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1. INTRODUCTION

The results of observations of the electric field fluc-
tuations on the auroral field lines and in the tail of the
Earth’s magnetosphere [2–4] formed a basis for the
assumption put forward in [5] regarding the existence
of the turbulent mixing in the plasma sheet of the
Earth’s magnetotail. Observations of the velocity fluc-
tuations in the plasma sheet [6, 7] reinforced the
assumption of a persisting turbulization of the plasma
sheet. The results of observations formed a basis for the
elaboration of a theory of the quasi-equilibrium plasma
sheet with a developed medium scale turbulence (see
[1, 8]), which gives a possibility of explanation of the
quasi-equilibrium existence of a plasma structure in
conditions when turbulent fluctuations lead to its
destruction. One result of the theoretical analysis was
the prediction of the values of turbulent diffusion coef-
ficients. The predictions of the theory were confirmed
after the publication in 1998 of the averaged diffusion
coefficient obtained by Borovsky 

 

et al.

 

 [9] on the basis
of data of the 

 

ISEE-2

 

 satellite. The diffusion coefficient
in [9] was calculated by the measurements of the plasma
hydrodynamic velocity and its correlation time, and
comprised 

 

2.6 

 

×

 

 10

 

5

 

 km

 

2

 

/s. The method of observations
onboard the 

 

ISEE-2

 

 satellite (only the velocities in direc-
tions

 

 X

 

 and

 

 Y

 

 were measured) gave the possibility of cal-
culation of the diffusion coefficient only along the sheet,
and the published value in

 

 Z

 

 direction can be considered
only as an assumption. The data of observations with the
CORALL instrument onboard the INTERBALL

 

 Tail
Probe

 

 satellite allowed one to reconstruct with high
accuracy the velocities of plasma motion in the direc-
tions

 

 Y

 

 and

 

 Z

 

, which gave a possibility to estimate the
value of the coefficient of diffusion across the plasma
sheet. In this work, the velocity fluctuations in the
plasma sheet are investigated for a number of cases
when the satellite was for a long time in the plasma
sheet near the neutral sheet, the coefficients of diffusion

across the sheet are calculated, and a comparison is car-
ried out of the theoretical predictions [1, 8] with exper-
imental data.

2. MEASUREMENT TECHNIQUE
AND ESTIMATIONS 

OF THE DIFFUSION COEFFICIENT

The

 

 Tail Probe

 

 of the INTERBALL project was
launched on August 3, 1995 to the orbit with the fol-
lowing parameters: altitude of apogee 

 

H

 

a

 

 

 

≈

 

 200000

 

 km,
altitude of perigee 

 

H

 

p

 

 

 

≈

 

 900

 

 km, inclination 

 

≈

 

63°

 

, and
period 

 

T

 

 

 

≈

 

 92

 

 h. Such an orbit allowed the measure-
ments of both the geomagnetic tail and outer bound-
aries of the magnetosphere to be made. The satellite
rotated around its axis with a period of about 120 s, the
axis of rotation being directed to the Sun.

The results of measurements by the ion energy-
angular spectrometer CORALL [10, 11] were used in
order to determine the diffusion coefficient. The plasma
spectrometer CORALL measured ion characteristics in
the energy range from 30 eV to 24.2 keV per unit of
charge. A fan-shaped field of view of the instrument had
dimensions 

 

5° 

 

×

 

 110°

 

 and was divided into five angular
sectors. A combination of a large field of view and rotation
of the satellite allowed one to measure the three-dimen-
sional distribution function of ions every 120 s.

The values of the moments of the ion distribution
function measured by the instrument CORALL were
used in order to calculate the diffusion coefficient.
These moments were calculated by searching a shifted
Maxwellian distribution, which would fit best the mea-
sured distribution function.

We have chosen the following passages of the 

 

Tail
Probe

 

 through the plasma sheet: November 28, 1995,
09:40–16:00; December 9, 1995, 14:00–19:30;
December 17, 1995, 08:40–13:00; December 28,
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1995, 18:00–22:30; January 5, 1996, 04:30–10:30; and
January 9, 1996, 01:20–08:30.

The data on the interplanetary magnetic field,
plasma density, the velocity and pressure in the solar
wind at the chosen time intervals were obtained from
the 

 

WIND

 

 spacecraft.
During intervals of December 9, 1995, December 28,

1995, and January 9, 1996 the solar wind was quiet, its
velocity was 350–400 km/s, pressure 

 

≈

 

2

 

 nPa; the

 

z

 

-component of the interplanetary magnetic field (IMF)

varied from –3 to +3 nT. On January 5, 1996, and
December 17, 1995, the velocity and pressure in the
solar wind were somewhat larger: 

 

≈

 

430

 

 km/s and 2–4 nPa
respectively; the 

 

z

 

-component of IMF varied from 0 to
–5 nT. On the contrary, on November 28, 1995, the
solar wind was strongly disturbed. The velocity varied
from 400 to >600 km/s, pressure from 2 to >10 nPa,

 

z

 

-component of IMF from –10 to 10 nT.
Figure 1 presents the hodographs of the velocities

for the chosen intervals. In four cases the fluctuations of

 

300

0

–300

300

0

–300
300

0

–300 0 300 –300 0 300

 

v

 

y

 

, km/s

 

v

 

z

 

, k
m

/s

November 28, 1995

 

09:40–16:00

 

December 9, 1995

 

14:00–19:30

 

December 17, 1995

 

08:40–13:00

 

December 28, 1995

 

18:00–22:30

 

January 5, 1995

 

04:30–10:30

 

January 9, 1996

 

01:20–08:30

 

Fig. 1.

 

 Hodographs of plasma velocities in the plasma sheet according to the data of the CORALL instrument (INTERBALL
project).
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velocities turned out to be much larger than the mean
velocity, in two cases they are comparable. No clear-cut
relation with the conditions in the solar wind is observed.
However, this does not exclude the existence of such a
relation due to the small statistics of observations.

The diffusion coefficient was calculated according
to the formula

 

(1)

 

The correlation time 

 

τ

 

auto

 

 was derived by investigat-
ing the autocorrelation function

 

(2)

 

Calculated autocorrelation functions are presented
in Fig. 2. Two-minute data that are available do not
allow us to calculate exactly the correlation time. As a
rule, the correlation between two consecutive measure-
ments of velocity is already very small. This result for

 

v

 

y

 

 and 

 

|

 

v

 

|

 

 completely agree with the data of [12]. The
autocorrelation function and the time of correlation for

D
v z

rms( )2τauto

2
--------------------------.=

A τ( )
v t( ) v〈 〉–( ) v t τ+( ) v〈 〉–( )∑

v t( ) v〈 〉–( )2∑
-------------------------------------------------------------------------------.=

 

v

 

z

 

 turned out to be close to those obtained in [12],
which confirms plausibility of the assumption of an iso-
tropic nature of the turbulence. Thus, we assume in the
estimation of the diffusion coefficient that the time of
correlation is 2 min. Table contains the mean plasma
velocities, their root mean square values in the direc-
tions 

 

Y

 

 and 

 

Z

 

, respectively, and the diffusion coefficient
across the sheet. In this case, we restricted ourselves to
the consideration of only this coefficient, since the goal
of our work was a comparison of theoretical predictions
with experimental data. At this stage of investigation,
we could not obtain a distribution of the diffusion coef-
ficient along the 

 

Z

 

 direction, across the plasma sheet,
and its dependence upon the magnetic field. Deduced
values of the diffusion coefficients can be considered
only as some averaged estimated values.

3. THEORETICAL PREDICTION 
OF THE TURBULENT DIFFUSION COEFFICIENT 
AND COMPARISON WITH EXPERIMENTAL DATA

The assumption of the compensation of the convec-
tive and diffusion flows across the equilibrium plasma
sheet [1], provided for a possibility of prediction, on the
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Fig. 2. Autocorrelation functions of y-, and z-components, and of the velocity magnitude in the plasma sheet.
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basis of the data on the distribution of the magnetic
field across the plasma sheet, of the value of the diffu-
sion coefficient that is necessary for the quasi-equilib-
rium existence of the plasma sheet with a prescribed
distribution of the magnetic field in the sheet and a
given value of the velocity of regular motion of plasma
toward the sheet in the tail lobes. In this case, it was
assumed that the regular motion to the center of the
sheet is compensated by the quasi-diffusion flow oppo-
site in direction to the density gradient, that a condition

of magnetostatic equilibrium across the sheet is valid,
and that the plasma temperature is specified and does
not depend on coordinates. Then

(3)

(4)

(5)

where n is the plasma density, vz is the velocity of the
plasma regular motion toward the sheet in the tail lobes,
BL is the magnetic field in the tail lobes, B is the magnetic
field inside the sheet, T is ion temperature (it was
assumed that ions made dominant contribution to the
plasma pressure), b = BL/B, and bk ! 1 is a correction
factor, which takes into account the deviation of the
plasma motion regular velocity from the drift velocity in

the center of the sheet. It was assumed that  = 50 km/s
(which corresponds to the dawn–dusk electric field of
1 kV/1 RE and to the magnetic field in the tail lobes
BL = 30 nT), and bk = 0.1. The magnetic field distribu-
tion across the plasma sheet was taken from [13]. In
[13], the magnetic field distribution across the plasma
sheet was obtained on the basis of measurements
onboard the AMPTE/IRM satellite by the method of
superposed epochs for the preliminary and explosive
phases of a substorm. In accordance with data of [13],
the current before the substorm is located in a narrow
region near the neutral line (the current sheet consti-
tutes about ~0.2 of the thickness of the plasma sheet).
Within 45–67.5 min after the beginning of the explo-
sive phase, the current is almost uniformly distributed
along the sheet, and the magnetic field almost linearly
increases when one moves off the sheet center. Solid
lines in Fig. 3 represent the predicted values of the dif-
fusion coefficient at the preliminary and explosive
phases of the substorm. Horizontal straight lines repre-
sent the values which are put in table, except for the
case of December 17, 1995. In the latter case, the diffu-
sion coefficient turned out to be essentially larger than
in other cases. This seems to be associated with the

D
nv z

∂n/∂z
--------------,=

n
1

8πT
---------- BL

2 B2–( ),=

v z v z
0bk 1+
bk b+
--------------,=

v z
0

Table

Date UT 〈vy〉 , km/s , km/s 〈vx〉 , km/s , km/s Dzz, km2/s

November 28, 1995 09:40–16:00 12.0 72.5 6.7 39.2 0.92 × 105

December 9, 1995 14:00–19:30 12.1 89.1 4.0 45.4 1.24 × 105

December 17, 1995 08:40–13:00 16.8 80.9 15.1 79.2 3.76 × 105

December 28, 1995 18:00–22:30 41.3 4.0 57.5 25.4 0.39 × 105

January 5, 1996 04:30–10:30 28.6 73.7 11.7 48.8 1.43 × 105

January 9, 1996 01:20–08:30 15.2 25.5 13.5 23.1 0.32 × 105

v y
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rms

3

2

1

0 321

D × 105, km2/s

z(RE)

January 5, 1996

December 9, 1995

November 28, 1995

December 28, 1995

January 9,

Fig. 3. The comparison of the values of the turbulent diffu-
sion coefficients D calculated on the basis of measurements
onboard the INTERBALL Tail probe with their predicted
values.
Solid lines represent the results of model calculations based
on the data [13]: the lower one corresponds to 22.5–0 min
before the beginning of the explosive phase, and the upper
one corresponds to 45–67.5 min after the beginning of the
explosive phase. Dotted lines are the turbulent diffusion
coefficients calculated according to the data of the INTER-
BALL Tail Probe satellite (except for December 17, 1995).
The dependence of D on z is chosen according to [9].
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existence of intense regular plasma flows. The analysis
of the obtained experimental values and of those pre-
dicted theoretically shows that they agree well.

4. DISCUSSION AND CONCLUSIONS

The results of measurements onboard the INTER-
BALL Tail Probe spacecraft provided a possibility to
make a direct comparison of the experimental data with
the predictions of the theory of a plasma sheet with
developed medium scale turbulence [1, 8]. The
obtained diffusion coefficients across the plasma sheet
fell into the range (0.32–3.76) × 105 km2/s. They should
be considered as coefficients averaged over a suffi-
ciently long time interval (2–4 h) and over the plasma
sheet thickness. These measured values of the diffusion
coefficient agree well with those predicted theoreti-
cally. Investigation of the spatial distribution of the dif-
fusion coefficient requires a higher time resolution. Our
subsequent works will be dedicated to the investigation
of the dependence of the diffusion coefficient on both
the solar wind parameters and geomagnetic activity.
The first results of such investigations presented at the
Fifth International Conference on Substorms ICS-5
[14] demonstrated a strong dependence of the turbulent
diffusion coefficient on the substorm phase. In this
case, the level of fluctuations and the diffusion coeffi-
cient strongly increased in the beginning of the explo-
sive phase and then gradually decreased to the quiet
level. Of a special interest is the investigation of the
nature of the observed turbulence and dependence of its
level on the solar wind parameters. A considerable dif-
ference of the time of correlation of the magnetic field
and plasma velocity noted in [12] does not favor the
magnetohydrodynamic nature of the observed turbu-
lence. The ion distribution functions frequently differ
from Maxwellian ones and contain the beams, which
can be considered as ballistic modes of the plasma tur-
bulence. Investigations of the forming of such modes
can be of interest not only for the physics of plasma
processes in the tail of the Earth’s magnetosphere, but
also for other plasma systems. Thus, this work can be
considered only as one of the first steps in investigating
the properties of the plasma sheet turbulence using a
number of specific examples.
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