift exceeds about 5°, so the red-shaded region marks the transition to stochastic scattering and the gray shaded regions are fully stochastic. For the 10-keV protons (upper-right) the magnitudes of the loss cone shifts are everywhere more serious than they are for the energetic electrons. Even at geosynchronous orbit (6.6 RE) the shift is serious and stochastic behavior is probably present across the nightside. For the energetic protons and the 10-keV oxygen (bottom two panels) only the very inner magnetosphere would exhibit mild loss-cone shifts and geosynchronous orbit (6.6) would be populated with stochastic orbits. The lower-left panel indicates that what would be commonly called “ring-current” protons at 100-keV may be stochastically scattering in the regions inward of geosynchronous orbit where researchers label the hot ions as ring-current ions.
[image: Figure 6]FIGURE 6 | Loss-cone-shift maps in the equatorial plane using the T96 magnetc-field model with no dipole tilt. The upper-left is for 1-MeV electrons, the upper right is for 10-keV protons, the lower-left is for 200-keV protons, and the lower-right is for 10-kV oxygen O+. The color scheme is yellow (shift <0.5°), pink (shift 0.5°–1°), green (shift 1°–1.5°), blue (shift 1.5°–2°), red (shift 2°–10°), and gray (shift >10°).
DISCUSSION
A conclusion of the examination of the loss-cone-shift maps is that the angular shift of the loss cone can be important for energetic ions, and even thermal (plasma-sheet) ions throughout the middle and outer magnetosphere and certainly in the magnetotail. Another conclusion is that stochastic scattering via field-line curvature can be important for hot and energetic ions, even in the dipolar portions of the magnetosphere. Hence, ring-current protons and oxygen ions are probably undergoing stochastic scattering. For electrons, important loss-cone shifts and stochastic scattering are limited to the stretched portion of the magnetotail near and beyond the transition region.
Example maps of the magnitude of the loss cone shift for electrons, protons, and oxygen O+ ions were created using the T96 (Tsyganenko, 1995; Tsyganenko and Stern, 1996) magnetic-field model with the input parameters Bz = −5 nT for the solar wind and Dst = −30 nT. In the interest of compactness, no parameter variations were performed and no other magnetic-field models were explored. Different magnetic-field models were briefly explored in Sect. 5 of Borovsky et al., 2022b and the different models produce different shift magnitudes (cf. Fig. 9 of Borovsky et al., 2022b).
For future exploration of parameters, the author has a simple-to-use (relativistic) FORTRAN code to efficiently calculate the loss cone shifts for various particle types. The author will make that code available upon request.
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