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Abstract. More than 200 cases of energetic ion beams with
an energy spectrum consisting of 1-3 narrow lines were ob-
served during a period from August 1995 to August 1998
in the Earth’s magnetosheath and in the region upstream
of the Earth’s bow shock. The observations are from the
DOK-2 experiment on board of the Interball-1 spacecraft.
Because the relative width at half maximum of these lines
is of only 15-30%, we use the term “Almost Monoenergetic
Ions” (AMI) for these events. Ion energy values varied for
different events from 30 to 600 keV but were almost un-
changed during each event. In two peak spectra the energy
values ratio was 1:2 and in three peak spectra the ratios were

2:(5-6). Such line spectra cannot be explained by current
models of particle acceleration or escape from the magneto-
sphere. We propose a hypothesis explaining the origin and
main features of AMI as solar wind ions acceleration in a
strong electrostatic field burst in a small region, possibly on
the magnetopause or on the bow shock.

Introduction

It is generally accepted that particles with energies of
tens to hundreds of keV which are observed in the Earth’s
magnetosheath and in the solar wind upstream of the bow
shock originate from several sources: leakage of energetic
particles from the magnetosphere [Kudela at al., 1990], ac-
celeration of solar wind ions by the Fermi process upstream
of the bow shock [Lee, 1979] and by the shock-drift acceler-
ation process at the bow shock itself [Decker, 1988]. Some-
times energetic particles of solar and interplanetary origin
are also observed in these regions. All these sources give con-
tinuous, smooth ion energy spectra with a negative slope at
E>50 keV. Such spectra were observed in numerous space
experiments during last thirty years. In this connection the
discovery of almost monoenergetic, of a short duration (~1
min), but often very intensive beams of energetic ions in the
above mentioned regions was quite unexpected. The mea-
surements were made with the DOK-2 instrument on board
of the Interball-1 spacecraft (see [Lutsenko at al., 1995, 1998]
for details). Ion energy values varied for different events
from 30 to 600 keV but they were almost unchanged during
each event. The relative width at half maximum of these
lines varied from 15 to 30%, therefore we use the term “Al-
most Monoenergetic Ions” (AMI) for these events. The fact
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that AMI events were not observed in numerous previous ex-
periments can be explained by insufficient energy resolution
of spectrometers used before and by a short duration of the
events. Our analysis showed that AMI spectra cannot be a
result of either some instrumental effects or some space or
time dispersion effect. We deal here possibly with some new
process in near Earth’s plasma or some unexpected mani-
festation of previously known processes.

Experiment DOK-2 and Examples of
AMI Spectra

The DOK-2 spectrometer measured energy spectra of
electrons and of ions using four telescopes with solid state
silicon detectors. The energy ranges and resolutions were:
20-850 keV and 7-9 keV for ions, 25—400 keV and 5—6 keV
for electrons. The spectra were measured in these ranges by
amplitude analyzers with 56 logarithmically spaced chan-
nels. The high energy resolution is what has made the AMI
discovery possible. Full description of the instrument was
published elsewhere [Lutsenko at al., 1995, 1998].

The upper panel of Figure 1 shows an example of “nor-
mal” ion spectra measured by DOK-2 in the solar wind on
April 14, 1996. The great majority of spectra measured in
the solar wind and in the magnetosheath were of such a type.
The lower panel of Figure 1 shows examples of AMI spectra
with one, two and three narrow lines measured upstream of
the bow shock. For the spectrum a) the accumulation time
interval depending on the particle intensity was of only 6
s and the spectrum consists practically of the single line.
Four successive spectra like this one were measured during
27 s. The least square fitting of the peak with a Gaussian
gives a maximum energy of 90.9 keV and a full width at
half maximum (FWHM) of 18.3 keV. Taking into account
the detector resolution (7 keV) the intrinsic ion line FWHM
was of 16.9 keV. For spectra b) and c¢) the measurment time
interval was much greater (658 s and 347 s). This is why
these spectra consist of two components: a “normal” contin-
uous spectrum of power low type and an AMI spectrum with
2 or 3 lines. All these types of spectra were also observed in
the magnetosheath. More than 200 AMI events were found
in these regions from August 1995 to August 1998.

Because such line spectra have never been observed pre-
viously we first studied the possibility that the AMI spec-
tra were due to some instrumental effects. The experiment
preparation lasted ~ 6 years and DOK-2 was tested and
studied extensively during this time. No peak signatures
were noticed in the spectra except the time when a pulse
calibrator or isotope sources were applied. During 3 years
of flight time the instrument operated as expected and con-
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Figure 1. The upper panel shows the typical energetic ion
spectrum of “normal” type measured by the 1p telescope of
the DOK-2 instrument upstream of the bow shock on April
14,1996 01:19:15 UT. The spacecraft GSE coordinates were
X=14.04, Y=8.30, Z=12.91 Rg. The bottom panel shows
examples of AMI spectra with one a), two b) and three ¢)
peaks measured upstream of the bow shock. The telescope
designation, the observation time, the spectrum accumula-
tion time AT, GSE coordinates of the spacecraft (in Rg
units) and the angle 6 of the telescope axis with the X-
axis of the spacecraft were: a) 1p, April 14, 1996, 02:57:56
UT, AT=6 s, X=15.27, Y=9.28, Z=13.05 and 6=180°; b)
2p, August 16, 1995, 01:45:38 UT, AT=658 s, X=4.30, Y=
-28.32, Z=11.28 and 6=45°; c) 1p, May 5, 1996, 12:50:47
UT, AT=347 s, X=18.52, Y=6.83, Z=-2.44 and 6=180°.

served all regularly checked calibration parameters, which
correspond to preflight values. In addition the following
facts provide evidence that the AMI spectra cannot be a re-
sult of instrumental effects:
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— The AMI peaks in DOK-2 spectra are smooth and consist
of many points. The FWHM exceeds that from a pulser and
has always values of 15-30%. Such a shape cannot be the
result of some accidental disturbances, e.g. “Single Event
Upsets” in memory cells from cosmic rays or some interfer-
ence by data transmission.

— Many times, when it was possible to measure several suc-
cessive spectra during an AMI event, these spectra resem-
bled each other showing only smooth variations of the peak
intensity and energy.

— The AMI events were observed only in certain regions:
upstream of the bow shock, in the magnetosheath and were
not observed in the outer magnetosphere near the magne-
topause while conditions and particle intensities were about
the same (see Figure 2).

— The AMI events were observed in the solar wind only when
the spacecraft was connected with the bow shock by IMF.
— The AMI events were observed only by that of two ion
telescopes which was directed closer to the connection point
with the front part of the bow shock or the magnetopause.
— All of 200 registered AMI events have spectra measured
with a very good statistical accuracy and have narrow lines.
We rejected all cases with a poor statistics and those with
peaks which are too wide and not certain.

Main Properties of AMI

Our analysis of AMI events allows to summarize their
main properties as follows:
1. AMI events were observed in the magnetosheath and up-
stream of the bow shock during periods of magnetic field
connection of the spacecraft with the magnetopause or with
the bow shock by that of two energetic ion telescopes which
was directed closer to the side of the connection. Figure 2
shows the spatial distribution of the observation points. In
the solar wind it was 1p telescope looking antisunward while
in the magnetosheath it was mainly 2p-telescope looking 62°
to Sun direction. No AMI were observed in the outer mag-
netosphere inside of the magnetopause. Figure 2 does not
allow us to determine definitively whether the AMI source
is on the magnetopause or on the bow shock. More detailed
analysis of the magnetic field direction and the AMI flux an-
gular distribution for individual events may probably help
to define the source position.
2. An important feature of AMI is the total absence of ener-
getic electron fluxes exceeding background level during AMI
events.
3. A typical event duration is ~ 1 min.
4. Spectra of AMI consist of several narrow lines with a
relative FWHM of 15-30%.
5. The line energies are rather constant during the event
without evident signatures of time-of-flight dispersion. For
different events they vary from 30 to 600 keV. An average
energy of the first line in 2 and 3 lines spectra is of 78 keV.
6. In two peak spectra the energy values ratio was 1:2, in
three peak ones the ratios were 1:2:(5-6). The scatter plot
in Figure 3 illustrates this fact. The peak area ratios show
significant spread with average values of 1:0.26:0.02. The
coincidence of the energy ratio values for the first and the
second peaks in both cases and similar values of the 1-st
peak average energy led us to a conjecture that the 3 line
spectra are the most common type. One and two peak spec-
tra were possibly observed when some lines come out of the
energy or intensity ranges of the instrument or were cut by
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Figure 2. The spatial distribution of AMI event ob-
servation points and the average position of the magne-
topause and the bow shock according to V. Formisano model
[Formisano, 1979; Formisano at al., 1979]. The angles of 1p
telescope (crosses) and 2p telescope (circles) axes with the
spacecraft X-axis directed to the Sun were 180° and 62° (45°
before November 1, 1995).

some natural velocity filter like £ x B drift in the solar wind.
Characteristics of AMI spectra in the solar wind and in the
magnetosheath are similar.

7. The widths of the first and the second peaks are well cor-
related AE2 =2 - AE;. The third peak is always broader
and possibly consists of several unresolved peaks.

8. The absolute intensity of AMI has a great spread from
0.3t010* cm ™2 sr™! 57 keV ™!,

9. So far we have not found any special conditions and
disturbances in the solar wind and interplanetary magnetic
field before and during AMI events. Our estimates show
that interplanetary media parameters changes in the AMI
observation point should be very small and hardly mea-
surable. Indeed, the magnetic field from the most inten-
sive AMI beam with E=100 keV, AE=20 keV, J=10%cm ™2
st s 'keV™! and the beam radius R=5-10% cm will be
from 0 to 1 nT depending on the distance from the beam
axis. The plasma waves excited by such an AMI beam will
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be effectively damped by solar wind plasma electrons which
thermal velocities (3.2-10% cm/s at E=30 eV) are close to
the AMI velocity (4.3-10® cm/s at E=100 keV).

Possible Origin of AMI

The fact of existence and main properties of AMI cannot
be explained in the framework of currently accepted mod-
els of particle acceleration and propagation in the magneto-
sphere. It is possible, in principle, under special conditions
to select a rather narrow interval from a “normal”, continu-
ous spectrum by such natural velocity filters as time-of-flight
and E x B ion drift in the solar wind. Our analysis shows
that although such filters can modify AMI spectra they can-
not explain all of their features. The observed line structure
of AMI spectra should be created by a process of ions accel-
eration.

The line energy ratios in 2 and 3 peak spectra suggest
that AMI may be explained as HT, He™™ and (C, N, O)+(5*6)
solar wind ions accelerated in a burst of electrostatic field
to energies proportional to their charges g. This hypothesis
can be checked by direct ion mass analysis experiments. The
intensity ratios of accelerated ions show an enrichment by
heavy components in comparison with the solar wind com-
position. This fact and the absence of energetic electrons
can be explained if we suppose that the acceleration takes
place in a region with perpendicular electric and magnetic
fields in which the scale size d along the electric field direc-
tion is smaller then the width of an ion cycloid trajectory
and is greater then that for an electron trajectory. In such
a small region electrons are totally magnetized and will be
swept by E x B drift without acceleration. Ions which are
not magnetized can pass through the region and gain the
energy q- F - d. By the same reason the relative number
of He™ and (C,N,0)*®=9 jons involved in the accelera-
tion will be greater then for H what explains the observed
enrichment.
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Figure 3. Ratios of peak energies E2/E1 (circles) and
E3/E:1 (crosses) for AMI spectra with 2 and 3 peaks. Aver-
age ratio values (dashed lines) are 2.02+0.25 (points number
N=126) and 5.210.75 (N=24).
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The most probable place for the AMI acceleration region
is the magnetopause however, as it was stated above, the
bow shock cannot be excluded. Our estimates show that by
B=20 nT, the electric field magnitude of 50-100 mV/m and
E=100 keV the scale of the region d should be of several
thousands km. The average value of the first peak energy in
AMI spectra is approximately equal to the total potential
difference on the magnetopause due to the solar wind con-
vection electric field (~100 keV). If the convective electric
field is the initial cause of the AMI then some mechanism
should exist which leads to a concentration of this great po-
tential difference across a small acceleration region.

Conclusions

A new class of energetic particle events — Almost Mo-
noenergetic lon beams near Earth’s magnetosphere bound-
aries was discovered by the DOK-2 experiment on board of
the Interball-1 spacecraft. Our study of AMI properties sug-
gests that they are solar wind ions accelerated in a burst of
a strong, perpendicular electrostatic field in a region which
dimension along the electric field direction is lower than the
ion cycloid trajectory width and is greater then the electron
one.
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