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Abstract. Fine Dispersion Structures (FDS) in energetic observed. Earlier we have focused mainly on long duration
particle spectra in outer magnetosphere were discovered iavents and more than 600 of them were analyzed in detail.
DOK-2 experiments onboard of Interball-1 and -2 space-Dependences of these FDS occurrence on spacecrafts posi-
crafts (1995-2000). First results of these studies were pubtions (R, L, MLT, MLAT values), on magnetosphere and so-
lished in 2000-2005. It was shown that FDS can be a redar wind parametersK,, andDy; indexes Psw, Vsw, By and

sult of a gradient-curvature drift of ions and electrons aroundB; IMF values) so as the MLT dependence of FDS duration
the Earth after their pulse injection from the geotail plasmaanddE/dtat fixed proton and electron energies were studied.
sheet to some point in the night side of the outer magnetofor a part of FDS events trajectories of particles were found
sphere. Since that time hundreds of such events have bearsing a simulation of their motion in model magnetic fields
examined additionally. They proved to be a rather common(Lutsenko et al., 2005). We give here a statistical survey of
phenomenon in the outer Earth’s magnetosphere. We preseRDS events properties which allows making conclusions on
here statistics of FDS observations and properties which contheir nature and their role in the outer magnetosphere dynam-
firms our interpretation and clarifies the role of magnetotailics.

plasma sheet and FDS particles in dynamics and replenish-

ment of the outer radiation belt population.

Keywords. Magnetospheric physics (Auroral phenomena; 2 WO types of FDS events and their analysis method

Energetic particles, trapped; Magnetospheric configuration . _ .
and dynamics) We used a simple but very effective method of FDS analysis

based on high energy and time resolutions of DOK-2 instru-
ment. Two types of dispersion were considered:

1 Introduction 1. Time-of-flight type dispersion. After a pulse parti-

) ) ) ) cles generation at=t0, at the distance from the ob-
sible due to high energy and time resolutions of the DOK-2 with the velocityv and the energyz. Herev=;-;
' t—t

instruments onboard of Interball-1 and -2 spacecrafts (1995— 2 ns? .

2000) (see Lutsenko et al., 1998). The first results of ~ and E="=57"05, wherem is a mass (for non-
FDS study were published elsewhere (Lutsenko et al., 2000, ~ relativistic ions).

2002a, 2002b, 2005; Kudela et al., 2002). Two types of FDS
were observed: 1) short duratioa® min) events and 2) long
duration &5min) events. Examples of spectrograms and 1 1
single spectra for the second type FDS events can be found — = —--( —1t0). D
in Lutsenko et al. (2000, 2002a, 2005). Some more examples v

of short and long dispersion events are given in Fig. 1. Dur- , P )

ing the Interball mission about 1000 FDS of both types were 1 ne time dependence & will be nonlinear here:

We should observe a linear time dependence df
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Fig. 1. Example of two types of FDS events. Left spectrograms (Interball-1): many short FDS events in the night auroral region on 13
July 2000 atR=4-9Rg. Right spectrograms (Interball-2): several long FDS in the day side auroral region on 10 March 1998. Two upper
spectrograms correspond to 1p and 2p ion telescopes, the bottom ones to 1e (left) and 2e (right) electron telescopes.

At any moment we will observe protons with energy
E, anda-particles with the same velocity and energy
Ey=4-E,.

tween injection and observation points. For relativistic
electrons we must use the quantiy instead ofE:

. (E +2-moc?)
2. Gradient drift type dispersion. After a pulse injection E"=E- m' (4)
into a small volume of outer magnetosphere (a closed
magnetic field line region at=6-16R) particles start For v~ the time dependence is nonlinear now:
a gradient-curvature drift around the Earth. As the tra-
jectory shape here is very complicated and the bounce _ m
period is rather short~1 s for electrons aneé-20 s for vt= V2q - k-Ag ¥ (r —10). ®)

proton with E=300 keV atL=6) it is more convenient
to examine an azimuthal positian or a magnetic lo-

cal time MLTr of a field line foot corresponding to the
particle position.

An angular drift velocity v,=d¢/dt~E/q (see e.g.

By the gradient drift the angular drift velocity, is pro-
portional toE /g and as at any moment we will observe
ions with the same velocity, alpha-particles will have
the energyE,=2-E,.

Roederer, 1970) and does not depend on the particlgye observed both types of dispersion in DOK-2 experiment.

mass. So in this casg/q=k-A¢/(t—t0) and we will
have a linear time dependencefof:

Examples of 1F and 14 analysis for protons in several short
and long FDS events are given in Fig. 2. For each particu-

lar spectrum we measure an eneigyorresponding to the

qg _(—10)

E  k-Ag’

1 ©

FDS line maximum and a time of the spectrum accumu-
lation interval middle. Points on these plots give the time

dependence of quantities proportional y&¢land Y/v. Then
Herek is a constant which depends on the location of we make least square fittings of points in both Y-scales. Ex-
the drift shell, Ap=¢—¢0 — the azimuthal distance be- perimental points that lay better on a straight linelitt
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Fig. 2. Examples of 1F (blue) and 1¥ (red) analysis for protons in several FDS events of both types.

Y-scale correspond to gradient drift type of dispersion, if
it is fulfilled for 1/v scale — correspond to “time-of-flight”
type. In the first case points iryd Y-scale were best fitted
by Y=A1.\/(T—TO) function. In the second case points in
1/ E-scale occurred best fitted By=A2-(T —T0)? function.

— find the dispersion type,

— find the time 70 of the drift motion start (injection

time),

0 \\\\‘J\\\\‘\\\\‘\\\\‘\\\\‘\\
5:30 540 550 6:00 6:10 6:20

103/E,

103/ E,

103/E,

2099

HereAl andA2 are constants. In both cases precise values of — estimate the distance to the source position from the

T0 can be obtained from the straight line fitting expression.

slope of the line,

Therefore least square fits of experimental points by a - identify ion species (protons and alpha-particles, see
straight line allows to:

www.ann-geophys.net/26/2097/2008/
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Fig. 3. Example of the analysis for multiple injection event on 14 September 1996. Three ion and one electr@) E@&spond to 2
injections for ions and 1 for electrorfb). The right plot(c) shows the calculated injection positions and the Interball-2 position change
during FDS event (black point — at the FDS start).

— find FDS events corresponding to particles which haveon 4 September 1997 starting at 19:26 UT and 20:29 UT
made one and more full turns around the Earth (two or(Interball-2). The first (No 5) was of “time-of-flight” type,
more FDS for particles of the same sort have the samavhile the second one (No 6) — of gradient drift type. For
T0 value). In this case we can determine the drift pe-the No 5 event a backtracing simulation from the observa-
riod as a function of the particle energy (Lutsenko et al., tion position leads to a distant plasma sheet acceleration po-
2005). sition. The forward simulation shows that the protons arriv-
ing from the plasma sheet were reflected shortly after passing
The source position (injection poing0 can be determined the spacecraft and returned back to the plasma sheet. For the
by backtracing the particle motion in some magnetic andevent No 6 we have a normal gradient-curvature drift around
electric field models from the observation positiph and  the Earth. Two more examples of proton tracing for short
time T'1 to the timeT 0. Usually we have used a combina- FDS (also withE=150keV) are given in Fig. 5. Here po-
tion T96+IGRF for the magnetic field and a Volland (Vol- sitions of Interball-2 are marked by black points and proton
land, 1978) for the electric field models. Figure 3 illustrates motion directions are shown by arrows. As for No 5 event in
results of such analysis for one multiple injection event (Lut- Fig. 4 the protons were coming from a distant plasma sheet
senko et al., 2002b) on 14 September 1996 with three FDSind then reflected back from the magnetosphere. Certainly
for ions and one for electrons (Fig. 3a). TheElanalysis  the T96+IGRF combination of magnetic field models used
(Fig. 3b) reveals 3 particle injections wiifD;=18:44:03 UT,  here can hardly be applicable to such a distant and unstable
T0,=19:07:09 UT (ions) and"03=19:04:00 UT (electrons). plasma sheet regiorX(y <—20Rg) and we can find only
The analysis allowed to identify ion species (protons and very rough estimates of particle acceleration positions.
particles). The spacecraft and calculated source positions are The FDS particle acceleration can occur in the magnetotail
shown in Fig. 3c. neutral sheet by pulses of an inductive electric field caused
Interball data show that the average occurrence frequency spontaneous current filaments disruptions followed by a
of short, “time-of-flight” type FDS events in the night side ocal magnetic field reconnection and impulsive increase of
magnetosphere and in the near plasma sheet is 8-10 per hofir magnetic field component (see details in Sect. 9).
by observation at one point. The total frequency of such The frequency of longer, drift type events is much lower.
events in the whole night side must be much greater. It isFrom August 1995 to October 2000 311 electron and 299
natural to assume that short FDS are produced by the dired®n distinct FDS events of this type were observed in the
arrival of particles from the geotail plasma sheet and their re-2uroral zones during 4811 h of observations by DOK-2 on
flection back from the outer magnetosphere. This conjecturdnterball-1 and -2 spacecrafts. It gives an average frequency
was confirmed by simulation of proton motion from obser- 0.13 per hour, which is at least 70 times lower than for “time-
vation points for several such events. Here and further unde@f-flight” type.
the outer magnetosphere we have in a view a close field line
region with L-parameters 616 .

Figure 4 shows results of 150keV proton motion simu-
lations for two FDS events in the night side auroral region

Ann. Geophys., 26, 2092410 2008 www.ann-geophys.net/26/2097/2008/



V. N. Lutsenko et al.: Fine dispersion structures events in energetic particle spectra 2101

15 L \ L L 15 L \ [
— No5 —> — No5 —>
— Nob5 «— — No5 «—
— Nob6 —> No 6

10 10

«  atTo (No6)

. v -
5 5
‘ —> XGse
' ¢ ol
0 e —— === <0
n
N

+  atTo (No#6)

L
o
=0T =— = ——— 1 1 i
Eiges s N f
5 — s L 5 - L
] o, I ] I
-10 - - 10 L
15 —— —r e e 15 —— —r e ———
15 10 5 0 5 10 15 15 10 5 0 5 10 15
Xsm: Re Xsm, R
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Fig. 5. Results of 150 keV proton motion simulation for two short FDS events on 12 September 1997 at 18:53:15 and 18:58:40 UT. Interball-2
observation positions are marked by black points, directions of particles motion by arrows.

3 Statistics of FDS observation positions trograms having uniqu&0 value. In distributions below
we used all data on gradient drift FDS events for both In-

Und inale FDS t il imoly 1 or 2 ; d terball spacecrafts excluding events with a few spectra and
nder a single ~U> event we will Imply L or (pro ons and y,nse which were observed only after one full turn around
alpha-particles) distinct fine dispersion structures in spec-

www.ann-geophys.net/26/2097/2008/ Ann. Geophys., 26, 2Z0013-2008
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Fig. 6. The Rgc (left) and MLTgc (right) dependence of the FDS events numbers.

the Earth. We studied dependence of electron and iot Dependence of FDS numbers on magnetosphere and

FDS events numbers on spacecrafts positiRg:, MLT s¢ solar wind states

(Fig. 6) and on magnetic field line foot latitude MLATand

Mcllwain parameterL (Fig. 7). All distributions of FDS  While the period of Interball work was characterized by

events numbers (black histograms) are accompanied by digather quiet magnetosphere and solar wind states we checked

tributions of 5-min measurements intervals numbers in aurothe dependence of FDS events numbershgnand K, in-

ral zones (white histograms). We present two separate hisdexes (magnetospherésw, Vsw (solar wind) andBy and

tograms instead of one for FDS events numbers per unit o3 (interplanetary magnetic field). Figures 8-10 do not

measurement time. This kind of normalization allows to es-show any preference of disturbed states. So the FDS particles

timate easily the statistical accuracy of the results for blackgeneration occurs essentially at quiet magnetosphere and so-

histograms and relative measurements duration for differentar wind states and most likely have no relations to magnetic

parameter values. storms, substorms and other great scale disturbances. Values
It can be seen that maximum number of FDS events weref statistical parameters for FDS event numbers distributions

observed neaRsc-=3.5—-4Rg. The distribution in MLTs¢ is shown in Figs. 6-10 are given in the Table 1. They are in

rather broad: 0-16 h for electrons and 6—20 h for ions. Thisagreement with conclusions made above after visual figures

difference may be due to the difference in drift directions andinspection.

in drift start positions (see Sect. 6). The histograms in Fig. 7

give drift shells distribution of FDS events numbers. FDS

structures for both types of particles were observei=8- 5 Dependence of the FDS duration andlE/dt at a fixed

16 with maximum af.=10. Therefore FDS events can hardly energy on the spacecraft MLTr

be observed from spacecrafts on geostationary orbits.

It follows from the low width of the FDS lines in spectra that

the duration of an injection process and the longitude dimen-
sion of an injection region must be small (see Sect. 9 and
Lutsenko et al., 2005). The simplest estimate of the distance
from the observation position to the drift start place can be
made from the dispersion structure duration: the smaller is

Ann. Geophys., 26, 2092410 2008 www.ann-geophys.net/26/2097/2008/
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Table 1. Statistical parameters of FDS event numbers distribution®fer, MLT gc, MLAT f, L, Dy, K, Psw, Vsw, By, Bz.

Variable lons/Electrons Events Numb. Minval. Max val. Mean Median Stand. deviation Stand. error
Rsc, Rg ions 179 2.35 12.73 5.011 3.98 2.177 0.163
Rsc, RE electrons 223 2.44 11.02 4.521 3.99 1.390 0.093
MLT ¢, h ions 179 0.02 23.95 12.163 12.0 0.300 4.015
MLT g¢, h electrons 223 0.29 22.77 8.146 7.52 4.108 0.275
MLAT g, deg ions 174 60.24 81.29 70.794 71.18 3.858 0.292
MLAT ,deg electrons 221 61.8 80.3 71.238 71.17 3.698 0.249
L, Rg ions 128 5.94 20.12 10.267 10.095 2.203 0.195
L,Rg electrons 181 6.44 20.12 10.797 10.47 211 0.157
Dgs, nT ions 179 —51 14 -14.1 -13 12.2 0.911
Dgy, nT electrons 223 —-56 14 -13 -12 13.4 0.900
Ky ions 179 3 53 18.7 17 11.4 0.853
Kp electrons 223 0 57 16.4 13 11.5 0.770
Pgw, nP ions 169 0.6 6.7 2.07 1.8 1.11 0.085
Pgw, NP electrons 192 0.6 11.4 2.09 1.9 1.455 0.105
Vsw, km/s ions 169 282 616 398 393 70.26 5.405
Vsw, km/s electrons 192 289 622 389.6 286.5 68.08 4913
By,nT ions 110 7.4 54 0.01 -0.3 2.67 0.254
By,nT electrons 108 —-9.5 17 0.479 0.75 5.28 0.508
Bz, nT ions 110 -7.1 3.2 -0.771 -0.45 1.95 0.186
Bz, nT electrons 108 -8.3 11.1 —0.239 0.0 2.966 0.285
www.ann-geophys.net/26/2097/2008/ Ann. Geophys., 26, 2Z0013-2008

2103



2104 V. N. Lutsenko et al.: Fine dispersion structures events in energetic particle spectra

Electrons Electrons
100 ] L1 ‘ L1l ‘ ] I ‘ | - ‘ ] L1l L1l 10000% " 140 L L L1 L L L L ‘ L L L L ‘ L1 L L ‘ L L L L ‘ L L L L 16000%
"2 90— [ 5minmeas. intervals r I < ] [ 5minmeas. intervals ;1 4000 2
C|>) 80; I ciectron FDS Events | 8000 Q g 120i I :ciron FDS Events .g
TG = 120005
- 70 L g g‘]O(F L g
O 0l o 10000
5 60 6000 g £ 80 i QE)
L 50 r c 2 8000 ~
= 400 4000 E % 607 L6000 E
5 4] e B - 6000 =
o 307 r o 40+ [
8 s 3 4000 ‘5
2 20 2000 z 2 i °
3 10- - 2% 2000 £
0| 0 Z 0 Z
-50 -40 -30 -20 -10 20 20 30 40 60
Dst, nT Kp-index
lons lons
1 00 L1 ‘ L1l ‘ ] I ‘ | - ‘ ] L1l L1l 10000% 140 L L L1 L L L L L L L L ‘ L1 L L ‘ L L L L ‘ L L L L 1 6000(_(/)“
| 1 s minmeas. intervals > T I:I 5 min meas. intervals | b
on vents S : 14
g N on FDS Event: g %12(& I o oS s I 000%
a>) - q>_) 100+ —12000=
w g wo r a
= S 5 1 ooooqEJ
= c = 8000 <
(o] = (] L =
o g 5 507 €
9] e 8 6000 T
QO Ke} =
§ 5 E ] 4000 5
b4 o Z i o
= 20 2000 £
> o Z
3 I
-20 -10 20 30 40 60
Dst,nT Kp-index
Fig. 8. The Dy, (left) andK, (right) parameters dependence of the FDS events numbers.
Electrons EIectron§
120 I L1l L1l L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ 111l 140001’ 70 — L1 L1 L1 L1 ‘ L1 ‘ L1 L1 ‘ L1 ‘ L1 ‘ L1 - 7000£
E2] i [ 1 5minmeas. intervals [~ g -g 3 [ 5-minmeas. intenals E g
S 1004 N cccton FOSEvents 12000 © o 60— I :iccionFOS Events 6000 ©
> = < B E <
w S o _ 7 F <
c g0 B oooog < 5(%E ?5000%
g 8000 & B 40 F4000 &
L 60— r c 2 7 F c
w 6000 £ 30 £3000°E
(o] = o 7 -
40— o o0
5 L4000 £ 5 204 F200042
o L o o B E o
§ 20+ 2000 & § 107 10008
[ > | >
LI ‘ rrTT ‘ TTTT ‘ UL ‘ TTTT ‘ TTTT ‘ TTTT 0 Z 07 Z
4 5 6 7 8 9 10 200 240 280 320 360 400 440 480 520 560 600
Psw. nP Vgy, km/s
lons lons
120 L1l L1l 111 ‘ L1l ‘ - ‘ 111 ‘ L1l ‘ L1l 140001} 70 111 L1 111 L1 ‘ 111 ‘ L1l ‘ 111 ‘ L1l ‘ L1l ‘ L1l 7000(_’)
© il C ®©
b [ ] 5minmeas.intervals | b | [ 5min meas. nenvals E c
100 I o FOS Events 12000 @ © 60 I (o F0S Events 6000 ©
i) - [ c | E =
c = (0] | = -—
:>j 80 10000 % o 5(%E EJaooo g
[0] c , = (0]
5 8000 £ 5 40 4000 2
5 607 i S 5.7 =
o 6000 © 304 F3000°E
£ 4 i P F o
E ] 4000 = £ 207 F2000
P4 = ; =1 ] - o
20 2000 2 Z 10 10002
r S E £ S
0 Z 01 o =
10 200 240 280 320 360 400 440 480 520 560 600

4 5 6
Psw, nP Vg, km/s

Fig. 9. The Py (left) andVgy (right) dependence of the FDS events numbers.

Q

Ann. Geophys., 26, 2092410 2008 www.ann-geophys.net/26/2097/2008/



V. N. Lutsenko et al.:

Fine dispersion structures events in energetic particle spectra

50 - ‘ L1l ‘ |- E\I\e\cFr‘o\r\‘\s\ ‘ L1l | - | - 3500 (%] 80 I ‘ 111l ‘ - ‘ \E\I\e\qt\r\o\r‘\s‘ - |- | - 7000 o
*2 J [ ] 5minmeas. intervals E g ‘2 ; [ 5minmeas. intervals - ‘_;’
@ | I Electron FDS Events 3000 © o 705 I Elccton FDS Events 6000 ©
& 407 EE B el FTE
c 3] £2500 . c E —5000 .;
S a0 F 8 S50 P
° 74 20002 © - 4000 £
I c 240 e
% 20 S1500€ U 4y 30002
- ] E. Yol o = | . [Te)
8 1(k: ;1000“6 g 20 72000~»5.
g ] ?500 g g 10§ f1 000-§
Z o] 0 2 % o] o 2
20 -15 -10 0 10 15 20 20 -15 -10 0 10 15 20
By, nT Bz, nT
ons lons
50 - ‘ L1l ‘ |- ‘ - ‘ - ‘ L1l | - | - = 3500 % 80 = I ‘ 111l ‘ - ‘ 1111 ‘ I ‘ - |- | - 7000%
3 "1 5 min meas. intervals E 4 [ 5minmeas. intervals r
92 | N o F0S Everts 3000 GEJ 8 70 D S Events 6000 dEJ
s 40 E  se0- . E
T B 5000 ;
] 50 r 8
§3% S, - 4000 £
S 0] 5 40 3000E
5 20 3 30 PE
€. ] € 205 j2000~»5
S 10 ERE ;
Z Z 104 1 000%
0] 0 o 2
-20 0 20 -15 -10 0 10 15 20
By, nT Bz, nT
Fig. 10. Dependence of the FDS event numbers on the interplanetary magnetic field component8¢G®eE) and B (right).
Electrons, N=223 Electrons, Eg=172 keV, N=199
60 ‘ ‘ L ‘ L ‘ L ‘ L ‘ L ‘ L ‘ .\ 100 L L L L " < L L L L L ‘ L L L L L ‘ L L L L L
50 . : :
£ 1 . i 1. I
g 40 ° ° e o o o — 8 | N |
ER e s & e - . L = .
O 30+ °* me o . — 5 50— . ° L
E B ° o * & emes o :'. . %° L] e = m | : L o
. el . °
S 20— --r----l H L . — ' 4. 7""-. o r
- ¢ omwe oce “. . * -0.‘ L] ® = 0.8 'Y " . 3
1(%- - ----a‘_ "'"‘ <. - Te W '--'.::’5.'-' e “ r
0 T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T G T T T T T ‘ T T T T T ‘ T T T T T ‘ T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24 0 6 12 18 24
MLTg, h MLTE, h
lons, N=179 lons, Ep=150 keV, N=171
60 L L ‘ L ‘ L ‘ L ‘ L ‘ L ‘ L L L L 10G L L L L ‘ L L L L L ‘ L L L L L ‘ L L L L L
so] . . Lk ] I
'E — L] L] = i L
E 407 e @ o:- es @ o . 3 — 8 i . . |
é 30 . & odme ,.. % oo o ae . - % 50— ° . e L L
5 - . cE e o : o © ; L
S 20 .:ﬁ oCoedd ‘ ° ) — o B * "'.. . o % '. L
7 ,‘.n - E T e L ‘ LRI R -': LI
. <. & ens - ] . o2 . . -
1% * :. . - ° .- e ® % l. " "?'i "'f‘ N . ® s [
G T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ G T T T T T ‘ T T T T T ‘ T T ‘ T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24 0 6 12 18 24
MLTE, h MLTE, h
Fig. 11. The MLTr dependence of FDS duration (left) ad#/dtat a fixed energy (right).

www.ann-geophys.net/26/2097/2008/

Ann. Geophys., 26, 2Z0013-2008

2105



2106 V. N. Lutsenko et al.: Fine dispersion structures events in energetic particle spectra

MLTE . lons and Tsyganenko-96 models for internal and external mag-
12h ©  Electrons netic fields. While the position distribution has significant
spread it is seen that ions were injected mainly at MET6—

21 h, while electrons — at MLA=0-6 h. The difference can
be explained by gradient drift of particles during their propa-
gation in the plasma sheet from the distant acceleration point
to the injection position (see e.g. Sarafopoulos et al., 2001).
This difference is in agreement with dependences of FDS du-
ration anddE/dton MLT z shown in Fig. 11.

7 How long can FDS particles stay in outer magneto-
sphere after their injection?

Our simulations of FDS particle motion using the T96+IGRF
magnetic field model showed that even in a stable magneto-
sphere state part of the particles can come out of the magne-
topause or precipitate to the ionosphere. For any given en-
ergy and start position it depends on initial pitch angle. For
an 24 April 1997 event (Interball-2) we changed this angle
in the range of ion telescope angular aperture ()2a8th a
Fig. 12. Injection positions of FDS particles in MLAT-MLT Step of 0.5-0.8and found that: 62% of 95 protons (Ep=230,
coordinates for magnetic field line foot. 275 and 394 keV) make one full turn, 33% escape the mag-
netosphere and 5% precipitate into the ionosphere.

In DOK-2 data we found 10 events (6 for electrons and
this distance, the shorter is FDS. The difficulty here is the4 for ions) for which the observation time in a given drift
uncertainty of the start and the end of the FDS line whichshell was sufficiently long and we observed particles making
can be out of measurements time interval, can be masked—3 full turns around the Earth (see e.g. Fig. 4 in Lutsenko
by other lines or by a background spectrum. This can in-et al., 2005). So being injected to the outer magnetosphere
crease the point spread in corresponding graph. The otheFDS particles can drift here during a rather long time at least
possibility is to measure velocity of a peak energy change30-60 min depending on the energy and the particle type.
dE/dtat any fixedE value. It follows from the Eq. (3) that
dE = k ~ must smoothly decrease with the increase of
the dlstance from the injection positiaky. We used both
these methods (see Fig. 11).

These distributions confirm on a large statistical base our

conclusions made previously after several events analysis: At high energies £ >100 keV) intensities in maxima of FDS
1. the FDS particles start the drift somewhere in the nightlines more than 10-30 times exceed that for the background
side of the outer magnetosphere, spectrum. But to estimate the contribution of these thin lines
to the total energetic particle population it is more correct
2. ions propagate clockwise, while electrons — anticlock- to find an average spectrum for the whole FDS event and to
wise (looking from the north), just what we can expect compare it with the average spectrum before the event (the
for the gradient drift. The points spread is explained by background). The comparison of these spectra will help to
the spread in drift start positions (see next section).  estimate the role of FDS particles in replenishment of the en-
ergetic particles population which experience steady losses
because of particles escape the outer magnetosphere and pre-
6 Injection positions distribution cipitation to the ionosphere. We have made such calculations
for two single FDS events: 28 June 1997 (for ions) and 7 July
In Lutsenko et al. (2005) we found the injection position for 1997 (for electrons). In both cases the background spectrum
several FDS events. It was done using a backward in timevas stable enough. Figure 13 gives ion and electron spectra
simulation of particle motion from the observation time and for these two events. AE>100keV intensities in average
position to the start tim&0 which can be found by the anal- spectra during these FDS events are 8-10 times greater than
ysis described above. Figure 12 shows these positions fothose for background spectra, at lower energies the ratio de-
some more events (22 for ion and 6 for electrons) in magneticrease. As to the whole spectrum even a single FDS event
field line foot coordinates MLAF-MLT . We used IGRF  gives a significant£50%) addition to the total energy flux

8 Contribution of FDS particles to a total energy den-
sity and a total energy flux of energetic ions and elec-
trons in the auroral regions
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Fig. 13. Average spectra before and during single FDS events for ions (left) and electrons (right). Separate spectra with FDS are shown by
thin red lines.

Table 2. Contribution of FDS particles to a total energy density (ED) and a total energy flux (EF) of energetic ions and electrons in auroral
zones (see Fig. 13).

Average Spectrum ERkeVicn®  EF;, keVicné/s/sr  EDg, keVien?  EFg, keVicne/s/sr

Before FDS event 1.3 3.10 2.9.10°3 2.9.16
During FDS event 2.0 5.70 4.4.10°3 48.16
Increase in % +54% +67% +52% +66%

(EF) and the total energy density (ED) of ambient particle On 22 December 1996 the Interball-1 spacecraft moved
spectra (see Table 2). more than 6 h along the neutral sheet (13:20-19:20 UT). It
was at normal, quiet states of the magnetosphere and so-
lar wind: K ,=23+27, D;;=—10+-—-30nT, Psy=1.1+-1.3nP,
9 FDS particles acceleration Vew=393+417 km/s,Np=4.1+5.1cnT 3, Byjup=
0+~—4nT, Bzimr=—2=-5nT (IMF). Figure 14 shows mag-
In a single energy spectrum fine dispersion structures look agetic field and energetic particle fluxes during the first hour
one (electrons) or two (ions) narrow lines on the usual contin-of this interval. After 13:55UT as the magnetic field as
uous background (see a typical ion spectrum in Lutsenko eparticle spectra become highly variable. Three short sim-
al., 2005, Fig. 1). The full width at half maximum (FWHM) jlar positive spikes in aBz-component (#1, #2 and #3 in
is 13-15% of the line energy. Obviously apart from the de-Fig. 15, left) with amplitudes-8 nT are caused obviously by
tector resolution the width must depend on the spectrum acspontaneous current filament disruptions following by lobes
cumulation timeAt, the particles injection duration7inj  magnetic field “reconnection” at the spacecraft positions
and on the longitudinal dimension of the injection regiop. (Xasm=—23.08R, Yosm=12.05R, Zgsm=—2.33RE). A
The analysis of all components of FWHM made in Lutsenko zoomed part near the spike #2 (see Fig. 14, right) shows that
et al. (2005) showed that upper limits for the last two quan-duration of this disruption was only 21 s after which the cur-
tities are: ATinj<95s,Ap<1.9h MLT. Taking into account  rent filament was recovered. During the whole transition
an unavoidable spread in trajectories by particles propagatiothrough the neutral sheet on 22 December 1996 more then
from a distant acceleration point in the plasma sheet to a drifa0 such spikes were observed.
start position we can expect that the duration of the accel-
eration process and dimensions of the corresponding region Figure 15a illustrates a situation near disrupted current fil-
must be very small. ament. Before the disruption the current sheet magnetic field

www.ann-geophys.net/26/2097/2008/ Ann. Geophys., 26, 2Z0013-2008
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Fig. 14. Magnetic field and energetic particles observations in the neutral sheet by Interball-1. A zoomed part of graBhsspéar #2 is
shown left.

separates two geotail lobes and prevents their magnetic fiel#=79.4 keV and FWHM=22.6 keV. In general case particles
shortening favorable from energetics considerations. Afterin the acceleration region experiencelgy:x B drift sweep-
the disruption two types of electric field arise at about theing them from the region. To obtain the same full energy
same time: in the potential electric field all ions must reach the oppo-
site side of the region what will be possible if the region
width d along the electric field is lower then ions gyroradii
R. at full energy. For 80keV protons the.=0.6Rg by B
magnitude of 10nT. So we find the upper estimate dor
2. an inductive fieldEing proportional to dB/dt. d<0.6R_E:3800 km. Due to much_smaller gyrqradii _elec-
trons will be swept by théporx B drift from the disruption
It is significant that the two types of electric fields occupy region without acceleration and it explains why we never ob-
close but different regions. The first one is localized in aserved any lines in electron spectra here. It allows finding
small disrupted part of the current filament, while the seconda lowermost estimate for thé value. At E=80keV and
one in a greater space around the potential electric field reB=10nT the electron gyroradius is 100 km asdnust be
gion. TheEpq accelerate each plasma ions species to the engreater then this value. So acceleration of particles by a po-
ergy E=Epotd-q creating Almost Monoenergetic lons (Lut- tential electric field allows making rough estimates for di-
senko, 2001). Heré is dimension of the disruption region mensions of corresponding region. It can be expected that di-
along theE ,,; andg is the ion charge. Our observations of mensions of region where acceleration by the inductive elec-
ion spectra in the neutral sheet showed that lines witb0—  tric field occurs must be several times greater (Rz2 but
150 keV (FWHM~30%) and 10-20 s duration permanently stay nevertheless much lower then characteristic dimensions
arise and disappear here. Figure 15b shows an example @ff the plasma sheet.
such spectra having one almost monoenergetic ion line with

1. a potential fieldEpq: proportional to an electric circuit
emf (with a possible addition of short spike of self-
inductance field);

Ann. Geophys., 26, 209241Q 2008 www.ann-geophys.net/26/2097/2008/
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Fig. 15. (a)Electric fields at a current filament disruptioffn) One ion spectrum in the neutral sheet nearBhespike #2. A narrow peak
with E=79.4 keV is a result of ion acceleration by the potential electric field, a broad buiplf0—-400 keV — possibly by the inductive
electric field.

In contrast to the potential electric field the inductive one 2. Statistical data and particle motion simulations con-
accelerates both ions and electrons and produce continuous firm our hypothesis on the FDS nature as a result
particles spectra. The specific shapes of these spectra (power of pulse injections of energetic particles to the night
low for ions and exponential for electrons) were predicted side of the outer magnetosphere followed by gradient-
theoretically and completely confirmed by our measurements  curvature drift around the Earth. As it was shown, only
of average spectra in the plasma sheet (Zelenyi et al., 1998; a small part &«1.4%) of all energetic particles perma-
Taktakishvili et al., 1998). So this permanently working nently “bombarding” the outer magnetosphere from the
mechanism may be a main provider of energetic particles in ~ plasma sheet can penetrate inside and start the drift
the plasma sheet. A small part of these particles after propa-  around the Earth. This drift motion is rather stable and
gation to the outer magnetosphere start drift around the Earth  some particles can make at least 1-3 full turn before
and form FDS. Possibly short time variations of the mag- they escape. It takes from 0.5 to 2h and in some cases
netic field in the near plasma sheet region allow these par-  the process can be observed from one spacecraft loca-
ticles to be captured on drift shells. As the duration of the tion.
acceleration process 820 s and dimensioti<1-2Rg this

model explains small values &f7j; and A followed from 3. Statistical analysis of FDS events observations showed
FWHM of FDS lines analysis. that the disturbed states of the magnetosphere and the
solar wind have no preferences in FDS patrticles gener-
ation.
10 Conclusions
4. Particles responsible for FDS have hard energy spectra.

1. It was found that the FDS in energetic particle spec-
tra in the outer magnetosphere are very ordinary phe-
nomenon. They were not observed before Interball mis-

At high energies £>100 keV) intensities in FDS lines
exceed those for a background spectrum more than 10
times. It was shown that such integral parameters as

sion only because of insufficient energy and time resolu-
tions of instruments used. On average at a quiet magne-
tosphere state one distinct FDS event of drift type was
observed in 0.13h. The frequency of “time-of- flight”
type FDS is much greater: 8-10 per hour (by observa-
tions in one point).

www.ann-geophys.net/26/2097/2008/

the total energy density and the total energy flux from

a single injection can exceed 50—-60% of corresponding
values for average ambient energetic particle spectrum
in auroral regions. So FDS events particles can give
an essential addition to the energetic particle population
here to compensate for natural particle losses.
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5. The FDS patrticle acceleration can occur in the mag-Lutsenko, V. N.: Almost Monoenergetic lons: New Support for
netotail plasma sheet (neutral sheet) by short pulses of Alfven Ideas on the Role of Electric Currents in Space Plasmas?,
an inductive electric field caused by spontaneous cur- Phys. Chem. Earth, Part C, 26(8), 615-619, 2001.
rent filaments disruptions. The permanent acceleratior-utsenko, V. N., Gretchko, T. V., Kobelev, A. V., and Kudela, K.:
of particles in the neutral sheet can replenish energetic Dispersion structures in the energetic ion and electron spectra in
particle population as in the plasma sheet itself as in the the auroral regions: their nature, properties and implication, Adv.

outer magnetosphere via FDS particles Space Res., 30, 1787-1792, 2002a.
9 P P : Lutsenko, V. N., Gretchko, T. V., Kobelev, A. V., Styazhkin, V.
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