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Abstract. We investigate the formation of the high-energy high-energy ions in the magnetotail can be considered as the
(E €[20,600 keV) ion population in the earth’s magneto- indication of the magnetic reconnection in the current sheet
tail. We collect statistics of 4 years of Interball / Tail observa- (e.g.,Birn et al, 2012.
tions (1995-1998) in the vicinity of the neutral plane in the  Starting from very first observations by IMP-7 spacecratft,
magnetotail regionX < —17Rg, |Y| < 20Rg in geocentric  the energy spectrum of high-energy ions was recognized
solar magnetospheric (GSM) system). We study the depenas the power-law spectrum with a phase-space density of
dence of high-energy ion spectra on the thermal-plasma paf ~ E~" and an index ofy ~4-6 for E € [100 500] keV
rameters (the temperatu#e and the amplitude of bulk ve- (Fan et al. 1975 Sarris et al. 1976. The typical value
locity v;) and on the magnetic-field compone®it. The ion  of the upper ion energy was established Bgker et al.
population in the energy rangeec [20, 600] keV can be sep- (1979 — the substorm activity in the magnetotail can result
arated in the thermal core and the power-law tail with thein the generation of- 300 keV ions. Moreover, it was men-
slope (index)~ —4.5. Fluxes of the high-energy ion popu- tioned that the ion acceleration up to 300 keV is accompanied
lation increase with the growth d@#,, v; and especially;, with injections in the inner magnetosphere. Further observa-
but spectrum index seems to be independent on these parartiens of high-energy £ > 100 keV) ions by IMP-7 (eight at
eters. We have suggested that the high-energy ion populatioX ~ —30—40Rg) confirmed that the distribution of the phase
is generated by small scale transient processes, rather thapace density i ~ E~7 and showed that there is the sep-
by the global reconfiguration of the magnetotail. We havearation between two populations of accelerated ions at the
proposed the relatively simple and general model of ion acenergyE* ~ T;(y + 1), whereT; is a thermal-ion tempera-
celeration by transient bursts of the electric field. This modelture Sarris et al. 1981). The energy spectrum of ions with
describes the power-law energy spectra and predicts typicak < E* resembles the Maxwellian spectrum (or soft power
energies of accelerated ions. law) and can be considered as a natural prolongation of the
thermal population into the high-energy range. The popula-
tion with E > E* exhibits the clear power-law energy distri-
bution. This population possibly relates to some mechanism
of effective acceleration in the magnetotail. Observations of
bursts of high-energy ions witlf ~ E~° accompanied by
1 Introduction simultaneous rapid variations of tl magnetic-field com-
ponent (in the geocentric solar magnetospheric (GSM) sys-
The investigation of the high-energ¥ (€ [30, 500 keV) ion  tem) indicated that the magnetic reconnection is likely re-
population in the earth’s magnetotail has a long history andsponsible for local ion acceleration up to high energies in the
is motivated by two primary reasons. lons accelerated in thenagnetotail Kirsch et al, 1981). Observations of a local-
magnetotail up to several tens of keVs can serve as a sourdged maximum of energetic ion fluxes in the current sheet of
for the ring-current ion population responsible for signifi- the magnetotail support this conclusidaglos et al.1985.
cant deformations of the inner-magnetosphere magnetic fieltHowever, the spatial distribution of high energy ion fluxes in
(e.g.,Daglis et al, 1999. On the other hand, observations of
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the magnetotail suggested that the general plasma convectiamalysis of high-energy ion spectra collected in the magneto-
also plays an important role in ion acceleration. For exampletail by Cluster and Geotail during different geomagnetic con-
statistics collected by IMP-8 spacecraft clearly showed thatditions showed that the ion acceleration is likely local and
the maximum of fluxes is observed at the dusk flank of theshould correspond to some transient processes (e.g., mag-
magnetosphereMeng et al, 1981), where ions drift due to  netic reconnection or bursts of electric fields) in the cur-
the quasi-stationary gradient drift. rent sheet $arafopoulos2008 Haaland et a).201Q Luo

The detailed investigation of the relationship betweenet al, 2014. Although both Cluster and Geotail can pro-
fluxes of high-energy ions and thermal-plasma charactervide extremely broad statistics, the energy resolution of mea-
istics became possible with the launch of ISEE-1,2,3 andsurements of high-energy ions is relatively low in both ex-
AMPTE-IRM/CCE spacecraft. Using ISEE-3 measurementsperiments: Geotail/EPICWilliams et al, 1994 and Clus-
in the deep magnetotailX( down to —220Rg), Scholer  ter/RAPID Wilken et al, 2001). This restriction does not
et al. (1983 showed that fluxes of energeti& & 30 keV) allow us to distinguish many fine structures of ion-energy
ions are predominantly coming from the near-earth region.spectra like the energy kne&drafopoulos et 312001 or
Thus, there is no effective local mechanism of ion accelerabeams of almost monoenergetic iohsifsenko and Kudela
tion at such distances. ISEE-1 measurements of high-energ¥999. The better energy resolution available at the Interball-
ions (E € [30,500] keV) in the near-earth magnetotail > tail/DOK-2 experiment l(utsenko et al.1998 can help to
—20 Re confirmed previous suggestions which stated that theresolve the dependencies of ion energy spectra on thermal-
ion spectrum can be separated into the tail of the thermaplasma (or magnetic-field) parameters. Investigation of such
population £ < 100keV) and superthermal particles with dependencies should provide the necessary information to
the power-law energy distributior(> 100 keV) (Moebius  determine roles of different mechanisms of ion acceleration
et al, 1983 Ipavich and Scholge1983 Scholer et al.1985. in the magnetotail.
The primary origin of the second population is the mag- There are several mechanisms which can be respon-
netic reconnection in the magnetotail current sheet. Statisticsible for the ion acceleration in the earth’s magnetotail.
of AMPTE-IRM showed that fluxes of high-energy protons These mechanisms can be separated into two groups: quasi-
strongly depend on geomagnetic activity, while the slopes ofstationary mechanism and transient mechanism. The first
the energy spectrum are almost the same for different activgroup of mechanisms includes the quasi-stationary dawn—
ity levels Baumjohann et al1990h). Later, the same results dusk electric fieldE, as the main ingredienCproniti and
were obtained by broader Cluster statistiekaéland et aJ.  Kenne| 1973. lons can gain energy moving along open or-
2010. Simultaneous observations of fluxes of high-energybits (the so-called Speiser trajectories, Sgmeiser 1965
ions at AMPTE-IRM and AMPTE-CCE demonstrated two 1967). In this case, the total amount of gained energy is lim-
interesting features. lon fluxes are initially observed in theited by~ 2mcz(Ey/Bz)2 (Lyons and Speisefi982 Ashour-
tail regionX ~ —20 Rg by AMPTE-IRM and, only after cer- Abdalla et al, 1993. For specific regions in the magneto-
tain time, AMPTE-CCE recorded the flux increase in the tail, such acceleration can be effective for a large number
near-earth regiorX ~ —8 Re (Kistler et al, 1990. More- of particles. In this case, accelerated particles form so-called
over, the ratio of fluxes of energetic'tand O" ionsis almost ~ beamlets: beams of almost monoenergetic particles observed
constant along the magnetotailigtler et al, 1990. Thus, in the magnetosphere boundary layer (eBpsqued et al.
we deal with some mechanism of the ion acceleration in thel993 Ashour-Abdalla et a).2006 Zelenyi et al, 2007,
tail X ~ —20Rg. There is no ion acceleration in the near- Grigorenko et al.2009. For the magnetotail configuration
earth region, but rather transport of accelerated ions towardar from theX line, particles can gain 10—-20 keV due to this
the earth. The series of publicatiorShfiston et al. 1988 mechanism. However, in the vicinity of the distantine (at
1989 1991 were devoted to the fine structure of ion spec- X < —100RE), the acceleration can be more effective due to
tra in the wide energy rangg  [50ev, 1MeV]. Combined  larger amplitudes of, (Grigorenko et al.2011). The accel-
measurements of two experiments (thermal and superthermaration of ions moving along closed orbits can be provided
ion measurements) onboard ISEE-1 spacecraft allowed us tby the slow drift induced by the gradient of the magnetic
confirm that the ion energy distribution should be approxi- field, 3 B, /dx. This drift shifts ions along the dawn—dusk di-
mated by the kappa power-law function with~ —5in quiet  rection, resulting in the ion acceleration By. This mecha-
magnetotail conditions. In contrast, for disturbed conditionsnism is more relevant for magnetized electrdngfs 1984
the increase of fluxes of high-energy ions does not allow toZelenyi et al, 1990h Artemyev et al.20120. However, ions
use the single energy distribution for low and high energies,can also be accelerated (see revigsienyi et al, 2013 ref-
i.e., the high-energy ions form the independent populationerences therein). Efficiency of such an acceleration process
(Christon et al.1997). can be increased by quasi-stationary magnetic-field fluctua-

Many years of measurements of Geotail and Cluster spaceions (Greco et al.2000.
craft in the earth’s magnetotail helped to understand the The upper limit of the ion acceleration in a quasi-
correlation between fluxes of high-energy ions and solar-stationary electric field is defined by the potential drop across
wind conditions QOhtani et al. 2011 Cao et al,2013. The  the magnetotair 20-50 keV Angelopoulos et al.1993
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Wang et al. 2009. Thus, to describe the formation of en- in the particle acceleration in the vicinity of the neutral
ergetic ions withE > 50 keV, one should take a look at non- plane Zelenyi et al, 2008 Perri et al, 2009 Greco et al.
stationary mechanisms. In this case, we deal with short-tim&010. The natural limitation of possible energy gain cor-
bursts of the electric field&, > 50kV/A¢ with a short-scale  responds to the particles escaping from the turbulent cur-
A¢ of the localization. One of the most natural sources ofrent sheet due to the fast motion along the curved magnetic-
such bursts is the transient magnetic reconnection in the madield lines @Artemyev et al, 2009h Perri et al, 2011). In this
netotail current sheet (e.gygant et al, 2005. There are  case, some specific properties of electromagnetic turbulence
two main components of this field: the electrostatic field and(like a spatial intermittency) can increase the efficiency of
induction field. The electrostatic field is produced by the de-the accelerationZelenyi et al, 2011). There are two most
coupling of ion and electron motions in the vicinity of the re- natural magnetic-field configurations, including electromag-
connection region (e.gKkorovinskiy et al, 2011) and can be  netic turbulence, where ions can be accelerated up to high
responsible for charged-particle demagnetizatidoshing energies: the magnetic reconnection regiomdfri et al,
2005 Artemyev et al.2013 and references therein). In con- 2006 and dipolarization fronts@no et al, 2009. Moreover,
trast, the induction electric field originates from the rapid ions can be accelerated due to the combination of turbulent
evolution of the magnetic-field topology during the magnetic and regular mechanism&figorenko et al.2011;, Artemyev
reconnection. This field can be responsible for the effectiveet al, 2011 Dolgonosov et a.2013. The interaction of
ion accelerationGaleey 1979 Zelenyi et al, 19903. The ions with the electromagnetic turbulence can be described as
general conception assumes that the magnetic reconnectighe quasi-linear diffusion of ions in the energy/pitch-angle
results in ion demagnetization in the vicinity of theline space Dusenbery and Lyonsl989. In this case, the for-
and local acceleration by the induction electric field. The mation of power-law energy distributions of accelerated ions
transient reconnection is a highly localized process both spais predicted by the general theoriigsegawa et al1985
tially and temporally. Thus, only a relatively small amount of Milovanov and Zelenyi2001).
particles can be accelerated in the vicinity of the reconnec- In this paper, we investigate spectra of high-energy(
tion site. Accelerated ions are observed in the close vicinity[20, 600] keV) ions in the magnetotail. We study the depen-
of the reconnection site as bursts of almost monoenergetidence of ion spectra on thermal-plasma parameters and on
particles with energies of- 50-200 keV [utsenkg 200%; magnetic-field amplitudes. Owing to high-energy resolution,
Lutsenko et al.2008. In the case of multiple reconnec- we can monitor evolution of ion spectra in dependence of
tions, these burst from the power-low tail of the ion spectrumthe system parameters. We particularly investigate the depen-
(Taktakishvili et al, 1998. dence of the energy value of the spectrum knee on the plasma
Recent spacecraft observations (eAmgelopoulos et al.  temperature. We also propose the relatively general model
2013 Fu et al, 20133 and numerical models (e.gSjtnov  of the ion acceleration in the magnetotail current sheet. This
et al, 2009 2013 suggest that the significant part of the re- model includes burst of the electric field as the main driver
leased magnetic energy is evacuated from the reconnectioof acceleration and can reproduce the power-law energy dis-
region by fast plasma flows. The leading edge of such flowdribution of ions.
is characterized by the specific magnetic-field configuration:
the so-called dipolarization front. This front is recognized as o
the sharp increase of th component of the magnetic field 2 Data set description

with the same increase of the electric fidlg (e.g.,Runov Wi tatisti f ob i f Interball-tail ft
et al, 2011, and references therein). Particles can be effec- € use statistics ol observations of Interball-tall spacecra

tively accelerated by dipolarization frontaghour-Abdalla in the magnetotail during the 1996—-1998 seasons. We restrict

etal, 2011 Birn et al, 2012 Fu et al, 20130, Simple reflec-  OUr analysis to the domajir| < 20Re, X < —17Re, |Z] <
tion of ions from the moving front results in the acceleration > Re (hereinafter, the GSM coordinate system is used). The
up to~ 10keV Zhou et al, 2010, while the resonantion ac- additional criterion is /B2 + B2 < 15nT. Thus, we mostly
celeration can be responsible for the generation @00 keV  investigate the close vicinity of the neutral plane of the mag-
particles Artemyev et al. 20123 Ukhorskiy et al, 2013. netotail current sheet (Fid. shows fragments of spacecraft
Here, we should also mention one additional effectiveorbits). The magnetic field is measured by the ASPI/MIF-
mechanism of ion acceleration/heating in the magnetotailM experiment Klimov et al,, 1997, thermal-ion moments
This mechanism corresponds to the ion interaction with var-are gathered by the CORALL experimeNefmolaev et al.
ious small-scale fluctuations of the electromagnetic field1997), electron density is gathered by the ELECTRON ex-
forming the electromagnetic turbulencgirabardo et al. periment Gauvaud et al1997), and high-energy ion spectra
201Q Zelenyi et al, 2014. The primary source of this tur- (without resolved ion species) are collected with record en-
bulence is the interaction of different plasma instabilities ergy resolution~ 7-8 keV by the DOK-2 experiment.(t-
which can develop and saturate in the magnetoralgnyi senko et al.1998. To avoid observations in the cold plasma
and Milovanoy 2004. According to the numerical model- sheet, we use the criterion for electron density< 1 cnm 2.
ing, ion interaction with such a turbulent field should result ASPI/MIF-M measures three components of the magnetic
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20 the main spectrum. We observe a similar spectrum shape (but

1 <& {E _’j“ less pronounced) fdf; e [1, 5] keV.
10 GO~ 10 g Shape of spectra and flux amplitudes are almost indepen-
o ot = /= dent of average®. values forB, < 10 nT (see Fig2b). Only
> \::—_ _ = for the extreme conditions wit®, > 10nT do we observe
107 \-jT:"_—__ = the distinct increase of fluxes fé& > 200 keV. However, this
2 1= P effect can be due to small statistics of observations of s_uch
s o4 20 6 b0 2 4 high B, values. It should be mentioned that the averaging
x Re zRe procedure can substantially smooth peaks8ofalues asso-
ciated with small scale structures like dipolarization fronts (a
Figure 1. Fragments of Interball-tail orbits used in this study. time scale of such peaks is about 10-30 s,Reeov et al,

2011). Thus, we consider here the correlation between high-

energy ion spectra and magnetic-field amplitudes character-
field with a time resolution of- 2s. CORALL provides ion  izing large-scale structures.
temperaturel; and three components of ion bulk velocity =~ High-energy ion fluxes and spectrum shapes do not vary
V with a time resolution of~ 2 min. Time resolution of substantially withv; (see Fig.2c). Again, only for the ex-
energetic ion spectra collected by DOK-2 depends on iortreme conditions withy; > 250km s (within 3 min inter-
fluxes and varies from~0.1s up to~ 1min. To operate vals) can one observe the distinct increase of fluxes for
with all these data as with the single database, we separa@ll energies. This increase cannot be due to the faster mo-
all time intervals of observations into 3 min subintervals. We tion of whole ion distribution because energy correspond-
use such long time subintervals due to low time resolutioning to particle bulk velocityn,,vl.zf/z < 1-2keV is substan-
of the CORALL experiment. For each subinterval, we deter-tially smaller than energies of the considered ion population
mine average values of magnetic-field components and aveit< [20, 600 keV). It is interesting to note that the increase
age high-energy ion spectrum. Our database includé300  of fluxes is almost independent on energy (compare data for
subintervals when all plasma data and magnetic fields were; € [100,250 kms™! and v; > 250kms'1). These results
available. correlate well with data presented hyo et al.(2014 for
earthward plasma flows, where almost no variation of the
spectral index withv; was found. However, for tailward-
directed bulk velocityl-uo et al.(2014 showed that the spec-
tral index hardens with the increasef The latter results
In thi . : : . 8annot be confirmed by our data.

IS sect|on_, we discuss h|gh—energy lon spectra obs_erve To investigate the variation of spectrum with system pa-
by Interball-tail. We use the ion temperatufi the ampli- rameters, we plot three 2-D maps with fluxes as functions
tude of ion bulk VelOCityU,' =,/ VXZ + Vy2 (lf measurements  of energy andr;, B, v; (See F|g3) On the far r|ght pane]
of V, are unavailable, we usg = |V,|), and the value of the  of Fig. 3, we also show the scale of the ion kinetic energy
magnetic-field componei#t, to separate all observed spectra vizmp/Z calculated with the proton mass,. Fluxes increase
into several subgroups (see F&). Velocity component¥/y, with T; in the almost whole energy randee [20, 500] keV.

V, characterize fast plasma flows in the magnetotail and theiThe most pronounced increase of fluxes can be found for
amplitudes are assumed to be related to the geomagnetic a&; € [1, 5] keV. The increase oB, does not influence fluxes
tivity (Baumjohann et al1990a Angelopoulos et al.1992 until B, ~5nT. ForB; > 5nT, one can find some increase
Cao et al. 2008. It should be noted that all used criteria for of fluxes for energie€ < 200 keV. The increase af; also

B;, v;, andT; are applied for 3 min averaged data. The in- results in the increase of fluxes.

crease off; corresponds to the well-distinguished growth of  Figures2 and3 show that high-energy ion spectra gener-
the flux amplitude. This effect can be explained by the ex-ally depend on the ion temperatufe Thus, it seems inter-
pansion of the thermal core of the ion distribution to the high- esting to plot energy spectra normalized®nThis normal-
energy range. The general shape of spectra is more or less tlieed spectra clearly show the double power-law structure (see
same for all7; ranges. The only exception is cold ions with Figs.3, 4). We observe the remaining part of the thermal core
T; < 1keV. For this temperature range, we observe relativelyfor E < 10-50keV (this boundary is different for different
weak fluxes of high-energy ions up #©~ 200keV and a ranges off;) and a power-law tail folz > 10-50keV. The
very pronounced tail of the spectrunt & 200keV). The  main part of the spectrum with a large should be formed
presence of this tail can be due to relatively small statistics ofby the ion acceleration in the magnetotail. This population
events with low temperature. However, it is also possible thaof high-energy ions is well separated from the thermal popu-
such super-energetic ion population is always present, buiation and corresponds to the following phase-space-density
for larger ion temperatures, the high-energy fluxes are so higlvariation with energyf ~ (E/T;)~38 to f ~ (E/T;)~*2.

that this super-energetic ion population becomes covered byVe consider below a possible mechanism of the generation

3 lon-energy spectra
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Figure 2. Averaged spectra of ions for different ranges of system parameters.
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Figure 3. 2-D maps of ion fluxes (measured in (s€ankeV)1).

of such a population. It is also interesting to note that, for ~(E/T )42
small T;, we observe more ions with very high relative ener- 10000 v ~(E/T)3®
giesE/T; > 100 than for largdl;. These ions form the flat- R ~(E/T )38

tened energy tail.
Figure 4 clearly shows that the relatioB*/T; ~y +1 1000

E*/T; 40> y 4+ 1. Thus, we cannot consider the energy

distribution in the whole energy rande € [20,500] keV as

a distribution of some single population. The normalization

of energy on ion temperature modifies the distribution sub- T ___ 72V

stantially for differentT;, but the slope of power-law tail does L A A

not depend off; (y varies from 3.8 to 4.2). It seems that the ! 10 E/T. 100 1000

tail of the energy distribution is formed independently on the '

thermal core of ion population. Figure 4. Averaged ion spectrum with the energy normalized on the
In Fig. 5, we show distribution of energetic fluxes along ion temperaturd;.

the dawn—dusk coordinaié There is a statistical gap around

Y ~ 0 which can cause the decrease of fluxes in this region.

One can also observe the general increase of fluxes for aimo$ecated near the neutral plang,| < 10nT, while activity

all energies at the dusk flank aroulid~ —10 Rg. However,  level was moderate with, ~ 100-300 kms®. There areB,

in the deep flanks|Y| > 15Rg fluxes decrease. The latter fluctuations for the second event (top right panel of [Big.

effect can be due to particle losses through the flank magneWe assume that these are vertical fluctuations of the magne-

topause. We also observe a localized maximum of fluxes atotail current sheet induced by plasma flows (see review

Y ~ —10Rg (similar maximum was found for ion density by lenyi et al, 2014 and references therein). For the first case,

Lennartsson and Shelle¥986. we haveT; ~ 1-3 keV. Corresponding ion spectra have dou-
To illustrate our conclusion derived from Figabout the  ble structure with the knee around 30-40 keV. For the sec-

role of T; in the separation between thermal and high-energyond case, the ion temperature~s8-9 keV and the knee of

populations, we plot data for two events with substantially the energy spectra is located at70-80 keV. We can also

different 7; (see Fig.6). In both cases, the spacecraft was mention that the averaged slope of spectra of high-energy

populations are similar for both events. These slopes vary

proposed bySarris et al.(1981) for the energyE* of the E

spectrum knee is well satisfied only for particles with high = 100

temperaturest; > 5keV). For averaged conditions when all N

temperatured; > 0.5keV are taken into account, we get (\E_) 10
2

,,,,,,,,,,,,,,,
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log, (flux) or quasi-stationary magnetic reconnections. Of course, these
N global processes contribute to the charged particle acceler-
7 ation (see dependence of fluxes on geomagnetic conditions

in Haaland et a).2010. However, we assume that the main
part of spectra, existing even in quiet time, can be formed
mainly by small-scale transient perturbations. Such pertur-
1 bations should not be very powerful, but should effectively
i accelerate small populations of particles up to high energies
(see, e.g.Grigorenko et a].2013.

To describe ion acceleration, we introduce a quite gen-
eral distribution of electromagnetic fields in the magneto-
o WILLLZZZZERE | T tail in the vicinity of the transient evenB, = B.o- (z/L;),

log,(E keV) logo(N) B.=B;-(x/Ly)* >0, E = Eo(t)e,, Wherea = const de-

fines the profile ofB,(x) component alongX axis (@ =0

Figure 5.2-D map of ion fluxes (measured in (s€sTkeV) ™) as  for unperturbedB., o = 1 for the classicaX line,a > 1 for
a function ofY’ coordinate. The right panel shows the number of o jinear magnetic-field perturbation with the strong gradi-
events (V) for a giveny’ coordinate. ent dB, /dx). This model can describe the distribution of the
magnetic field close to the neutral plane (ilel,< L;, L,
is the current sheet thickness). The dependeahce x* is
taken to describe the perturbation of tBe component in-

Y RE

between—4.8 up to—4.1 (see Fig6) and are close to the

statistical data shown in Figl. It seems that the spectrum ™ : " _

slope of the non-thermal (high-energy) population is almosts'Ide the doma_lmx — X <.L"’ wh_ere the transient, burst
independent of the plasma temperature, while the distribu2ccyrs- Equat|on§ of motions of ‘on with the masand the
tion of the thermal core is strongly controlled By. The in- chargey in such fields can be written as
crease off; by three to four times results in the shift of the

spectrum knee energy from 30 to 70 keV. Variations of; ¥ =—Bx/Ly)%vy

correspond to large-scale quasi-stationary processes (convec: q

tion, etc.). Thus, we can conclude that the formation of the Z = e x0(z/Lz)vy

high-energy population (slope of the spectrum) does not di-
rectly depend on large-scale processes (slopes are similar for
both events), while these processes can be responsible for the
heating of the thermal plasma. In this case, the increasg of

corresponds to the increase of the amount of particles which _ )
can undergo the acceleration up to high energies. where A, (x, z) is the vector potential component. We are
mainly interested in high energy particles which gain energy

asvy ~ [ Ey(t)dr > vy0. Thus, we can omit both term A,
4 Model of ion acceleration and the initial velocity g in the last equation of systerf)(

Then, system1) can be rewritten as
In this section, we describe the analytical model of the for-

mation of spectra of high-energy ions in the magnetotail. t

We consider small-scale transient processes corresponding_ 4 p o(x/L )a[E ydr'
to localized perturbations of magnetic and electric fields. 2c ¢ * y

Our model is based on the following concepts: (1) there is

t
= vy0+ E/Eya’)dt’ — L Ayx.2), (1)
m mc
0

0

the almost unperturbed magnetotail current sheet WBith g2 t L
growing linearly withz; (2) the magnetic-field component = _EBXO(Z/Lz)/Ey(t ydr'. (2
B, has a substantially perturbed profile along tkieaxis 0

within the domain|x —x*| < L,, where L, is the spatial

scale of the localization oB, perturbations; (3) there is The second equation of syste®) escribes oscillations,

the burst of the electric fieldz, () with the almost uni-  while the first equation shows that thecoordinate grows
form distribution within|x — x*| < L,. This conception as- with time. Thus, particles can spend only a limited time in-
sumes that we consider small-scale (but very fast) perturterval in the close vicinity of the ~ x* region. This insta-
bations of electromagnetic field which contribute more to bility of the particle motion (i.e.|x| growth) determines the
electric-field bursts, while magnetic fields are weakly per-final energy distribution. To describe charged particle accel-
turbed (the similar model of ion acceleration due to local- eration in such a system, we introduce the simple approxima-
ized current disruptions was proposed lbytsenko et al. tion for the electric fieldE, = Eo(t/t0)®, whererg = const is
2008. We do not consider large-scale dipolarization eventsthe scale of, growth. The first equation of syster?) fakes
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Figure 6. Two cases of observations of high-energy ion spectra in the magnetotail. Top panels show two components of the magnetic field
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in the GSM coordinate system. Middle panels show ion bulk velocities and temperatyresnfponent was measured only for the event
shown in the left panels). Bottom panels show ion-energy spectra: each panel shows six spectra averaged over 10 min of observations.

aform
. Q(ZJUDZ‘O S
— L o +1
== (x/Ly)*(t/10)°"", €)

where Qo = gB,o/mc and vp = cEg/B;0. We introduce
dimensionless variableX =x/L,, t =t/T, where T =
to((1+8) L/ Q3vptd) Y/ 3+

d’Xx
772 4)
We consider particles with small initial velocitigg0) = 0.
Higher energies can be gained by particles with) = xg ~

x*. With this initial condition, the solution of Eq4] can be
written as

— X()l_ca‘l’l.

X = xo¥ (xéa_1>/(s+3>t) ’ (5)
whereY (s) is a solution of the following equation:

dZ_Y — Y()ls(s-i-l

ds?

Y(0) =1, dY/ds|,_o=0 (6)
ands = x{ P/®*¥ The solution of Eq. € is singular

with the asymptote

__2
Y ~ (s —5) 1,

(7)

wheres, = const. Thus, the relation between the initial par-
ticle positionxg and the time interval of the particle acceler-
ationt is determined by the equation

=2
a—1
T .

www.ann-geophys.net/32/1233/2014/

a—1

L, ~ xp (s* —x5"

(8)

For the most energetic particles, we have, from B)j, (
xo~ 1Y withy = (3+8) /(e —1). Thus, particles are accel-
erated as, ~ (g/m) [ Ey(t)dt ~ Qovpto(t/10)°+1/ (8 +1).

We can write the expression for the particle energy as a func-
tion of time:

1 mv2
W A Emv§ A —2D wor 212, 9
where constanig is
L. (2642)/(3+5)
wo = (8 +1)~YC (+<20/vp) (10)

(QOIO)M/(S-M)

We assume that particles are distributed uniformly at the in-
terval xg € [x* — Ly, x* 4+ L,] and write the expression for
the final energy distribution

dxo -1

dr

dw
dr

—A
(o)
2 bl
womvy,

where |dxg/dt|/|dW /dz| transforms the initial distribution
f (xp) of particles in space into the final energy distribution
f (W) with the slope
1 3+56
=14 —.
2(a—1)(1+9)

J (W) = f(xo0)

1
Ty +26+2

(11)

(12)
For the simple case of the constant electric figld 0, we

haver =1+ 1.5/(e¢ — 1). Even a small deviation aB, de-
pendence on from the linear one (i.eq — 1 < 1) gives us
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a power-law distribution. For example, to gek [3.5, 5], transformation of the magnetic-field configuration. We sug-
one needs to take €[8/5,11/8] ~[1.6,1.4]. In case of gest that small-scale transient bursts of the electric field can
linear dependence a8, on x (i.e.,« =1, like in X line), be considered as the main source of ion acceleration up to
we should obtain the well-known exponential spectrum with high energies. Such transient processes do not require the
f ~exp(—W) (Bulanov and Sasorgvl976 Birn et al, magnetotail reconfiguration and can operate within spatially
2012. Equation 12) shows that the spectrum slope is very localized regions with scales 1000 km. There are several
sensitive to the electric-field growth radeand the factor of  candidates which play the role of these transients (see re-
the magnetic field non-linearity. Both these factors cannot views by Baumjohann et al.2007 Sharma et al.2008.
be derived directly from the single spacecraft observationsHere, we would like to mention dipolarization fronRynov
because, to determine the temporal profile of the electric fieldet al, 2009 2011), small-scale reconnectiond/fygant et al.
E, and the spatial profile of the magnetic fidld, one needs 2005 Retino et al.2008, and plasma jet brakingNgkamura
to separate spatial and temporal evolutions in transient proet al, 2009 2013. All of these processes are related to each
cesses. Thus, a direct comparison of model predictions andther Sitnov et al, 2009 2013 Runov et al.2012 Fu et al,
spacecraft observation is impossible. The main idea of the20133. Although these processes correspond to the local in-
proposed model is to show that it is enough to assume therease ofB, andv;, they cannot provide substantial varia-
non-linearity of B, profiles and transient nature of the pro- tions of B, andv; on a timescale larger than 1 min. Thus,
cess to obtain the power-law energy spectrum of acceleratedie cannot recognize signatures of these processes in our
ions. We discuss in the next section the relationship betweestatistics with~ 3 min averaging. lon acceleration induced
input parameters of our model and properties of differentby these transient processes can be explained by our model
transient processes observed in the magnetotail. of the spectrum formation. To apply our mode we need to
The factorwomv% determines the typical energy gained fulfill two basic requirements.
by particles in the course of transient acceleration. For the
constant electric field = 0, we can estimate this energy as
womv?, = eEyL,(L,Qo/vp)~Y/3. For a small-scale process
with L, ~ 1000 km and the electric-field amplitude typical

1. There should be the non-linear variation of the
magnetic-field perturbatioB, with x (i.e.,a > 1). The
strong gradient ofB, is a characteristic feature of the

for transientsE, ~ 10-100mV ! (Wygant et al, 2005 Qipolarizat'ion fronts. ThusB, perturbation grows non-
Retind et al, 2008 Nakamura et a).2009 Khotyaintsev linearly wr_[h x. A small-scale recor_mectlon is _often
et al, 2011, one haswomv% ~ 10-100 keV. Moreovenyg accompanied by a strong perturbation Bf, possibly

related to following formation of dipolarization fronts
(Sitnov et al, 2013 Fu et al, 20133. Thus, we can ex-
pect that, for the transient reconnection, the variation
of B, with x is non-linear (e.g., at the outflow regions,
where soliton-likeB, perturbations are generated, see
Heyn and Semengw996 Longcope and Pries2007).
The flow-braking process results in formation of shock
waves or non-lineaB, perturbationsNlakamura et a).
2009 Zieger et al.2011). Therefore, for all three types
of transient processes, the expected variatioB,ofith

x may have non-linear character needed for the applica-
tion of our model.

grows with § rapidly and the non-stationary electric field
E, ~ 1t can be even more effective for the particle accel-
eration.

5 Discussion

In this paper, we have shown that variationsRBf and v;

do not substantially influence the shape of spectra of high-
energy ions. However, we observe that the increase of high-
energy ion fluxes corresponds wifh, andv; growth (see

Fig. 2). It seems that processes characterized by enhabced
andv; (like large-scale dipolarizations or BBFs) can have an 5
influence on the total amount of accelerated particles, but do
not determine the slope of energy spectra. We found a strong

correlation between fluxes of high-energy ions and the tem- larization fronts (e.g.Runov et al. 2011, Khotyaintsev
perature of thermal ions: the larger tig the more particles et al, 2019, in the reconnection regioMygant et al,
from the thermal core of the distribution can be accelerated 2005; Retind et al. 2008, and in the flow-braking re-

tq high e_nergies and contribute to the_ large-energy tail of the gion (Nakamura et 812009 2013. Thus, the second re-
distribution. Thus, observed correlation between fluxes and quirement of our model is also satisfied. As a result, we

B, (or v;) can be explained by the heating of plasma (in- can explain observed power-law ion spectra by a pro-
crease off;) due to dipolarization and enhanced convection. posed mechanism of ion acceleration.

Indeed, many studies (e.®8aumjohann et a1.1991, Wang

et al, 2009 Kissinger et al. 2012 demonstrated that ion It is also important to discuss the scalg of the ac-
temperaturd; grows asB, (or v;) grows. Therefore, the for- celeration region along the dawn—dusk direction. For vari-
mation of spectra of high-energy ions should be explainedous transient processes, this scale can reach few earth radii.
by some mechanism which does not involve a large-scaléThus, it is substantially larger thah, scale. For example,

The second requirement is the presence of bursts of the
electric field in the region of th8, perturbation. Again,
such bursts are always observed in the vicinity of dipo-

Ann. Geophys., 32, 12331246 2014 www.ann-geophys.net/32/1233/2014/



A. V. Artemyev et al.: High-energy ion spectra in the magnetotail 1241

multi-spacecraft measurements of dipolarization fronts showSasoroy 1976 Divin et al, 2010. This is relatively weak
that, for these transient structures, we hadve~ 5000—  dependence. For example, oxygen ions are accelerated more
15000 km Nakamura et al.2004 Liu et al, 2013. Thus, effectively than protons, only by facter 2.5. However, al-

the typical amplitude of the electric field necessary to ac-ready fors =1 (i.e., linearly growingE,), we haveW ~ m,
celerate particles up to 100keV is about 5-20 mVinin and heavy ions are accelerated much more effective than pro-
agreement with spacecraft observatioibdtyaintsev et aJ.  tons. Moreover, if we assume that electric-field bursts are ex-
2011 Runov et al.2012 Fu et al, 20133. The same spatial tremely fast (i.e.E, ~ ¢, § — o), we obtain ultra-effective
scaleL, and electric-field amplitudes are typical for the flow- acceleration of heavy ions with’ ~ m3. Thus, the proposed
braking process as well (e.dNakamura et al.2009 2013. model of ion acceleration could explain more effective en-
The scaleL, of the transient reconnection is less known. ergization of heavy ions in the earth’s magnetosphere (e.qg.,
However, comparison of spacecraft observations and analytiKronberg et al. 2012 and in solar corona (seémbardq

cal models Alexandrova et a).2012 Nakamura et a]2012 2011 Artemyev et al.2014 and references therein).

gives similar estimates fak, as values obtained for dipo-

larization fronts, while the electric-field amplitude in the re-

connection region can reach 10-100 mvhiWygantetal, 6 Conclusions

2005 Retino et al. 2008. Thus, rough estimates show that

the proposed scenario of the ion acceleration up to 100 keJ" this paper, we have investigated the energy distributions

is in agreement with the observed spatial localization of tran-fOr ions with E € [20,600 keV, observed by Interball-tail

sient processes. in the earth’s magnetotail. We have shown that spectra can
Using average spectra from Fid, one can estimate an be separgteql into two parts: the thermal core anq the high-
impact of the high-energy ion population. Substantial influ- €N€ray tail withf ~ (E/T;)~" with y &[4, 5]. There is only
ence of high-energy population on the current sheet config® Weak dependence of high-energy ion populatiopand
uration is possible if the contribution of this population to Vi @veraged amplitudes. The temperature of the thermal ion

the plasma pressure is comparable with the pressure of thePopulation controls the amplitudes of fluxes, but does not in-

mal ions. Such a specific situation could be realized in thefluénce the spectrum slope. Thus, we have concluded that

vicinity of shock waves\\/ang et al, 2008 Florinski, 2009 mechanisms responsible for ion acceleration up to high ener-
but never was mentioned beforé for the magr;etotail’. edies do not have a substantial influence on the thermal ion

choose the energy spectrum obtained for hot plasma (Witrpo_pulati_on.. Moreover, mechanisms of.thermal ion_ heating
T; > 5keV, see Fig4) and approximate it by the power- (dipolarizations, large-scale reconnection, convection, etc.)

law fUnction fiot ~ nhot(E/T))~" for E/T; € [5, 100}, Here, 40 notinputsignificantly to the formation of the high-energy
constantine can be determined by matchirfio; distribution ion population. We have proposed the simple and relatively

with the thermal distributionfin = nexp(—E/T;) approx- general model of formation of the high-energy ion popula-
imated by the Maxwell functionzne: = nin5” e 5. The ra- tion with the power-law spectrum. This model assumes that

tio of pressures of high-energy and thermal populations cari’® Main acceleration up to high energies- 50keV is pro--
be written aspnot/ ptn ~ 5%2¢~°/(y — 5/2). For y € [4, 6], vided by small-scale fast bursts of the electric field, occurring
we havephot/ pin € [0.1, 0.25]. Thus, for a hot-plasma sheet due to various transients in the magnetotail.

with 7; > 5keV, the high-energy ion population can princi-

- o o
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