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Fig. 1. Panels (a) and (b) show the dependence of the magnetic field
amplitude on magnetic latitude and electron normalized bounce period Tn as a function of equatorial pitch angle, respectively, for the
dipole and T01s field models.

are conserved with a certain (finite) accuracy (Landau and
Lifshitz, 1988). This accuracy is controlled by so-called adiabaticity parameters. For example, the conservation of the
first adiabatic invariant is determined by the small parameter ε = ρ0 /Rc , where ρ0 is electron gyroradius at the equator
and Rc is the curvature radius of magnetic field lines at the
equator (Chirikov, 1979). There is a jump of magnetic moment every time an electron crosses the magnetic equator.
Equations for these jumps were derived for various magnetic
field geometries (Birmingham, 1984; Il’ina et al., 1993; Delcourt et al., 1994). In the dipole magnetic field configuration,
ε is small enough to neglect such jumps. However, realistic
geomagnetic field lines become more and more stretched on
the night side as distance increases and may have a relatively
small curvature radius in the vicinity of the magnetic equator.
Thus, the scattering of electrons due to adiabaticity violation
should be revised for this region. In this paper we compare
the effects of electron pitch-angle diffusion due to nonadiabatic effects and due to resonant wave–particle interactions
in a realistic magnetic field around the geostationary orbit.
2

Typical spatial scales and timescales

Global statistics (Le et al., 2004; Borovsky and Denton,
2010) and empirical models (e.g., Sitnov et al., 2008) show
that during disturbed geomagnetic conditions the magnitude
of the equatorial magnetic field can be decreased down to
∼ 10 nT around the geostationary orbit (L ∼ 6–7). Also, a
thin current sheet is formed (Dubyagin et al., 2013, and references therein) in this region with a spatial scale along the
dawn–dusk direction of about ∼ 2–5 RE .
As a realistic geomagnetic field, we use an external T01s
model (Tsyganenko et al., 2003) plus an internal International Geomagnetic Reference Field (IGRF) model (referred
Ann. Geophys., 31, 1485–1490, 2013

to further in the text as T01s model) during the disturbed conditions for Dst = −100 nT (see details of other model parameters in Orlova et al., 2012). Figure 1a shows the magnetic
field amplitude B as a function of magnetic latitude λ in the
T01s and dipole fields. There is a rapid nondipolar decrease
of B in the vicinity of the equator. Such a modification of the
magnetic field influences electron motion.
We calculate the normalized bounce period Tn of electron motion (divided by the Earth’s radius and multiplied
by electron’s velocity) as a function of equatorial pitch angle α0 for the T01s model at L = 7, MLT = 0, for the disturbed conditions and compare it with the dipole approximation 4LT (α0 ), where T (α0 ) ≈ 1.3809–0.1851(sin α0 )1/2 −
0.4559(sin α0 )0.863 (Orlova and Shprits, 2011). The deformation of the field line geometry results in a substantial modification of the bounce period, which decreases for large pitchangle electrons (see Fig. 1b).
The azimuthal drift of electrons is also influenced by the
magnetic field configuration. The azimuthal drift velocity
can be increased by up to 100–200 % around the geostationary orbit in case of strong magnetic field deviation from the
dipole model (Vapirev and Jordanova, 2007). It is caused by
the gradient increase dB/dλ in the vicinity of the equator
(azimuthal drift is the sum of gradient and curvature drifts
∼ dB/dλ; see Newkirk and Walt (1964)). The period of electron azimuthal drift in the dipole magnetic field at L ∼ 6–
7 varies from TD ∼ 0.3 × 103 s to TD ∼ 3 × 103 s for energy
range [0.1, 3] MeV (Ukhorskiy and Sitnov, 2012). Therefore,
1 MeV electrons spend around 1t ∼ 100–200 s in the perturbed region with nondipolar magnetic field. The increase of
the azimuthal drift should reduce this time to 1t ∼ 50–100 s
(here we assume that the region with substantially stretched
field lines covers 2–4 h of MLT (see Le et al., 2004; Dubyagin et al., 2013)).

3

Pitch-angle diffusion

To compute the bounce-averaged pitch-angle diffusion coefficients hDα0 α0 i corresponding to resonant wave–particle
interactions and nonadiabatic effects, we use equations developed by Orlova et al. (2012) and Young et al. (2008), respectively. We consider that electrons are scattered by lower
band chorus waves, which are the most intense whistlermode emissions in the inner magnetosphere (see Meredith
et al., 2012; Agapitov et al., 2013, and references therein).
hDα0 α0 i for the resonant wave–particle interactions is obtained by using the quasi-linear theory (Glauert and Horne,
2005, see also references therein) with a wave-frequency distribution B̂ 2 (ω) = K exp(−(ωm − ω)2 /δω2 ), where K is a
normalization coefficient and parameters ωm and δω are the
frequency of the maximum wave power and the bandwidth,
respectively, taken from Orlova et al. (2012). Normal angles of wave propagation θ are assumed to be distributed
2 ), where X = tan θ and X = tan(30◦ ).
as ∼ exp(−X 2 /Xw
w
www.ann-geophys.net/31/1485/2013/

A. V. Artemyev et al.: Electron pitch-angle diffusion at L ∼ 7
The averaging procedure over electron bounce oscillations
is described in Orlova and Shprits (2011). We consider chorus wave amplitudes of 100 pT, in agreement with Cluster
and CRRES measurements at L ∼ 7 during disturbed periods (Shprits et al., 2007; Agapitov et al., 2013). For hDα0 α0 i
calculation, we use the T01s magnetic field model presented
in Fig. 1a.
To obtain hDα0 α0 i due to nonadiabatic effects, we take into
account jumps of electron magnetic moment. Since pitchangle scattering does not change the particle energy, we can
use the normalized magnetic moment µ = (1/2) sin2 α0 dependent on equatorial pitch angle only. µ experiences a jump
δµ every time an electron crosses the equatorial plane (Delcourt et al., 1994): δµ = A0 cos φ + A1 , where φ is the electron gyrophase and parameters A0 and A1 depend on the
magnetic field topology. A0 is given by (Young et al., 2002)


a (ε) a (ε)
A0 = ec(ε) ζ1 1 ζ2 2 + C(ε)

sin (3(ε)α0 ) cosβ(ε) α0
.
sin (3(ε)αmax ) cosβ(ε) αmax

Coefficients ζ1,2 depend on magnetic field configuration and
are defined as
ζ1 = Rc

∂ 2 Rc
∂s 2

, ζ2 =
s=0

Rc2 ∂ 2 B
B0 ∂s 2

,
s=0

where B(s) and Rc (s) denote magnetic field amplitude and
curvature radius as a function of the arc length along the field
line s, respectively. Coefficients C(ε), c(ε), a1 (ε), a2 (ε),
3(ε), β(ε), and constant αmax do not depend on magnetic
field configuration and can be found in Young et al. (2002).
The pitch-angle diffusion coefficient is obtained by averaging over the ensemble of jumps δµ (Young et al., 2008):
Dα0 α0 = A20 /(T (α0 ) sin2 α0 cos2 α0 ).

(1)

Empirical models may underestimate the scale of magnetic
field deformations in the vicinity of the equator (see discussion in Dubyagin et al., 2013). They also do not allow varying this scale without changing other system parameters. As
shown by Orlova et al. (2012), for electrons with equatorial pitch angles ∼ 70–90◦ , the bounce-averaged pitch-angle
scattering rates due to wave–particle interaction are not sensitive to the magnetic field deformation. These electrons resonantly interact with waves in the close vicinity of the equator. Conversely, for electrons with equatorial pitch angles
smaller than about 20◦ and energies ≥ 0.5 MeV at L ∼ 7, cyclotron resonance occurs only at latitudes above 10◦ . Thus,
hDα0 α0 i related to wave–particle interaction can be accurately calculated without modifying the T01s model to describe better the fine structure of the magnetic field in the
close vicinity of the equator.
In contrast to resonant wave–particle interaction, nonadiabatic scattering is very sensitive to the fine structure of
the magnetic field at the equator and is mainly determined
by equatorial magnetic field and corresponding derivatives.
www.ann-geophys.net/31/1485/2013/
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Thus, it is principally important to describe accurately the
magnetic field configuration at the equator for the calculation of hDα0 α0 i related to nonadiabatic effects.
Therefore, to improve upon the empirical model we further assume that the magnetic field can be approximated by
a simple model of current sheet with Bz = σ B0x and Bx =
B0x tanh(z/LCS ) in the vicinity of the equator. We choose
the near-equatorial region at midnight when GSM x axis almost coincides with the radial direction. B0x is the field value
at the boundary of the considered region with stretched field
lines (i.e., B0x ∼ 100 nT), σ a constant parameter defining
the strength of magnetic field perturbation, z the coordinate
along the normal to the equatorial plane, and LCS the current
sheet thickness. For z = 0 we get
3 + 2σ 2
∂ 2 Rc
,
=
σ LCS
∂s 2

∂ 2B
B0x
=
2
∂s
σ L2CS

and ζ1 = 3+2σ 2 , ζ2 = σ where curvature radius at the equator is Rc = LCS σ . We assume σ ∼ 0.15, which is typical
for L ∼ 7 for Dst = −100 nT. The thickness of the current
sheet LCS is about 1.0–2 RE (Le et al., 2004; Dubyagin et al.,
2013).
We compare hDα0 α0 i for resonant wave–particle interactions with those computed using Eq. (1) (see Fig. 2). The
role of nonadiabatic effects in electron scattering increases
with energy, while scattering rates due to wave–particle interactions decrease with energy. As a result, the most important part of pitch-angle diffusion for high-energy electrons (≥ 1 MeV) is provided by nonadiabatic scattering (for
LCS ≤ 1.5 RE ).
It is also worthwhile to compare directly the magnetic
field models used for the calculations of hDα0 α0 i due to
wave–particle interaction and nonadiabatic effects. Let us
assume that the T01s model correctly describes the magnetic field configuration in the vicinity of the equator. For a
tanh(z/LCS ) field shape at z < LCS , LCS in the T01s model
corresponds to 5–8 degrees in latitude (at L ∼ 7) and, thus, to
∼ 0.7–1 RE . With stretching of the magnetic field, the pitchangle scattering rates due to wave–particle interactions increase at small to moderate pitch angles (Orlova and Shprits, 2010; Orlova et al., 2012). Therefore, in the mentioned
pitch-angle range and for LCS > 1 RE , these diffusion coefficients can only be smaller than those presented in Fig. 2
for the T01s model. Thus, the wave–particle scattering rates
in Fig. 2 at α0 < 45◦ , which mainly determine the crucial
electron lifetime (e.g., see Orlova and Shprits, 2010; Artemyev et al., 2013), are the maximum ones for LCS ≥ 1 RE . At
equatorial pitch angles larger than 70◦ , pitch-angle scattering
rates due to wave–particle interaction are almost independent
of the magnetic field deformation (Orlova et al., 2012).

Ann. Geophys., 31, 1485–1490, 2013
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Fig. 2. Comparison of the pitch-angle diffusion coefficients for resonant wave–particle interactions and for nonadiabatic effects.

4 Conclusions
We show that the modification of the magnetic field configuration on the night side around the geostationary orbit results
in an intensification of electron scattering due to nonadiabatic electron motion in the vicinity of the equator. Corresponding diffusion coefficients increase with electron energy
in contrast with diffusion induced by resonant wave–particle
interactions. As a result, for high energy electrons (≥ 1 MeV)
nonadiabaticity of electron motion is more important than effects of wave–particle interactions.
However, we should mention several mechanisms that
may increase the efficiency of scattering by waves. First of
all, we have only considered quasi-parallel wave propagation (i.e., hθi = 0). Due to fast damping of oblique waves at
L ∼ 7 induced by hot electrons (Chen et al., 2013), this approach seems to be reasonable. Nevertheless, a certain portion of oblique chorus waves can still be present even at
L ∼ 7 (Agapitov et al., 2013) and, therefore, substantially increase the pitch-angle diffusion coefficients (Artemyev et al.,
2013). The second possibility is to take into account other
wave emissions in this region, e.g., magnetosonic waves (see
comparison of magnetosonic and chorus waves impacts on
electron scattering in Mourenas et al., 2013). The nightside region around L ∼ 7 is also filled by intense, coherent
whistler wave packets brought on or induced by injections.
These waves have large enough amplitudes to interact with
particles in the nonlinear regime and, as a result, may intensify pitch-angle diffusion (see review by Shklyar and Matsumoto, 2009, and references therein). Although all these effects may modify the pitch-angle diffusion coefficients, we
have considered here the most general scattering by lower
band chorus waves at L ∼ 7 using measured amplitudes during disturbed periods.
In the dipolar field, the effective lifetime for
1.5 MeV electrons due to nonadiabatic effects
Ann. Geophys., 31, 1485–1490, 2013

(τnad ∼ (TD /1t)hDαα (αLC )i−1 with loss-cone angle
αLC ∼ 2–3◦ ) is more than one day at L ∼ 7 on the night
side. We show that in the realistic field, it decreases
to τnad ∼ 1–6 h. Nevertheless, this reduced lifetime still
remains substantially larger than the time that particles
actually spend in the region with significantly nondipolar
field configuration (1t ∼ 102 s). Thus, we do not expect
that nonadiabatic effects can totally scatter electrons into
the loss cone immediately after injections. A significant
part of the injected electron population leaves the region
of the nondipole field configuration before being scattered.
However, the obtained decrease of lifetimes by one order
of magnitude should correspond to some intensification
of energetic electron precipitation in the region of initial
injections, independent of the level of wave activity (see
discussion of isotropic precipitation boundary in Dubyagin
et al., 2013, and references therein). Moreover, diffusion
rates due to nonadiabatic effects for electrons with the
energies ≥ 1 MeV can substantially exceed the strong
diffusion limit (Kennel and Petschek, 1966), which is about
4 × 10−4 s−1 for these energies at L ∼ 7. Thus, nonadiabatic
scattering can support stable electron precipitation in the
region with strongly deformed magnetic field.
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