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Abstract. Beams of Almost Monoenergetic lons (AMI) in magnetospheric energetic particles gain additional acceler-
the energy range from 20 to 800 keV were discovered in theation near the quasi-perpendicular bow shogkderson
DOK-2 experiment (Interball project) in the magnetosheath1981). Rather narrow peaks can be observed by particles
and upstream of the Earth’s bow shock. This work summa-propagation due to time-of-flight or gradient-drift disper-
rizes the analysis results 6730 AMI events registered in  sions. Energies of such peaks which were cut out from the
1995-2000. Statistics of AMI properties, their nature andoriginal smooth spectrum vary with time and an observation
origin are considered. The analysis of a large array of newsite (Lutsenko et al.2005 2008. Almost monoenergetic
data confirmed our earlier suggested ideas on the AMI naelectrons with energies of 1 to 10keV were often observed
ture, origin, and their acceleration model. These ideas werén the auroral zone. They possibly have obtained their en-
further developed and refined. According to this model, AMI ergy after passing electrostatic double layers (seé¢hgén

are a result of solar wind ions acceleration in small regions1977, and references therein). However, in the very sources
with a potential electric field arising due to disruptions of the of energetic ions and electrons in the energy range of 20—
bow shock current sheet filaments. It has been found that th&000 keV, we always had to deal with smooth spectra, often
reason of the current filaments disruptions in most cases walaving power-law or exponential forms.

the Hot Flow Anomaly phenomenon (HFA) caused by anin-  |n 1995-2000, the DOK-2 experimeritutsenko et al.
teraction of a tangential discontinuity in the solar wind with 1998 was carried out within the framework of the Interball
the Earth’s bow shock. It is shown that the study of AMI project on both Tail (Interball-1) and Auroral (Interball-2)
can provide new information on large-scale properties andspacecrafts (S/C). Interball-1 was launched on 8 March 1995
dynamics of the bow shock current sheet. and worked until 16 October 2000; its orbit had an apogee of

Keywords. Magnetospheric physics (Current systems; So-3h1'14RE' apefrigzee Ofld'lﬂE' a}ndort?ita:]lplane irk:clig.ati.on t.o
lar wind-magnetosphere interactions) — Space plasmérlhe equat'or.o 6f.°8han a period of 4 days. The |st|nct|\é.e h
physics (Charged particle motion and acceleration) characteristics of the DOK-2 spectrometer were record hig

energy and time resolutions. The instrument used 56-channel
logarithmic analyzers to measure ion spectra in the range of
20-800 keV and electron spectra in the range of 25—400 keV.
1 Introduction It allowed to discover in the Earth’s magnetosphere and near
its borders the beams of Almost Monoenergetic lons (AMI)
lons and electrons accelerated in the near-Earth plasma ifl-utsenko and Kudelal999 Lutsenkq 2003, Fine Disper-
the energy range of 20 keV to 1000 keV usually have smoottsion Structures (FDS)L(itsenko et al.2005 2008, and a
spectra with a negative slope. Particle acceleration is comnumber of other phenomena (see &.gtsenko et al.2002),
monly obliged to inductive electric fields emerging as a con-which could not be discovered earlier because of an insuffi-
sequence of magnetic fields variations in the magnetosphereient energy resolution of the used instruments.
and on its borders. Broad humps can arise in spectra when AMI were named so because their spectra contain 2 to 3
lines having the Gaussian shape, with relative values of full
width at half maximum (FWHW) for the first iné E1/E1

Correspondence tdv. N. Lutsenko from 0.11 to 0.39 with a mean value of 0.25. In the most
BY (Vlutsenk@iki.rssi.ru) general case we have observed events with 3 lines having
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energy ratios of 1:2:(5-6). In events with lower intensities 6. To find which current sheet is responsible for generation
or with a higher background, only the first two lines with of AMI observed in the magnetosheath and upstream of
the energy ratio 1:2 were observed. Note that in energetic  the bow shock.

electron spectra measured with the same resolution narrow
lines were observed only in the dispersion evehtggenko

et al, 2005 2008 associated with the acceleration processes
in the plasma sheet of the magnetospheric tail. Except fop Special features of DOK-2 that made possible the dis-
two of our papersl{utsenko and Kudelal999 Lutsenkq covery and study of AMI. Confirmation of our hy-

200]) there have been no other pUb"C&tiOﬂS on similar ion pothesis regarding nature of the lines in AMI spectra
spectra until 2009. The first such publication appeared in

2009 Klassen et a).2009. The authors have used data from Asitwas noted in Sect. 1, the discovery and study of AMI be-
SEPT and SIT instruments (project STEREQO). AMI were ob- came possible owing to the record high energy and time reso-
served not only upstream and close to the Earth’s bow shoclutions of the DOK-2 instrument_{utsenko et a.1998. The
but also at distances up to 1988. device was equipped with four telescopes for measuring pa-
In our previous papers we have published results based orameters of energetic ions in the range of 20-800 keV (1p and
the analysis of the limited number of AMI events and sug- 2p) and energetic electrons in the range of 25-400keV (le
gested a hypothesis about their nature and origin. Accordingind 2e). All telescopes used passively cooled Si-detectors
to this hypothesis AMI are a result of solar wind ions acceler-with instrumental energy resolutiohE 1jps = 7-8 keV and
ation by bursts of strong potential electric fields in small partslogarithmic pulse height analysers with 56 channels. The ion
of current sheets in the magnetosphere and on its boundarietglescopes had aperture angles of 12tBe electron ones of
These bursts arise due to disruptions of filaments forming27°. Geometric factors of the telescopes were of 0.015am
these electric current sheets. After such disruption the elecfor ion telescopes and of 0.066 ésr for electron ones. The
tromotive force of the circuit (EMF) will be applied to a nar- axes of 1p and le telescopes were directed along the spin axis
row disruption interval, creating a potential electric field with of the S/C in the antisolar direction. The 2p and 2e telescopes
a magnitude up to 0.1V, For the neutral current sheet were oriented in the solar hemisphere at an angle &ft62
in the magnetotail, this process was observed directly at théhe S/C’s spin axis directed toward the Sun. A spacecraft spin
acceleration place_(itsenko et al.2008. As to the magne-  period was~2 min.
tosheath and the region upstream of the bow shock where we The discovery and study of AMI was made possible not
had most of our AMI observations, a much greater numberonly because of the high energy resolution, but also through
of events should be analyzed. the use of a special adaptive measurement algorithm. The
This article summarizes the results of study of thg30 basis for the formation of the DOK-2 output data were Ba-

AMI events observed during the 5 years (1995-2000) in thesic Measurements (BM) — complete 56-channel spectra mea-
solar wind (SW) and in the magnetosheath (MSH) near thesured every second. However, their transfer to ground re-
Earth’s bow shock (BS). Their properties, nature and originCeiving stations was possible only during the rare and short
are clarified. The earlier proposed model of AMI accelera-Sessions of direct transmission since capacity of the onboard
tion should be confirmed by the results of all the AMI events storage device was insufficient. To overcome this problem,

analysis, further developed and refined. In particular, thefwo types of output information complementing each other
aims are: were formed from BMs for each telescope:

7. To find the reasons for current disruptions.

1. Complete 56-channel spectra obtained by summing up
individual BMs until any of the channels gets a cer-
tain number of particled/max or accumulation time T
reaches a certain valdg,ax. These parameters could be
changed by commands, but most oflggux= 1280°C
and Nmax= 10 240. As a result, at high particle fluxes
the spectrum accumulation time was reduced to 2-5s,
and at low fluxes it increased, but not more than Tmax.

1. To build the statistics of AMI line properties using the
full set of our data, in particular for the ratio of numbers
of accelerated protons and alpha-particles.

2. To estimate angular distributions of AMI beams.

3. To find a confirmation of our assumptions regarding na-
ture of AMI lines in the results of other experiments.
2. Three parameters of temporal variations: TP1, TP2, and
4. To check our assumption on the mechanism of AMI ac- TP3 — each representing a sum of 4 consecutive spec-
celeration by comparison of our observations with some trum channels. The accumulation time for TPs varied
consequences of the current layer filaments disruption ~ from 1 to 260 s and was determined by a special algo-

model. rithm which ensured a reduction of the output informa-
tion volume up to 10-100 times, and at the same time

5. To make a calculation of ion trajectories in the acceler- retaining the ability to record all statistically significant
ation region for estimation of its dimensions. variations in particle numbers in the TP’s energy ranges.
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Fig. 1. An example of mutual complementarity of the full ion SPec- tom graphs) shows time variations of TP1-TP3, the inter-
trum and the time profiles parameters TP. At the top — a full ion val of the spectrum accumulation time and the energy val-
spectrum from 1p-telescope, measured in the solar wind and CONes for TP1—TP3. Around 01:28:19 UT the TP3 intensity in-
taining 2 AMI lines. Color markings show energy intervals of 3 creases sharply énd during tHe ﬁext 13.7 s exceeds the initial

TP-parameters. Here and beldli corresponds to the end of the . . .
spectrum accumulation intervalT to the accumulation duration. level by 46 times. Then, through 81.5s after the increase it

At the bottom — graphs of TP-parameters and the values of corfalls to approximately the initial level corresponding to the

responding energies. For comparison, the spectrum accumulatioRormal spectrum (TP3 is below TP2 and TP1). Thus, TP-
time interval is also showniT =353s. parameters allow to determine within 1s accuracy the start

time (01:28:19 UT) and duration (81.5s) of the AMI event,
which cannot be found only from the given spectrum in this

Both of these types of output data are mutually comple-Case.
mentary and proved to be very useful for searching and an- Although DOK-2 measured the energy spectra of all ions,
alyzing the data on AMI. Figure 1 gives an example of the doing so without charge and mass separation, the noted
AMI spectrum and corresponding TP-parameters measuredbove relations of line energies allowed us to suppose that
in the solar wind on 12 March 1996 (1p-telescope). Threewe deal with solar wind ions H, Het2, and the ion group
parts of the spectrum highlighted in blue, green, and red cor{C, N, O)"©®~9 accelerated in some spatially confined po-
respond to TP1, TP2, and TP3, respectively. The intensitytential electric field to energies proportional to their charges
of the AMI containing 2 lines was rather weak at a relatively (Lutsenko and Kudelal999. We obtained a confirmation
high level of background ions with a usual smooth spectrum.of this hypothesis in 2002, after a private communication of
Thus, the third line is almost invisible. As a result, the accu-A. Lui and S. Nylund who sent us the detailed data from
mulation time for the spectrum turned out to be rather longthe EPIC instrument (Geotail) for several time intervals when
and reached 353s. The energiésand intensities/ at the  Interball-1 and Geotail had been in the same physical region
maxima of the lines as well as their Full Width at Half Max- close enough to each other. The EPIC devi&lliams et
imum (FWHM) d E were determined by the Gaussian fitting al., 1994 had~8 times lower energy resolution but was able
(blue dashed lines and legends). The figure shows that theo measure separately the spectra of protons, alpha-particles,
TP1 and TP2 intervals fall on the smooth background specand ions of the (C, N, O) group. On 16 April 1996, two
trum, while TP3 falls upon the first AMI line. Figure 1 (bot- S/C were in the MSH near the quasi-perpendicular BS (see
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100002 (Interball-1), 2p-tel,, 16.04.1996, 18:43:26 18:43:54 UT Table 1. Distribution of a total number of AMI events with 2-3
1 E1=108.9 keV F lines among DOK-2 telescopes and measurement regions.
1 dE1=29.7 keV E1
10004 J1=1100 (cm2.s.sr.keV)-1
Telescope SW MSH Total
s 1p 314 38 352
x 1003 2p 187 183 370
a ] Total 501 221 722
- 1 E2=215.2 keV
- 1 dE2=64.9 keV I
] 92=138.9 (cm2s.srkev)! 3 Where AMI events were observed
§ E3=576 keV
] j:ff_271(1c':1§_‘;‘_'5,_kev).1 AMI were observed by DOK-2 (Interball-1) mainly in the
0-‘-10 T T solar wind (SW) and magnetosheath (MSH) near the Earth’s
E, keV bowshock (BS), in all about 730 events. For our detailed
EPIC (Geotail), North tel., Average of Sect. #10-12 analysis, the 722 most distinct AMI events with 2—-3 lines in
18:48:04 - 18:48:53 UT, 16.04.1996 the spectrum were selected.
104 P L Table 1 shows how the number of observations is dis-
E tributed between the 2 regions and 2 telescopes. Figure 4
1 [ shows the distribution of observation points in these regions.
1 L The extent of the observation region in the solar wind was
'Z.: ] 2 limited by the S/C apogee. Red dots correspond to the mea-
= L surements, with the 1p-telescope looking in the antisolar di-
4 o1 5::;.171(:;\:.,s.sr.keV)" L rection. Blue dots correspond to the measurements with the
E 1 Enc230 KeV E 2p-telescope directed toward the solar hemisphere at an an-
S J:::1.1 (cm?.s.srkeV) (G, N, 0) 3 gle of 62 to the spin axis of the S/C. Distributions in Fig. 4
0013 Eono=690 keV, 3 and Table 1 show that AMI propagating towards the Sun
JeNo=0.01 (cm2.s.srkeV)! F (1p) predominate in the SW, while in the MSH predomi-
nate AMI propagating from the BS (2p). It indicates that the
0.0018 T e T e AMI sources are located most probably on the BS, but not on
E, keV the magnetopause, as it was supposed previolatgénkq

001.
Fig. 3. Comparison of ion spectra measured on Interball-1 and Geo- _ . )
tail in the MSH close to the BS during the AMI event on 16 April Over the 5 years of Interball-1 operation, the total DOK-2

1996. For DOK-2 (Interball-1) spectrum blue dashed lines and Ieg-ObserVatlon time reached 18 9hS8 h 'Q areas Whefre these 72f2

ends give results of Gaussian AMI lines fitting. AMl-events were obs_erveq. Thus, the average frequency o
AMl-events observations in the SW and MSH was 0.038
per hour or 0.91 AMI-events per day. Since the observa-

Fig. 2). The directions of the magnetic field on both satellitestions at any moment were carried out only at one point, and
were approximately the same, so that both S/C were close tMI propagate as narrow beams, as we will shown further in
a magnetic connection. Sect. 5, the real frequency of the AMI-events must be much

Figure 3 compares the spectrum of all ions measured byrigher.

DOK-2 (INTERBALL-1) with spectra of protons, alpha- AMI were also observed in the magnetotail plasma sheet
particles, and the (C, N, O) group measured by EPIC (Geowhere observations were complicated due to high-intensity
tail). It is evident that 3 lines in the DOK-2 spectrum cor- background of energetic particles with the usual smooth
respond to the peaks of protons, alpha-particles, and of thépectra. These particles were generated together with AMI
(C, N, O) group in EPIC spectra. Ratios of the energies anddy the geotail current sheet filaments disruptionstgenko
intensities of 3 peaks in EPIC spectra are very close to theet al, 2008. These AMI are not considered here.
corresponding ratios in the DOK-2 spectrum.

After our first publications l{utsenko and Kudelal999
Lutsenkg 2001), AMI were also found byKlassen et al.
(2009 in the SEPT experiment (project STEREO) at dis-
tances up to 1100-19G%: from the Earth. They present Figure 5 presents a histogram of AMI events durations. The

one more example of the identification of the first two AMI €xact determination of some specific event duration is not
lines as ions of Hi! and He™2. always possible, because sometimes two events overlap or

follow directly one after another. When the data are obtained

4 Statistics of AMI properties

Ann. Geophys., 29, 1439454 2011 www.ann-geophys.net/29/1439/2011/
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Table 2. Statistical parameters of AMI beams (see Figs. 5-7). ) g e
g 2] g 50
Parameter, Total numb. Min. Max. Mean Std. 3 B
units ofvalues  value value value deviation 5 ] 5 zz
Duration, s 204 17 294 104.7 61.12 10
E1, keV 722 258 4099 946 59.56 O —r—— o —— PR p A T+
E2/E1 722 1.52 291 2.034 0.158 E3/E1 © o dEtg, BT
E3/E1 114 3.68 7.13 5.25 0.698
dElcorr/E1 231 0.107 0.393 0.253 0.058 Fig. 6. Histograms forE1 (a), E2/E1 (b), E3/E1 (c) and
Sa/Sp 154 0.34 66.77 1235 13.24 dE1cor/E1 (d) (see text for details).
Nu/Np 124 12.95 9198 37.26 18.77

Figure 6 gives the histograms of values of the first line
from the 2p-telescope, the AMI beam often leaves the teleenergyE1, of line energies ratio€2/E1, E3/E1, and of
scope field of view before the event ends because of the S/Gelative values of the first line FWHME1cor/EL. In the
rotation. Therefore, we used only the data from 1p-telescopgast case, from the measured valilil the instrument reso-
and soIer_for those 204 AMI-events whose_dgratlons COUIdlution dE1ins was excludedd E Leor= dElZ—dElﬁw. The
be determined accurately enough. The statistical parameterf . S

. R . . . E1ins values were regularly measured during the in-flight
of this and other distributions presented in this section are S . . .
: : instrument calibrations. The absolute intensity J1 in the max-
listed in Table 2. . o . S
imum of the first line vary widely in different events, from

0.3t010x 10°cm2s 1srlkev1.
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Further in this section, we will denote the parameters of
the first line (protons): energy and intensity at the maximum 10" T 1o T oo
and corrected FWHM as&y, Jp, andd Ep and similarly for E, kev
the 2nd line (alpha-particles). Figure 7a shows the distribu-_ . , ,
tion of line areas ratio of proton$, to alpha-particles, in F'19'32_‘ ZIhi fs%glztﬁn spectrum in the MSH on 23 April 1999,
the AMI spectra. Since the shapes of all the lines (Gaussians)™ " e '
hardly differ, we accept that

Sp  Jp-dEp present here results for the_AMI event on 23 April 1999 in
S, = JodE,’ the MSH, close to the BS. Figure 8 presents an ion spectrum
from the 2p-telescope, where 3 color intervals correspond to
Figure 7b gives the distribution for ratio of densities protonsthe 3 TP-parameters. One can see that TP1 is a part of a
and alpha particle®/p/ N, in the solar wind plasma during usual smooth background spectrum, while TP2 and TP3 cor-

the AMI measurements (data from the Wind S/C). respond to the first two AMI lines. As mentioned in Sect. 2,
To compare these ratios let's calculd}g S, starting from  time variations of TP-parameters were measured with a vari-
the Np/No: able time resolution depending on variability of counts in 1-s
Np-Vp-dEjp BMs in the TP1 and TP3 energy intervals. Energy values for

, the TP intervals are shown in Fig. 9 (upper panel). When
No Vo -dEq the variability was high, this resolution reached 1s. The 2p-
whereVp/ V, is the ratio of ion velocities after the acceler- telescope with an angular aperture of 22#@s directed at
ation. ASEp/Ey =0.5,dEy/dE, =05, andVp/V, = V2, the angle 62 to the S/C spin axis pointed toward the Sun.
we obtain for the calculated value §§/S,: By the S/C rotation, the telescope scans the corresponding
cone, which allows to estimate the angular distributions for
Np-/2 0707 Np (1) AMI (TP2, TP3) and for a background spectrum (TP1).
Ny-2 Ny Figure 9 shows time profiles for the three TP-parameters,
as well as for magnetic field and angles of an ion flux unit
vector in a local magnetic field (LMF) frame: a pitch angle
(PA) and an azimuth angle (AA). LMF is a rectangular co-

(Sp/Sa)caIc=

(Sp/Sa)calc:

The average value foNp/N, is equal to 37.26 (Table 2).
Thus, for the ratid Sp/ S« )caic We should havéSp/Se)cale=

37.26-0.707=26.34. In reality we haveSp/S, =12.35 (Ta- ordinate system in Whicl e = B/| B, Y Lmr = (Zuwr X

ble 2), i.e. itis 2.1 times lower. This difference is explained . .
. . . XGsp), andX mr = (YmE X Zwr). The pitch angle PA is
by our AMI acceleration model, which gives an advantage tothe angle between the ion flux direction and the gy,

(aslgf;as-zi:tlgl)es over protons by monoenergetic lines Creatlort‘he azimuth angle (AA) corresponds to the rotation around

the Z vr axis. All the data were averaged in time intervals
of TP measurements. The time interval for the spectrum from
5 Angular distributions of AMI Fig. 8 is shown in the upper panel. The vertical lines in Fig. 9
correspond to the times of maximum intensity of AMI (solid
While DOK-2 telescopes could not examine the whate 4 lines) and of ions with the usual spectrum (dashed lines). The
solid angle, in some cases we were able to estimate angulaalues of pitch and azimuth angles for these times are shown
distributions of AMI and compare them with distributions in the lower frame. Time intervals between these maxima
of ions with usual, smooth spectra. As a first example, wecorrespond te~2 min spin period of the S/C. The intensity

Ann. Geophys., 29, 1439454 2011 www.ann-geophys.net/29/1439/2011/
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Azirnuthal Angle, degq

Fig. 10. Angular distributions for the AMI event in the MSH on 23
peaks for AMI are narrower than for the usual spectrum. A april 1999 at 11:31:00-11:37:00 UT.

more detailed analysis showed that the FWHM of these peaks
for AMI corresponds to intervals of PA and AA2(0°. Since
this value also includes the telescope aperture )2tbe period. In the upper panel the time intervals for speg®a
intrinsic FWHM of the AMI beam must be no more than 7 are shown. Thin vertical lines in Fig. 12 correspond to the
10-15. flux maxima of ions with a usual spectrum (TP1, TP2, dashed

Figure 10 presents a summary of relative angular distri-lines) and for AMI (TP3, solid lines). They allow to find
butions for 3 TP-parameters in the whole considered timethe pitch and azimuth angles for these moments (see bottom
interval. One can see that the distribution for the usual specpanel). The maxima of TP3 (AMI) fall in the pitch angles
trum (upper diagram) is broader and the azimuth angles fofrom 63 to 66 and in two ranges of the azimuth angles:
the intensity maxima differ strongly for AMI (1330 140°) 133 to 140" and 227 to 234. The maxima for TP1 and
and for the usual spectrum (24 249). TP2 (usual spectrum) fall at the pitch angles 167 116

In Figs. 11-13, one more example of AMI observation is @hd azimuth angles from 2470 248. The difference in
presented, which took place on 16 April 1996 at 18:35:43-these angles for both types of spectra is illustrated by the
18:45:35 UT in the MSH close to the BS. In Fig. 11 as well as diagrams in Fig. 13.
in Fig. 8, three colors mark energy intervals corresponding to It follows from the discussed examples that the angular
the three TP-parameters. Here the first lines of AMI (with the distributions for AMI beams are narrow (FWHM15°) and
exception of the spectrug8) fall into the energy range of the  differ strongly from the distributions for ions with usual spec-
TP3. It also allowed the comparison of angular distributionstra. These facts point to small dimensions of the acceleration
for AMI and for ions with the usual smooth spectrum (TP1, egion and short duration of the process.
TP2). Periodical (2 min) increases of ion intensities (Fig. 12,
upper panel), as in the previous case, correspond to the spin
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Fig. 11. AMI spectra (2p-telescope) in the MSH near the BS on 16 Fig. 12. Time variations of TP-parameters, magnetic field and an-
April 1996 at 18:35:53-18:45:35 UT gles of ion fluxes in LMF-frame for AMI event on 16 April 1996.

6 The change of energies and intensities of proton lines
after the AMI event start

A smooth decrease of the proton line energy here cannot
be a result of the time-of-flight dispersion during the propa-
gation of particles with the usual spectra from the site of their
For the AMI events with high time resolution in spectra mea- gcceleration to the points of registration. Firstly, in this case,
surements (2 to 10s), we have plotted and analyzed the timghe energyE change with time” would have happened un-
dependence of energies and intensities of proton lines aftegier the law: E = M - §2/2/(T — Tg)Z, whereM is the mass
the start of the acceleration process. The results for 6 suclf the particle,S is the distance to the source, afiglis the
AMI events are given in Fig. 14. Evidently, the proton line time of particles generation. This dependence, in contrast to
energy E1 consists of two parts: a constant one (A) and a seghe Eq. ), has no constant component and has a quite dif-
ond one (B) exponentially decreasing with time. In a frameferent shape. Secondly, the energy ratio of alpha-particles
of our hypothesis, the first one, obviously, corresponds to theand protons would have been equal to 4, not 2 as in our ob-
electric circuit electromotive force (EMF), the second one to servations. Of course, our spectra were measured not r|ght
the self-inductance EMF, arising after the circuit diSfUptiOﬂ after the acceleration, but with a de|ay depending on time of
and depending on the circuit inductance (length). The timeflight of protons to the observation point. Rough estimate of
TO corresponds to the events start4J@). The time depen- these delays for the 6 events showed that they ranged from
dence of E1 was approximated by the expression: 1.5 to 24's, which cannot substantially change the results of

our analysis.

El=A+B-exp(—C-(T —T0)) )

The values obtained for the parameters B, C, and T0

are given in Table 3. A very fast increase of intensities J17 Model of AMI acceleration

(blue points and lines in Fig. 14) immediately after the cur-

rent disruption can be explained by a fast filling of an almostPreviously on the basis of our preliminary analysis of AMI
“empty” disruption region by the MSH plasma (see Sect. 8). events we proposed a hypothesisutéenko and Kudela
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Table 3. Parameters of the time dependence of the first line energy E1 near the acceleration start for six AMI events (see Fig. 14). TOis in
seconds of the day.

TO, A, B, C,
s keV keV 1/s

Date UT interval Tel.

6 Jun 1996 12:24:30-12:25:00 1p 44672 26.65 34.82 0.082
9 Apr 2000 03:08:00-03:10:00 1p 11290 55.84 32.89 0.058
12 Apr 1996  22:22:20-22:23:20 2p 80552 225 29.74 0.04
10 Aug 1997 23:13:35-23:14:54 1p 83626 46.2 45.3 0.035
23 Apr1997  20:38:30-20:39:45 1p 74319 489 22.8 0.06
20 Apr1999  13:43:20-13:44:25 1p 49402 80.43 59.47 0.09

. 1pt2p, E=21-28 keV | o % tric field of the SW. After the circuit disruption, a sum of
] 5 the EMF and the self-inductance EMB (n Fig. 15) will be
L .f - Fooee applied to the short disruption intervédl as a voltage differ-
© 1207 ] : R enceAV =A+B.
z 901 - o P This assumption was entirely confirmed by the results of
5 w0 - our full analysis of the-730 AMI events, in particular:
30*: ; = . . .
. . 1. by the positions of AMI observation points,
o 50 1 20 1 80 240 300 360
azimuthal Angle, deg 2. by the energy ratios of AMI lines corresponding to the
150 Tpt2p, ES48-60 k¥ | _1ae = ratios of H, He, and the CNO-group charges,
L .f - Fooee 3. by the average energy of the proton line (see Table 2),
© 120 " | T o which is not inconsistent with the average potential drop
j% 50} - I across the magnetosphere due to the motional electric
5 50] #I ’ o field of the solar wind:Esyw= —(Vsw X Bsw),
" " i E
] 4. by short durations of AMI events (on average 104.7 s),
0 . . : : . Q
vttt Angie, deg 5. by the character of time variations of proton line ener-
ip+2p, E=102-133 keV . gies and intensities at the event start. It is this character
150 ] F R of voltage AV change that can be expected by the dis-
150 C a0 ruption of the electric circuit, shown in Fig. 15, and
E‘ 120; -
£ o ] - e 6. by the total absence of monoenergetic electrons in the
I ] llh [ 40 AMI events.
< B0 =
50 - o Let's examine now in more detail the acceleration process
0] ‘ , , ‘ , L B and limitations on dimensions and other characteristics of the
Go80 Tz0 180 240 SO0 360 acceleration region resulting from our model. Let us assume

Azimuthal Angle, deq
that the Y-axis is directed along the current sheet filament

Fig. 13. Angular distributions for the AMI event in the MSH on 16 (along the potential electric fiel&), the X-axis is perpen-
April 1996 at 18:36:12-18:44:33 UT. dicular to the filament, and the Z-axis is directed along the
magnetic field. An ion trajectory in the crossétiand B
fields (E_LB) is a cycloid, and acceleration of ions up to the
same energy level will be possible if the cycloid widtfiax

n the Y-direction is notably larger than the acceleration re-
ion dimensionW in this direction. Let's find the resulting
Imitations for theW-value. The equation of ions motion in
the crossed electriE and magnetid fields:

1999 Lutsenkq 20017) in which generation of AMI observed
near BS occurred in spikes of potential electric field aris-'
ing as a result of BS current sheet filaments disruptions (se
Fig. 15). Like each current circuit, these filaments have an
electromotive force EMF4 in Fig. 15), a resistancg, and

an inductancel. The EMF is distributed along that part of dv

Z-e
the circuit which is exposed to an action of a motional elec-M - —— i T(v x B)+Z-e-E

t
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Fig. 14. Time variations of energieS1 and intensitied 1 of AMI proton lines near the events start.

Here: ¢ is the cyclotron frequencyp. = (Z-¢- B)/M =
9.579x1072.Z-B/Ainrads!, Z-¢ s the ion charge in C,
M = A-mpis the ion mass in kgh is the magnetic induction
in nT, the ratice/mp = 9.579x 10’ Ckg~1. The solution of
Eq. (3) for an initial velocityvg = 0:

_Z-e-E Z-e-FE

x= t— =~ sinw -1),
M'C()C MCL)(Z: ( ¢ )
2oL (1 coswe-1))

— . — We *

y Ma)g C

or denotingk = 1.044x 107 (A- E)/(Z - B?), in km:

x=K - (wc-t—Sin(wct)), y=K-(1—sin(wct)), 4)

Fig. 15. The sketch illustrates the process of solar wind ions ac-g|sg in km. The cycloid width is:
celeration and AMI generation by BS current sheet filaments dis-

ruption. Here A is the circuit electromotive force (EMFR is the M 2.-Z-¢e-E —2088x 107 A FE K
self-inductance EMF. Electrons, having much lower gyroradia, will ~M&™— 4= = 2 g x 10225, m

be swept out by the drift without the acceleration.
The values of thev; and Ymax for B =10 and 20nT and

E=0.1Vm1are given in Table 4.
With Ey =E, Ex=E,=0, Bx=By=0, B,=B it So for the acceleration of all protons up to the same en-
gives: ergy level, the width of the acceleration ar#ain the di-
dvy duy 7.0 E rection of electric field must b&5000 km atB =20 nT and
— =wc vy, —— =—wc Vx+ 3) «20000km atB = 10nT. For heavy ions this limitation is
dt dt M not so strong. Figure 16a shows proton trajectories in the ac-
celeration region with the thickneg3 (the current filament
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Table 4. Cyclotron frequency andimax for different ions byE = 0.1V m—1.

B=20nT B=10nT

Z A wcrads!  Ymax km  Ymax RE we, 1adst  Ymax kM Ymax R

1 1 1.916 5217.5 0.818 0.958 20870 3.272

2 4 0.958 10435 1.636 0.479 41740 6.544

6 16 0.719 13913 2.181 0.359 55652 8.726
thickness) and disruption region wid#i. If W > Ymax, the 1 B I
creation of monoenergetic lines is impossible. One can see 12 Protons, B=20 T, £=0.05 Vim L1
that all protons, starting within the limits def, will ob- 0] - Fos
tain the same final energy of 200 keV. Protons, starting out so0{ ® © Ep=200 keY Ep=200keV ___-08
of Dess, Will obtain lower energies. Figure 16b allows a 1 /—
comparison of protons and alpha-particles acceleration. It & 000
follows from this figure that the effective valuBgy; is al- > 3000 -
ways greater for alpha-particles than for protons. Indeed, l TE W
for W = 4000 km D/ DP = 1.31 and for W’ = 5000 km ]
(dashed lines), the mentioned ratio will be equal to 2.65. So 1000 Dett
we must expect that after leaving of the acceleration region, 1 X1

T T T T T T T

. . 0 T T T T I
alpha-particles will always have an advantage over protons at 0 2000 4000 6000 8000 10000 12000 14000 16000
creation of monoenergetic lines. It explains why the value of X, km

10000 PRI R R R P b b by w0y

ratio (Sp/ S )calc Calculated from the rati®vp/ N, is ~2 times 1 b) B=20 T, E=0.1 V/m F15

9000 — —14

lower than the observed average valusgfs, (see Sect. 4). 1 oo ricles g
. . . . 8000 r

Graphics in Fig. 16 and data in Table 4 allow us to make B ® :ﬁ

rough estimates of the acceleration region size. The width of 7000]

the accelerating gap/ should not excee®nax= 0.818Rg £

F1

6000 i Fos

. . ] —0.8 I'EJ
for B =20nT. The thickness of the acceleration region > ] Thor>
can not be greater than 1.Rg for a conservation of the ob- 4000 FE— Fos
served advantage of alpha particles over protons in a factor %] Foa
of ~2 by monoenergetic lines formation. i G I N Yonax *gz

et A ! / o
1000 Den T " Den L/ B | Fon
i L . . 0T 0
8 The reason of current circuit disruption — connection 0 7000 2000 3000 000 5000 6000 7000 8000

between AMI and HFA

) ) ) Fig. 16. (a)Proton trajectories in the acceleration regidh— the
The natural question arises: what is the reason of currengickness of the disrupted current filament. — the width of the
filaments disruptions? In the magnetotail neutral sheet wheregegion with the potential electric fieldDgft — effective thickness

AMI were also observed, the disruptions of filaments of the of the acceleration region, starting from which all protons will ob-
current sheet separating oppositely directed magnetic fieldgin the same energy 200 keV. Protons, starting oubgf limits,
may be spontaneous. Their durations amount20 s, after  will obtain the energy<200 keV.(b) Comparison oDe¢ for alpha-
which the conductivity is restored (see Figs. 14 and 15 fromparticles and for protons. Dotted lines show the same trajectories
Lutsenko et al.2008. In the case of BS, the current sheet for the larger value of the acceleration region widlh = 5000 km
separates magnetic fields of about the same directions so orfestead ofW =4000km.
should look for an external reason of disruptions.

In the solar wind near BS, a phenomenon known as Hot
Flow Anomaly (HFA) (see e.gSchwartz 1995 Schwartz et wind flux deflects through a large angle to the CS position
al., 2000 was often observed. HFA was observed when the@nd upon reaching the CS it even turns sunw&chvartz
solar wind had brought to the BS a tangential discontinuity in1999. In these studies, the influence of HFA on such a large-
the magnetic field caused by a large-scale flat current shedcale BS parameter as its current sheet was not considered.
(CS). Because of opposite directions of the magnetic fields In Fig. 17 we would like to explain the physical nature
on both sides of the CS, the convection electric fields near thef BS current sheet and to show a possible reason for its
CS-BS intersection line may be directed to the CS. This elecfilaments disruption. Figure 17a illustrates the creation of
tric field changes the plasma flow direction, so that the solarcurrent carriers (ions and electrons) on a BS magnetic field
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Fig. 17. The HFA phenomenon as a possible cause for BS current sheet filaments disru@)ddseation of current carriers for the BS
current sheet(b) How the BS current sheet can be disrupt@) How the HFA can play a role in the screen in Fig. 17b.

jump. Solar wind ions and electrons crossing this jumpThe rate of HFA occurrence~0.12 per hour) given by
perform a short gradient drift, shifting them along a tan- Schwartz et al(2000 is consistent with our estimates of
gential component of the motional electric field of the solar AMI events occurrence rates-0.038 per hour). Our anal-
wind. Thus, they serve as charge carriers for the BS currentysis of the AMI events and presence of CS in the solar wind
Then they move downstream to the MSH, being replaced byhas shown that:

new SW particles. Let us suppose that we have set some-
where upstream of the BS an absorbing screen protecting a
part of BS from the solar wind flux (Fig. 17b). Creation of
current carriers here stops and the BS current sheet or, better  ~30 % events — by weak or numerous CSs — what com-
said, a part of its filaments, becomes disrupted. Figure 17¢  plicates the analysis,

shows how the arrival of CS in the solar wind, creation of the )

HFA, and deviation of plasma flow lead to a situation with ~30% events — by the absence of CS — that points to
disruption of the BS current similar to the screen action in e possibility of other reasons for current disruptions.

Fig. 17b. An observer situated at a small distance behindqowever, these general considerations should be supported
the BS will see a decrease of the antisunward plasma flux ®y direct observations of CS, HFA, and AMI in one particular
about a zero level, while the fluxes perpendicular to the sunevent. For such analysis it is necessary to select observations
direction must increase. that occurred in the solar wind or in the magnetosheath close
After the solar wind shifts the line of CS and BS intersec- enough (1 to Rg) to the BS. Otherwise, it will be difficult

tion further (in the direction of the green arrow in Fig. 17¢), to detect AMI and HFA on the same S/C. We must also bear
the antisunward plasma flux will not only be restored butin mind that AMI propagate from the acceleration place as a
can become more intense due to addition of the solar wincharrow beam and can not always be detected on the S/C, even
plasma deflected and detained by HFA (see, e.g. Sect. 9.% its position is close to the acceleration place. On the other
Fig. 23). The disruption disappears and can arise in théhand, depending on the direction of magnetic field connect-

~40 % of AMI events were accompanied by a strong,
single CS,

neighboring filaments. ing the acceleration place with the S/C, the AMI observation
We have paid attention to a similarity of conditions for time can be as before, as after the moment of the CS and HFA
generation of AMI and creation of HFA: observation (delay of 1 to 10 min). In such cases, AMI can
be connected with the other HFA generated by the same CS
1. Arrival of the CS in the solar wind, several minutes before or after in a neighboring place.

2. The CS is almost perpendicular to BS at times of AMI
and HFA generation (the angle between normsig 9 Examples of several AMI events analysis

and Nps is close to 90),
To analyze the AMI events and check fulfillment of the 4

3. Quasi-perpendicular orientation of the magnetic field conditions specified in the previous section, it is necessary to
(the angleThn is close to 90) at least on one side of find a CS which can be responsible for generation of HFA
CS (to reflect ions), and and AMI using magnetic field data from one or several S/C

in the solar wind. Then it is necessary to determine the CS

4. The electric field at least at one CS side is directed toparameters allowing a modeling of its motion by intersec-
the CS. tion with the BS (a direction of CS normal.s and velocity
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Vesn Of its motion along this normal). The minimum variance 23,04.1997 17:00 - 18:30 UT

analysis of the magnetic field near the CS allows finding the . | [mterball, Geotal .

normal to the current she.s. Then the normal compo-

nent of the CS velocity/.sn can be found by usingVcs and ] I 1
measured solar wind velocitysy. Among the two possible wf E ok E
N¢s directions, the direction witiVesx > O has always been 3 3

selected. In that case for non-fulfillment of the 4-th condi- ¥ ° 8 .

tion, itis necessary that simultaneougly, < 0 andEnz > 0. EI—- E
Here, Enp and Eng are the projections of the solar wind elec- P

tric field on Ncs before and after CS coming, respectively. In ] 1 E
all other cases the condition 4 is fulfilled. Below we give sev- st e A e
eral examples of almost simultaneous observation of the CS, o (F2) e ()

HFA, and AMI on Interball-1. The AMI observations were
made by the DOK-2 instrument. The presence of HFA (the =: E
solar wind flux direction change) was identified by the VDP ¢ E 2 * 1
instrument Gafrankova et al.1997), with 15s time resolu- \

tion. VDP had 4 ion detectors (Faraday cups). One (F1) wasj - 4

mounted to look sunward along the S/C spin axis and three ¢ K/
other (F2, F3, and F5) were mounted to look perpendicu-

lar to the spin axis with 90and 180 azimuthal intervals. E
As Interball-1 had no direct electric field measurements, the ‘ ‘ . ‘ ,
E sy was calculated by using Wind measurementd/gfy DI S 3“ RS *
and Bsy often made far from the HFA and AMI generation

position. It may explain why in some cases below, the 4-thFig. 18. Positions of Interball-1 and Geotail during AMI events on
condition was not fulfilled. 23 April 1997.

R (2 ()
B
‘

9.1 AMI events on 23 April 1997 in the solar wind near
the BS time interval from 18:43 to 18:49 UT. The spectra of DOK-2

(2p-telescope) and the EPIC device for this event were also
Figure 18 presents positions of Interball-1 and Geotail duringshown above (see Figs. 3 and 11). Figure 23 presents the
the observations on Interball-1 of two AMI events (AMI-1 magnetic fields for 3 S/C and plasma fluxes (according to the
and AMI-2), the spectra of which are shown in Fig. 19. The VDP data). Times of AMI observations on S/C Interball-1
times of AMI-1 and AMI-2 observations are marked on the and Geotail are shown by short magenta lines in correspond-
third panel of Fig. 20, where magnetic fields (Wind, Geo- ing panels. The HFA is clearly seen here in the bottom panel
tail and Interball-1) and solar wind fluxes (Interball-1) are in time interval from 18:47:29 to 18:50:52UT as a drop of
presented. F1 flux to about zero and increase of F2, F3, and F5 fluxes.
Here we have two strong current sheets in the solar winds both of these S/C were in the MSH rather far from the
CS1 and CS2 which can be responsible for AMI-1 and AMI- model BS (-2.6 and—1.42Re), the CS6 distinctly visible in
2. Interball-1 approached to the model BS by Qgg5be-  the Wind magnetic field is not seen in Interball-1 and Geotail
tween CS1 and CS2, what can explain the absence of ophagnetic field data. Nevertheless, we have shown that just
vious signs of HFA near the CS1 and their presence neafe current sheet CS6 can be responsible for AMI genera-
the CS2. A double jump in magnetic field and plasma flux tion. The results of this tangential discontinuity analysis and
near the CS2 on Interball-1 may be caused by short osc@lculated position of the CS6 at the moments of HFA and
cillations of the BS position. Figures 21 and 22 presentAMI observations are given in Fig. 24. It is seen from this
the positions of CS1 and CS2 at observations of AMI- figure that the first 3 requirements are fulfilled. The electric
1 and AMI-2, as well as HFA (only for AMI-2). For field on one side of the CS6 (after the current sheet) is di-
the AMI-2 event, all 4 requirements are fulfile@, =  ected to the CS6Eny=—150, Ena=~044mVm, ie.
221mVml, Ena=—136mVmrl). For AMI-1, all the  @all 4 requirements are fulfilled.
requirements are fulfilled apart from the 4-th requirement
(Enb=—-1.25mVm L, Ena=1.89mvVm1).
10 Conclusions
9.2 AMIeventon 16 April 1996 in the MSH near the BS
1. The study of the large data array on AMI beams ob-
On 16 April 1996, Interball-1 and Geotail were both in the served by Interball-1 near the BS showed that AMI
MSH near the BS (see Fig. 2) observing an AMI event in beams are a fairly widespread phenomenon. The
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Fig. 19. Spectra of two AMI events on 23 April 1997. - e+t 6
17:10 17:20 17:30 17:40 17:50 18:00 18:10 18:20 18:30

23.04.1997 UT

average observation frequency in SW and MSH duringFig. 20. Magnetic fields and solar wind fluxes (data from Wind,
the 5-year work of Interball-1 was 0.038 per hour. Interball-1 and Geotail) during two AMI events on 23 April 1997.

2' The StatIStICS Of AMI propertles based On a‘ greater num- Intersection of the Current Sheet CS1 with the BS at AMI-1 Observation (Interball-1)
ber Of Observatlons as We” as the Com parlSOﬂ of the 23.04.1997 at 17:31:42-17:32:06 UT, Ncs1=[0.4648, 0.7134, 0.5244] (Wind)
DOK-2 data with the data from some other experiments
confirm our assumptions on the nature of AMI lines and
mechanism of their formation.

CS1atAMI
3. The formation of AMI beams is a result of the solar | merbelt
wind ions acceleration in small regions on the BSwitha 2
potential electric field created by disruptions of BS cur- =~ Nesy
rent sheet filaments. Such acceleration mechanism wasg 7 \\
confirmed, in particular: © ol S\
30
— by the dynamics of energies and intensities of pro- -1 20
ton lines after the event start, ) o
30 -10 Zzgse

— by complete absence of monoenergetic electrons
in the 25-400keV energy range during the AMI vase 10 20
events,

30

Fig. 21. Intersections of the CS1 and the BS during AMI-1 obser-

— by ratios of energies of the three AMI lines at- w01 nierball-1 on 23 April 1997 at 17:31:42-17:32:06 UT.

tributed to H, He, and (CNO)-group, and

— by the marked difference between the ratios of
numbers of accelerated protons and alpha-particles the densities of these ions in the solar wind plasma
in AMI spectra and the same ratios calculated from (enrichment in alpha-particles relative to protons).
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Intersections of the Current Sheet CS2 with the BS at AMI-2 and HFA Observations Intersection of the Current Sheet CS6 with the BS at AMI and HFA Observations on 16.04.1996
23.04.1997 at 18:09:10-18:09:24 UT, Ncs2=[0.2469, 0.7836, 0.5701] (Wind) at 18:43:26-18:45:35 UT (Interball-1) and 18:43:10-18:46:26 UT (Geotail) Ncs6=[0.2671, -0.2965, 0.9169] (Wind)

CS6:at' AMI
(Interball-1) _-"
start'and end —-

CS6 at AMI-2
(Geotail)
start and end

CS6 at HFA

(Interball-1)
start and end

CS2 position at AMI-2
CS2 position at HFA (start and ent)

Interball=:
(start-and end)

40
Geotail
(in MSH)

Xgse

z

)

@

)
Xgse

~Tbn=79.6°~ o
(Interball-1)

B, Thn=87.5°

0
Ygse 20

Fig. 22. Intersections of the CS2 and the BS during AMI-2 and _. . .

HFA observations on Interball-1 on 23 April 1997 at 18:09:10— Fig. 24. Intersections of the current sheet CS6 and BS during obser-

18:09:24 UT vations of AMI and HFA on 16 April 1996 by Interball-1 (18:43:26—
e ' 18:45:35 UT) and Geotail (18:43:10-18:46:26 UT).

Wind, R=[13.26, 35.36, -3.60] Rg. (GSE)

.
@ 4é CS‘5(66942 s) 086‘(67771 s)
8 3; 4. The study of angular distributions and temporal charac-
= 1,;\ M teristics of AMI beams as well as the modeling of ions
% fﬁ “W\,«\F/‘\Mﬁ W""AWMU v € motion in the acceleration region showed that their ac-
@ 2 M \ AV A o celeration occurs during a short timeZ min) in parts
& i e of the BS, characteristic dimensions of which don’t ex-

S ———— ceed 0.8t0 1.2RE.

18:20 18230 18‘:40 18‘:50 19:005 E

Geotail, R=[-4.0, 27.9, -2.77] Rg (GSE)

T f \ Tz 5. The main reason for BS current sheet disruptions was
e ! AL 8 etermined: It is an interplanetary current sheet (tan-
N 0 Lk o det d: It terplanet t sheet (t
= (.?\ Py ‘Wﬂ 5 gential discontinuity) brought by the solar wind to the
R bk i y / WU' 0 BS. Under certain conditions it leads to formation of
I 5~ N ”] l Es a HFA. The HFA blocks the access of the solar wind
& 104 10 flux to some small part of the BS which stops the cre-

6 ey . Fus ation of current carriers. This leads to the current circuit

18:20 18:30 18:40 18:50 19:00 . .

252 Interball-1, R=[11.02, 9.57, -3.91] Rg (GSE) 25 dlsruptlon
o 20 20
8 154 5
£ 105 h L | w,, 10 6. It was shown that the study of AMI generation process
% N L f ‘“ JJ\A ,#MM : may give new information on a large-scale structure,
1]

’ l 5 properties, and dynamics of BS current sheet which can-
10 not be obtained now by other known means.

By,
o
1

E.
90 7. New arguments were found in support of H. Adfv
5 E ideas on a great role which electric currents and elec-
2 2 tric current sheets play in space plasmas.
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