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ABSTRACT
This work is devoted to the investigation of particle acceleration during magnetospheric dipolarizations. A numerical model is presented
taking into account the four scenarios of plasma acceleration that can be realized: (A) total dipolarization with characteristic time scales of
3 min; (B) single peak value of the normal magnetic component Bz occurring on the time scale of less than 1 min; (C) a sequence of rapid
jumps of Bz interpreted as the passage of a chain of multiple dipolarization fronts (DFs); and (D) the simultaneous action of mechanism (C)
followed by the consequent enhancement of electric and magnetic ﬂuctuations with the small characteristic time scale 1 s. In a frame of the
model, we have obtained and analyzed the energy spectra of four plasma populations: electrons e, protons Hþ, helium Heþ, and oxygen Oþ
ions, accelerated by the above-mentioned processes (A)–(D). It is shown that Oþ ions can be accelerated mainly due to the mechanism (A);
Hþ and Heþ ions (and to some extent electrons) can be more effectively accelerated due to the mechanism (C) than the single dipolarization
(B). It is found that high-frequency electric and magnetic ﬂuctuations accompanying multiple DFs (D) can strongly accelerate electrons e
and really weakly inﬂuence other populations of plasma. The results of modeling demonstrated clearly the distinguishable spatial and temporal resonance character of particle acceleration processes. The maximum particle energies depending on the scale of the magnetic acceleration
region and the value of the magnetic ﬁeld are estimated. The shapes of energy spectra are discussed.
https://doi.org/10.1063/1.5082715
I. INTRODUCTION
Numerous investigations in the Earth’s magnetosphere showed
that the processes of plasma acceleration in the magnetotail play an
important role in the energy balance of the whole magnetosphere
[Sharma et al., 2008; Zelenyi et al., 2008; Retino et al., 2008; Yamada
et al., 2010; Fu et al., 2011; Runov et al., 2011; Zelenyi et al., 2011;
Angelopoulos et al., 2013; Birn et al., 2012, 2013; Ashour-Abdalla et al.,
2015; Grigorenko et al., 2015]. Numerous spacecraft missions (Cluster,
THEMIS, MMS, and others) showed that accelerated plasma ﬂows in
the Earth’s magnetosphere are observed in the periods of the global
magnetospheric perturbations as magnetic storms and substorms
[Ipavich et al., 1984; Richardson et al., 1987; Delcourt et al., 1990; Lui
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et al., 1994; Zong et al., 1997; Veltri et al., 1998; Nose et al., 2000;
Artemyev et al., 2012; Lui, 2014; Runov et al., 2014; Grigorenko et al.,
2015; Kronberg et al., 2017; Liang et al., 2017]. Sometimes, the real
acceleration mechanisms cannot be completely interpreted and understood. A series of studies were aimed to understand the origin of particles with energies up to hundreds of keV in the Earth’s magnetotail
[e.g., Zhou et al., 2010; Ashour-Abdalla et al., 2015; Kronberg et al.,
2017]. The role of transient processes in the magnetotail CS was shown
in numerous studies [Baker et al., 1985; Zelenyi et al., 2011; Grigorenko
et al., 2011; Birn et al., 2012; Angelopoulos et al., 2013; Lui, 2014].
Indeed, numerous observations reported the presence of transient processes in the magnetotail CS. It was shown that during the
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growth phase of substorm, the CS is thinning to a few ion gyroradii
(a few hundreds of km) due to the increase in the magnetic ﬂux in
magnetospheric lobes [Sergeev et al., 1993; Sergeev et al., 1996; Runov
et al., 2008; Nakamura et al., 2008]. It was shown that such a thin CS
is metastable [Galeev, 1979; Baker et al., 1985; Zelenyi et al., 1990;
Zelenyi et al., 2008], i.e., it can be stable for quite a long time, but at
some moment, it can be explosively destroyed with the consequent
magnetic reconnection and the release of a signiﬁcant value of the
reserved magnetic energy.
Frequently, satellites observe TCS near reconnection regions
where the particles are accelerated by inductive electric ﬁelds. It was
shown that these reconnection processes are accompanied by nonlinear moving structures, characterized by rapid jumps of the normal
magnetic component Bz [e.g., Nakamura et al., 2002; Runov et al.,
2009; Sergeev et al., 2009], which are named dipolarization fronts
(DFs) (here and below, we use the standard solar-magnetospheric
coordinate system (GSM), in which the X axis is directed from the
Earth to the Sun, the Z axis is directed to the north along the geomagnetic dipole, and the Y axis is directed from the morning to the
evening).
DFs can move over large distances from the middle part of the
magnetotail toward the Earth without signiﬁcant evolution [Runov
et al., 2011]. Several mechanisms of the formation of DFs have been
investigated in works [Sergeev et al., 1992; Heyn and Semenov, 1996;
Slavin et al., 2003; Semenov et al., 2005; Longcope and Priest, 2007;
Sitnov et al., 2009; Sitnov and Swisdak, 2011]. Initially, the researchers
supposed that dipolarization fronts are produced by large-scale X-lines
with spatial scales on the order of the magnetotail cross-section
[Hoshino et al., 1998, 2000; Baker et al., 2002; Runov et al., 2003; Borg
et al., 2005; Wygant et al., 2005; Petkaki et al., 2006; Nakamura et al.,
2006]. Recent observations showed that the spatial localization of the
DFs propagating in the magnetotail is substantially smaller
[Nakamura et al., 2004; Kiehas et al., 2013]. The observations of several spacecrafts have shown that the passage of DFs is followed by
strong plasma turbulence and/or electromagnetic ﬂuctuations [Ono
et al., 2009; Zhou et al., 2010; Fu et al., 2011; Artemyev et al., 2012;
Birn et al., 2012, 2013; El-Alaoui et al., 2013; Lui, 2014; Grigorenko
et al., 2016, 2017].
Different hypothetical mechanisms responsible for particle acceleration or heating by DFs have been proposed such as plasma acceleration by the inductive electric ﬁeld due to the magnetic ﬁeld
reconﬁguration [Delcourt et al., 1990; Veltri et al., 1998; Delcourt,
2002; Ono et al., 2009; Greco et al., 2015]. Speciﬁcally, the following
processes were investigated: (1) the importance of ion nonadiabatic
acceleration due to their interaction with the low-frequency magnetic
ﬂuctuations in the region behind the dipolarization front [Perri et al.,
2009; Greco et al., 2009; Ono et al. 2009]; (2) adiabatic energy gain of
magnetized electrons and ions due to the local increase in the magnetic
ﬁeld [Delcourt et al., 1990; Birn et al., 2004; Apatenkov et al., 2007; Fu
et al., 2011; Birn et al., 2012]; (3) plasma acceleration near the magnetic reconnection site by the cross-tail electrostatic ﬁeld Ey [e.g.,
Hoshino, 2005; Retino et al., 2008]; (4) particle acceleration in the
course of their reﬂection from fronts [Zhou et al., 2010, 2012]; (5) resonant capture by fronts [Artemyev et al., 2012b; Ukhorskiy et al.,
2017]; and (6) particle pick-up in outﬂows near reconnection regions
and consequent heating up to thermal velocities on the order of the
Alfven speed [Drake et al., 2009].Theoretical investigations [e.g.,
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Zelenyi et al., 1990; Veltri et al., 1998; Zelenyi et al., 2008; Greco et al.,
2009; Artemyev et al., 2012] and recent studies [Greco et al., 2015;
Grigorenko et al., 2015; Catapano et al., 2016; Liang et al., 2017] have
demonstrated that the spatial resonance between particles and electromagnetic ﬁelds depends on particle Larmor radii and the nonstationary magnetic conﬁgurations. However, the problem of identiﬁcation of
mechanisms responsible for a strong particle acceleration is not solved
yet in general, and the interpretation of a presumable acceleration of a
plasma population in the multicomponent plasma often cannot be
done.
In this paper, we investigated 4 general scenarios (mechanisms)
of plasma acceleration during magnetic dipolarization chosen on the
basis of real observations: (A) total dipolarization with characteristic
time scales of 3 min; (B) single peak of the normal magnetic ﬁeld
component Bz taking place at time scales <1 min; (C) a set of sharp
Bz jumps interpreted as the passage of multiple dipolarization fronts;
and (D) the simultaneous action of (C) and enhancement of electric
and magnetic ﬂuctuations with the smallest characteristic time scales
(1 s). These oscillations sometimes are observed at the later stage of
dipolarization and can contribute to energization of electrons
[Grigorenko et al., 2016]. All considered mechanisms (A)–(D) assume
variations of the normal magnetic ﬁeld Bz in the magnetotail current
sheet on different temporal scales that can effectively interact with the
charged particles and accelerate them. Also, the obtained numerical
results for different transient phenomena (A)–(D) associated with
dipolarizations are analyzed, and comparison of both average and
maximum particle energies has been done. The role of resonant spatial
and temporal resonant effects in plasma particle acceleration during
substorms is discussed.
II. THE MODEL
In our model, the vector of the magnetic ﬁeld of the base model
of the current sheet is taken in the form
B0 ¼ Bx0 ex þ By0 ey þ Bz0 ez :

(1)

Here, the tangential magnetic component Bx0 ðzÞ changes its sign in
the neutral plane z ¼ 0, equal to Bx ¼ 20 nT at the boundaries of the
current sheet, and is described in a frame of the Harris model [Harris,
1962; Lembege and Pellat, 1982]
 
z
:
(2)
Bx0 ¼ Bx  tanh
L
Here, L is the current sheet thickness. Magnetic shear is absent, By0 ¼ 0:
The value of the normal component is Bz0 ¼ 2 nT. In the initial state of
the system, the large-scale electric ﬁeld is taken in the form
E0 ¼ Ex0 ex þ Ey0 ey þ Ez0 ez ;

(3)

where Ex0 ¼ 0; Ey0 ¼ 0:2 mV/m, and Ez0 ¼ 0. Therefore, we take
into account the large-scale electric ﬁeld in the magnetotail persisting
in the quiet magnetosphere. Let us note that our model, expression
(2), is not the self-consistent solution of current sheet equilibrium.
Below, the particle tracing method in prescribed magnetic and electric
ﬁelds is used to investigate the energy spectra of particles during nonstationary changes of electric and magnetic ﬁelds.
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We have considered the particle dynamics in the magnetotail
conﬁguration B0 ðz Þ in the presence of a magnetic dipolarization with
magnetic jump DBðtÞ followed by high frequency ﬂuctuations of electric ﬁeld dEðr; t Þ and corresponding oscillating magnetic ﬁeld
dBðr; t Þ: The magnetic ﬁeld can be considered as a superposition of
three components
Bðr; t Þ¼ B0 ðz Þ þ DBðt Þ þ dBðr; t Þ;

(4)

where B0 ðz Þ is the
 initial magnetic
 ﬁeld of the magnetotail current
sheet; DBðt Þ ¼ D Bd ðt Þ þ BDf ðt Þ is the magnetic ﬁeld of the general dipolarization DBDf ðt Þ and multiple dipolarization fronts DBd ðt Þ
coming to the observer at the moment of time t; and dBðr; t Þ is the
magnetic ﬁeld of high-frequency turbulence.
The corresponding electric ﬁeld is taken in the form
Eðr; t Þ¼ E0 þ DEðr; t Þ þ dEðr; t Þ;

(5)

where E0 is the initial large-scale electric ﬁeld; DEðr; t Þ ¼ D Ed ðr; t Þ
þEDf ðr; t Þg is the inductive electric ﬁeld consisting of the dipolarization trend EDf ðr; t Þ and frequent multiple dipolarization fronts
Ed ðr; t Þ that were described using Maxwell equations
r  DE ¼ 

1 @DB
;
c @t

r  DE ¼ 0:
The term dEðr; t Þ is the electric ﬁeld of high-frequency turbulence
which was observed during Cluster observations on July 20, 2013
(from 01:33:08 to 01:48:11 UT) and was presented as the ensemble of
plane waves dEðr; t Þ
X

k?
gk ðr; t Þ;
k
k


X
ky kx
kz
dEy ¼
dEðk Þ
gk ðr; t Þ þ hk ðr; t Þ ;
(6)
k? k
k?
k


X
ky
kz kx
dEz ¼
dEðk Þ
gk ðr; t Þ  hk ðr; t Þ :
k? k
k?
k


Here, the wave harmonics are gk ¼ cos kr þ u1k  txk ; hk
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


¼ sin kr þ u2k  txk ; k? ¼ k2z þ k2y ; and k ¼ k2x þ k2y þ k2z .
dEx ¼

dEðk Þ

We chose the initial phases u1k ; u2k -randomly with uniform distribution over the interval ½0; 2p. In the present simulations, ﬁve hundred
harmonics were launched into the system. The frequencies xk and
amplitudes dEðkÞ of the waves were taken from Cluster satellite data
(recorded by C4) on July 20, 2013; k are distributed in the range of
2p
L  ½0:05; 4:
The components of magnetic ﬁeld dBx ; dBy ; dBz can be obtained
from Maxwell equations
1 @dE
;
c @t
r  dB ¼ 0:

r  dB ¼

We considered a multicomponent plasma consisting of electrons e,
protons Hþ, helium Heþ, and oxygen Oþ ions, which were traced
toward the current sheet having the thickness equal to Lz ¼ 2000 km.
The modeling region is a 3-D box with the following sizes for scenarios

Phys. Plasmas 26, 042901 (2019); doi: 10.1063/1.5082715

scitation.org/journal/php

A, C, and D: z 2 ½Lz ; Lz ð Lz ¼ 2  103 km Þ; x 2 ½Lx ; Lx ; and
y 2 ½Ly ; Ly ; where Lx ¼ 7:5  104 km and Ly ¼ 2  Lx ¼ 15  104 km.
For scenario B, the characteristic size of a single dipolarization front
was chosen as  0:5RE in the dawn-dusk direction [Nakamura et al.,
2004]. We have launched N ¼ 5  105 particles into the region of
modeling. All quantities are normalized to the corresponding proton
characteristics. The initial velocity distribution function has been taken
in the form of a shifted kappa distribution that is typical for the plasma
sheet of the Earth’s magnetotail
s

v 2? þ v k  ð1Þ v D
X
n0 Aj
1þ
f ðvÞ ¼ pﬃﬃﬃﬃﬃ e 3 
je  vj2 e
2 pkVje
s¼1;2

2 ðje þ1Þ

: (7)

Here, n0 is the plasma density; vje ¼ vT is the thermal velocity; je is
the parameter of the kappa distribution that was chosen to be equal to
3 to make the distribution (7) in accordance with the real one; and
parameter vD ¼ 800 km/s is the plasma ﬂow velocity, i.e., macroscopic
characteristic of the initial distribution (7).
Proﬁles of the normal magnetic component Bz corresponding
to four mechanisms at different temporal scales are shown in
Figs. 1(a)–1(d). Temporal proﬁles were taken from the analysis of the
Cluster dipolarization event observed on July 20, 2013 [Grigorenko
et al., 2018; Malykhin et al., 2018], namely, (A) a single large-scale
dipolarization with the duration of t ¼ 3 min and the value of total
magnetic jump DBz ¼ 25 nT; (B) single dipolarization front with a
total duration of t  1 min and a magnetic jump of DBz ¼ 10 nT; (C)
several dipolarization fronts with the average duration of about tDfs
 20–30 s and a total duration of td  10 min; and (D) multiple dipolarization fronts (case C) observed at the time scale tDFs followed by
high-frequency magnetic ﬁeld ﬂuctuations on the electron gyroperiod
scale observed in the time interval telf ¼ 6.3 min and taken into account
in the model by Eq. (6). We calculated maximum particle energies
Emax and average energies E gained during the realization of scenarios
(A)–(D) of magnetic perturbations. Also, the coefﬁcient k ¼ EEmax char0
acterizing the relative gain of the energies during the process of acceleration is analyzed.
III. SIMULATION RESULTS
Figures 2(a) and 2(b) illustrate the characteristic temporal behavior of energies by four different particles: electron e, proton Hþ,
helium ion Heþ, and oxygen ion Oþ during 4 different scenarios of
magnetotail current sheet perturbations (A)–(D).
Figure 2(a) demonstrates the typical changes of energies of four
single particles in the current sheet with (A) large-scale magnetic dipolarization. We see that the character of the energy increase for electrons
is different from that for ions. Thus, the electron energy monotonously
grows by two orders of magnitude and they ﬁnally gain energies up to
50 keV, but the saturation does not occur. In contrast, the acceleration of protons, helium ions, and oxygen ions passes quickly from
energies of 6, 8, and 12 keV up to about 100, 150, and 200 keV, respectively, with the subsequent saturation in the interval of 60–100 s.
Figure 2(b) illustrates the gain of energy by particles in the current sheet during the realization of mechanism B, i.e., single magnetic
dipolarization. We see that particle energies grow monotonically,
increasing from initial energies of 1, 6, 8, and 12 keV for electron e,
proton Hþ, helium ion Heþ, and oxygen Oþ ions to 30, 50, 60, and
80 keV, respectively.
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FIG. 1. Time proﬁles of dipolarization DB
corresponding to four scenarios of current
sheet perturbations are shown: (a) single
large-scale dipolarization with a total duration of t ¼ 3 min; (b) single dipolarization
front with a total duration of t  1 min; (c)
dipolarization with a total duration of
td  10 min, including several dipolarization fronts with the average duration of
about tDfs  20  30 s; and (d) multiple
dipolarization fronts observed at the
time scale tDfs  20  30 s followed by
high-frequency electromagnetic ﬁeld ﬂuctuations observed during the interval telf
¼ 6.3 min.

FIG. 2. Temporal changes of energies of
the electron e, proton Hþ, helium ion
Heþ, and oxygen ion Oþ having the same
initial positions and velocities during 4 different scenarios of magnetic perturbations: A [(a)], B [(b)], C [(c)], and D [(d)].
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Figure 2(c) shows the dependences of the energy changes of the
same 4 particles in the course of their interaction with the current
sheet during the C-scenario of the propagation of multiple dipolarization fronts. In this case, particle acceleration consists of sequences of
energy increase and decrease in the process of interaction with dipolarization fronts. Electrons experience a strong acceleration from 1 keV
up to 100 keV. During the same time interval, protons, helium, and
oxygen ions can be accelerated by dipolarization fronts from initial
energies of 6, 8, and 12 keV up to about 250, 300, and 350 keV,
respectively.
During scenario D, as it is shown in Fig. 2(d), particle energies
grow practically linearly till the time moment t ¼ 680 s, when highfrequency electromagnetic turbulence begins. After the termination of
multiple dipolarizations, protons, helium, and oxygen ions do not
experience any signiﬁcant acceleration, while electrons continue to be
effectively accelerated from 100 keV up to 250 keV. This process
has a character of resonance acceleration because the temporal characteristics of electromagnetic turbulence are about the electron gyroperiod which is much shorter than the gyroperiod of the other kinds of
particles. The comparison of energy gain for scenarios A–D clearly
demonstrates that different plasma particles may be effectively accelerated during different periods on the corresponding multiple temporal
scales. While protons, helium, and oxygen ions are essentially affected
by the induced electric ﬁeld in the course of single or multiple dipolarization fronts, the most prominent electron acceleration occurs after
termination of dipolarization fronts due to the beginning of electric
and magnetic ﬂuctuations.

ARTICLE
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To estimate quantitatively the efﬁciency of each from the four
mechanisms (A)–(D), i.e., realization of a single large-scale dipolarization (case A), passage of a single fast front of dipolarization (case B),
propagation of multiple dipolarization fronts (case C), and passage of
multiple dipolarization fronts accompanied by electromagnetic turbulence (case D), we present the energy spectra [see Figs. 3(a)–3(d)] of
the electrons e, protons Hþ, helium Heþ, and oxygen Oþ ions. The
energy spectra in Fig. 3 conﬁrm that all mechanisms contribute to the
plasma acceleration; however, different types of particles can be accelerated on different temporal scales, comparable with their characteristic gyroperiods. First, one can see that all spectra have the decrease in
small energies in comparison with the initial spectrum. This occurs
due to particle acceleration processes when particles with low energies
become more energized and “transfer” to the part of spectra with
higher energies.
Figure 3(a) shows that acceleration by a total dipolarization
mechanism (case A) can lead to the energy gain by one order of value
or slightly more for all types of particles. As expected, there is no signiﬁcant energization of all types of particles in case B in comparison
with case C. It should be noted that an additional peak that can be
seen in the spectrum of accelerated particles in Fig. 3(b) indicates a resonance acceleration effect, which was discussed earlier in the literature
[Grigorenko et al., 2017; Malykhin et al., 2018]. This passage of a single dipolarization front can lead to the appearance of a population of
strongly accelerated particles in the ﬁnite energy range, which results
in a localized peak in the energy spectra. For protons, helium, and oxygen ions, the passage of multiple fronts of dipolarization (case C) having a duration of less than 1 min leads to the resonant interactions and

FIG. 3. Energy spectra of e, Hþ, Heþ,
and Oþ in the case of: (a) single largescale dipolarization; (b) single dipolarization front; (c) multiple dipolarization fronts;
(d) multiple dipolarization fronts followed
by electric and magnetic ﬂuctuations.

Phys. Plasmas 26, 042901 (2019); doi: 10.1063/1.5082715

26, 042901-5

Physics of Plasmas

ARTICLE

scitation.org/journal/php

TABLE I. Energetic characteristics of plasma particles before and after acceleration by (from top to bottom): (A) a large-scale dipolarization, (B) single dipolarization front, (C)
multiple dipolarization fronts, and (D) like case B but followed by electric and magnetic ﬂuctuations. The right column shows the coefﬁcient k ¼ Emax =E 0 which characterizes
the relative gain of the energies.

Acceleration process
(A)

(B)

(C)

(D)

Particles


e
Hþ
Heþ
Oþ
e
Hþ
Heþ
Oþ
e
Hþ
Heþ
Oþ
e
Hþ
Heþ
Oþ

E 0 [keV]

E [keV]

Emax [keV]

DE ¼ Efin  Eini, [keV]

k

c

1
6
8
12
1
6
8
12
1
6
8
12
1
6
8
12

11
7
9
13
10
8
10
15
12
8
9
15
20
8
9
15

60
100
150
200
30
50
65
80
150
300
350
450
250
320
360
500

10
1
1
1
9
2
2
3
11
2
1
3
19
2
1
3

60
16
18
16
30
8
8
6
150
50
43
37
250
53
45
41

10
0.16
0.12
0.08
9
0.33
0.25
0.25
11
0.33
0.12
0.25
19
0.33
0.12
0.25

energy transfer from the ﬁeld to the particles [Figs. 2(c) and 3(c)].
Here, electrons are less affected because of their small gyroperiods. In
contrast, high-frequency electric and magnetic ﬂuctuations following
the passage of dipolarization fronts (case D) can effectively lead to the
resonant acceleration of electrons [Fig. 3(d)] with gain of energies
about two orders of magnitude. In other words, combination of DF
passage and electric and magnetic ﬂuctuations appears as the most
effective mechanism of particle acceleration.
Parameters of accelerated particles are shown in Table I, where
one can see energetic characteristics of electrons, protons, helium, and
oxygen ions (initial average energy E 0 ; ﬁnal average energy E, maximum energy Emax , the relative average energy gain c ¼ DE=E 0 , and
the coefﬁcient k ¼ Emax =E 0 characterizing the ratio of the maximum
energy to the initial one) before and after their interaction with magnetotail perturbation. Magnetotail values of the initial particle energies E
which are typical were chosen corresponding to Cluster data on July
20, 2013 (from 01:33:08 to 01:48:11 UT) and equal to E ¼ 1; 6; 8;
and 12 keV for e ; Hþ , Heþ ; and Oþ, respectively.
Table I summarizes energetic characteristics obtained for electrons, protons, helium, and oxygen ions, viz., initial average energy E 0 ,
ﬁnal average energy E, maximum energy Emax , relative average energy
gain c ¼ DE=E 0 , and coefﬁcient k ¼ Emax =E 0 which characterizes
the ratio of the maximum energy to the initial one. Typical values of
the average thermal energies E of e , Hþ , Heþ , and Oþ were chosen
to be consistent with Cluster data on July 20, 2013 (from 01:33:08 to
01:48:11 UT) and equal correspondingly to E ¼ 1; 6; 8; and 12 keV.
Using Table I, let us compare the average and maximum energy
gain relatively initial energies for different kinds of particles after their
interaction with the perturbed current sheet in scenarios A–D.
Electrons with the average initial energy of 1 keV can be accelerated to
energies of 60–250 keV, which is one or two orders larger than the

Phys. Plasmas 26, 042901 (2019); doi: 10.1063/1.5082715

initial state. Coefﬁcient c ¼ DE=E 0 is equal to 10, 9, and 11 in the corresponding scenarios A, B, and C. In case D, their acceleration coefﬁcient c reached the value of 19. The comparison of Figs. 1(c) and 1(d)
shows the substantial contribution of the mechanism of particle acceleration by the electromagnetic turbulent ﬂuctuations with the characteristic temporal scale about the electron gyroperiods. The coefﬁcient
of maximum acceleration k demonstrated the same dependence: its
values are follows: 60, 30, 150, and 250 (scenarios A, B, C, and D).
Also, one can see that multiple repetitions of dipolarizations (B) are
more effective than a single one. Because electrons are almost magnetized in the system, this comparison also shows that betatron acceleration can be a general mechanism at the initial period of time 0 <
t < 680 s before the beginning of turbulence. Comparison of Figs. 1(d)
and 1(c) conﬁrms this conclusion: we see that electrons are much
effectively accelerated by the induced electric ﬁeld of multiple polarizations at this period of time.
As for the relative gain of energy of protons and heavy ions, in
general, it is much less in comparison with the electron ones since
these particles are more massive. Values of the coefﬁcient c ¼ 0:16;
0:33; 0:33; 0:33 for protons (scenarios A–D) show that fast dipolarization events (including scenario B of a single perturbation) in the
magnetotail are much more effective than a single quite slow dipolarization with the duration of 3 min. The reason for that is the coincidence of the temporal scales of magnetic dipolarizations and proton
gyroperiods (1 min) when the resonance transfer of energy to particles is maximum. Relative maximum energies of proton acceleration
in cases A, C, and D are equal to c ¼ 16, 50, and 53 (absolute values of
energies are 100, 300, and 320 keV), respectively, which shows the efﬁciency of mechanisms C and D of multiple dipolarizations. We also
see that there is almost no difference between acceleration parameters
in cases C and D; the reason for this is the absence of resonance
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between proton gyroperiods and much faster electromagnetic
turbulence.
Almost the same behavior is characteristic of the acceleration of
oxygen ions; for them, the values of coefﬁcients c and k are smallest
(oxygen ions are the heaviest) and equal, correspondingly c ¼ 0.08,
0.25, 0.25, 0.25 and k ¼ 16, 6, 37, 41 (scenarios A, B, C, and D).
Their ﬁnal energies are several times greater than the initial ones,
and practically, there is no difference between mechanisms C and D.
Gain of energy of helium ions is several times larger in C and D
mechanisms in comparison with A, and as for protons, we do not
see the difference between acceleration in C and D scenarios.
Summing up the results of this comparison, we can say that acceleration of different kinds of particles in the multicomponent plasma of
the Earth’s magnetotail during substorm dipolarizations has a resonance character. In the mixture of particle populations, maximally
accelerated populations have gyroperiods comparable to the temporal
scale of magnetic disturbances.
There exists some difference in the character of acceleration in
case B from other scenarios A, C, and D. It can be explained from the
point of view of the spatial conﬁguration of region where particles
interact with a magnetic perturbation (interactive region). As one can
see above in numerical calculations, the size of the box for three scenarios A, C, and D (about 20RE) was much higher than that in case B
(0.5RE). In the ﬁrst case, we considered the full cross-tail size of the
magnetosphere along the Y coordinate. In the last case, scaling was
chosen according to the available experimental observations of passage
of single dipolarization front in the magnetotail current sheet (see
above). Thus, the difference in modeling results in scenario B in comparison with A, C, and D can be explained from the point of view of
the spatial size of the interactive region rather than the abovementioned temporal resonance. Coefﬁcients of relative maximum energies
k after a single dipolarization (B) for both electrons, protons, helium,
and oxygen were 30, 8, 8, and 6 versus C and D scenarios, respectively,
where this coefﬁcient was about 5 times larger. It is known that energized particles tend to leave the interactive region when their Larmor
radii become about the scale of a magnetic inhomogeneity. This spatial
restriction leads to the limitation on the maximum energies of all particles. One can see in Figs. 2(a)–2(d) that all energy spectra of different
kinds of particles have steep falling proﬁles on higher energies. This
effect is due to the particle escape from the interactive region.
IV. DISCUSSION AND CONCLUSIONS
In this work, we focused on the effectiveness of particle energization during dipolarization events that can have a form of a total dipolarization or can have a complex multiscale character due to the set of
piled-up dipolarization fronts, followed sometimes by consequent
excitation of electric and magnetic ﬂuctuations. Generally, acceleration
processes depend, on the one hand, on the spatial and temporal properties of the system and, on the other hand, on particle charges,
masses, and their initial energy distributions. Thus, the acceleration
processes have complex and nonlinear multiscale character. Scenarios
A, C, and D are different from scenario B by their spatial characteristics. In scenario B, the Y-size of the acceleration region was 0.5 RE,
whereas for the remaining scenarios, the corresponding lengths were
considered equal to 7.5  104 km. The B scenario of particle acceleration seems to be the least effective for particles of all masses. This follows from a comparison of particle energy maxima in Table I, where
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they are much smaller in comparison with other scenarios. Therefore,
the size of the acceleration region in scenario B is so small that particles leave it without signiﬁcant acceleration.
At the same time, the comparison of acceleration processes in
scenarios A, C, and D, where the sizes of the system are the same
(and much larger than in the B case), shows that the acceleration of
particles strongly depends on the proximity of characteristic scales of
particle gyration and temporal changes of magnetic and electric
ﬁelds in the system. Our investigations have shown that the singleand multiscale changes of magnetic ﬁelds lead to the generation of
induced electric ﬁelds that interact with plasma particles and accelerate them in a resonant manner. Thus, the closer the time scale of the
ﬁeld variation to the particle gyroperiod, the more effective is the
transfer of energy from ﬁelds to particles. Four main mechanisms
occurring at different time scales considered here are as follows: (A)
general magnetic ﬁeld dipolarization with a relatively slow duration
of about three minutes, (B) single dipolarization front observed at
smaller time scales less than one minute and the limited spatial scale
about 0.5 RE, (C) passage of multiple dipolarization fronts with the
full time scale about four minutes, and (D) the case of multiple dipolarizations fronts followed by high-frequency ﬂuctuations of electric
and magnetic ﬁelds near electron cyclotron frequencies. Generally, it
is shown that
(1) Oxygen ions are more efﬁciently accelerated by the induced electric
ﬁeld during the slower total dipolarization event (mechanism A)
but are less sensitive than protons and helium ions to pile-up many
dipolarization fronts on the shorter time scales less than 1 min (B,
C, D).
(2) Protons and helium ions can be signiﬁcantly accelerated by mechanisms (A) and (C), but the maximum net energy gain was found
during last mechanism (C).
(3) Electrons are less sensitive than ions to mechanisms (A) and (C)
but are efﬁciently accelerated by fast electric ﬁeld ﬂuctuations (scenario D).Thus, electrons can most effectively be accelerated after
the end of large-scale multiple dipolarizations when electromagnetic turbulence with close temporal parameters begins.
(4) Mechanism (B) is the least efﬁcient acceleration mechanism for
protons, helium, and oxygen ions, the corresponding coefﬁcients of
maximum energy gains of which are 8, 8, and 6, respectively.
(5) In the case of a spatially limited size of the system (scenario B),
energy spectra can have a speciﬁc local maximum in the central
part due to resonance acceleration of that population with gyroradii
comparable with the size of the system. The small size of a single
dipolarization front indicates that this mechanism is the least effective in plasma acceleration in comparison with more large-scale
dipolarization mechanisms A, C, and D, where the sizes of the
acceleration region are much larger.
(6) Generally, the shapes of particle energy spectra can be interpreted
by the contribution of different mechanisms in the total acceleration process, having temporal and scale resonance nature. After
particle interaction with magnetic perturbations, the initial
Maxwellian spectra are transformed to power-law proﬁles with
three clearly seen slopes from smaller to higher energies: positive,
almost plateau, and negative one. At small energies, all spectra have
a positive slope, and these proﬁles grow linearly to higher energies
because most of the low-energy particles are accelerated and cannot
contribute to this diapason of energies. Plateau of energy spectra is
due to the inﬂuence of different scenarios of acceleration A–D. At
the highest values of energies, one can see the sharp decrease of the
spectra proﬁle for almost all kinds of particles because of the spatial
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limitation of a system in the Y direction, where particles can be
trapped and multiply accelerated before escaping in the loss cone.
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