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Abstract. In this paper neutral point (coalescence) instability (NPI) of pinsmoids (PMD)
associated with tailward streaming O +, H + and, e- particles and diffusion region (spatial
extent and particle life time) are studied. Also; radial and pitch angle diffusion studies
have been carried out in the near-earth region (10 and I1 Rz)~during substorm o~set.
Our study revealed that coalescence instability is favoured by a heavier ion like O + and
the time required for a heavier ion to reach from one X point to an adjacent X point is
minimum. Near an X type neutral line (diffusion region) ions spend a fairly long time and
gain a significant amount of energy. Radial and pitch angle diffusion studies showed
that higher energy particles are largely confined near the reconnection region (near-earth
region) and lower energy particles are rapidly depleted from the near-earth region during
substorm onset.
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1. Introduction
The process of magnetic reconnection and island (plasmoid) formation plhys an
essential role in energy dissipation in space plasmas. The plasma confinement in
laboratory magnetic devices is similar to that in space plasma trapped configfiration.
Reconnection occurs in the diffusion region where particles can move nonadiabatically
in the direction of the electric force to become accelerated. Biskamp and Schindler
(1971) pointed out the fact that the current layer with periodic structure turns out to be
unstable and leads the islands to coalesce.
Adjacent to the plasma sheet (PS), a boundary layer of tailward streaming energetic
particles was observed before plasmoid entrance and after exit from the post plasmoid
plasma sheet (Richardson R L e t al 1989). The onset of intense streaming and
counterstreaming directions was accompanied by excursions in the y component of
the magnetic field which are expected at the trailing and leading edges of the closed
magnetic loops (Kettman and Dally 1990).
Enhanced convection leads certain regions of the PS to become unstable which
causes rapid local changes in the tail magnetic field (Pellinen 1993). In the earthward
region injection of particles into the belt of trapped particles is observed in conjunction
with the observation of plasmoids in the tail (Nishida 1990). Otto et al (1990) suggested
that the entire or at least major part of the PMD is within the diffusion region.
We have studied the neutral point instability (coalescence instability) of plasmoids
in presence of tailward streaming particles and the spatial extent and particle life
time in the diffusion region. Particle diffusion near the reconnection region is also
studied.
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2. Materials and methods

The stability of two-dimensional collisionless plasmas in a sheet pinch with periodic
structure has been considered by Biskamp and Schindler (1971). They evaluated the growth
rate of neutral point instability, under the assumption that particles can oscillate between
two neighbouring X points and those that can reach an adjacent X point and is given by

= kvthd/l(log l/d)- i/2
'7 =

1

(1)
(2)

where k = 2rc/2, 2 being the longitudinal extent of the PMD, Vth the thermal velocity,
and ! is the plasma sheet extent. The fraction of the time the particle spends in the
diffusion region t/, the time taken by the particles to travel between two consecutive
X type neutral points (Zo) and particle energy Wj are found using the relations (2-4)
Zo =

(3)

I-rlyjdjq 2
wherej = i, e, and r = 1 if the instability changes the topology of the magnetic field and
pj is the particle gyroradius.
Within the diffusion region the orbit of a thermal particle consists of a rapid bounce
motion between mirror points and an approximately straight line trajectory in the
x direction. An X type neutral line is formed within the PS due to the tearing mode
instability and the extent in z and x direction of the diffusion region (figure I)
respectively are given by (Coroniti 1985)

dj =

Vthlmjc

(5)

eBx
and

Aj = vthjmjc
eBz

(6)

Y

Figure 1. Schematic diagram of the diffusion region surrounding the neutral line (from
Coroniti 1985).
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respectively, where the parameters have the usual meaning. The length of the time the
particle spends within the diffusion region is
zj -

Vthj

.

(7)

Particle will tend to be trapped in the O point (magnetic island) where the electric field
is relatively weak (Ambrosiano et al 1988) and will not remain stably trapped in the
neighbourhood of the X line.
At the onset of magnetospheric substorm, tail like field lines in the near-earth ( ~ 10
and 11 Re) plasma sheet collapse rapidly to a dipole like field [Lewis et al (1990)].
During substorm at ,-, 20-30 R e a new neutral line (diffusion region) is formed due to
reconnection. Reconnection region is typically 10 to 15 R e from the X point to the
earthward or tailward side. Since at 10 R e the field lines are dipolar and the
reconnection region extends over this distance we have studied the radial diffusion
coefficient of electrons in the reconnection region.
For a substorm like electricfield A E, the radial diffusion coefficient is given by
(Cornwall 1968)

/L3\~[
]2
D,,,=o-25C2Ail,, ) 1+o o,o T
T

(8)

where

f 3,c

2.80

~a = \e2L2R21~, 1 + mc 2 L 3 )

(9)

is the magnetic moment and other symbols have their usual meaning. Pitch angle
diffusion is also a very efficient process in the magnetosphere, which quickly mixes
particles mirroring at different points on a given field line. Fokker Planck equation can
be used to study the effect of pitch angle diffusion on a population of electrons trapped
in the magnetosphere, and is given by

D'~ = 3\mc J

Bif~

(10)

where B~ro)is the power spectral density of one magnetic field component of waves
evaluated at resonant frequency fo and hence life time T(= 1/D~o) of electrons.
Within the diffusion region perpendicular field component becomes progressively
smaller as the X line is approached while parallel field increases with distance from the
diffusion region.

3. Results and discussion
3.1 Neutral point instability (NPI) and diffusion region
Adjacent to P M D boundary layer, tailward streaming particles are observed and we
have considered O +, H + and e- as tailward streaming particles. Since it is streaming
tailward it passes between two X points and with that assumption we have studied the
NPI of PMDs in presence of tailward streaming particles.
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In the present study we have chosen PMDs reported in Richardson, I Get al (1989).
The numerical values used in the present study are
1. Longitudinal extent of the plasmoid = 35,40, 60, 80 and 95 R E.
2. Temperature
=240,260,310,290 and 120eV and
3. Magnetic field strength
= 22, 23, 8, 8 and 8 nT.
Using equations (1-4) we have obtained the growth rate ? of O +, H + and e-, life time
at which the particle spends within the diffusion region 7, time at which particles travel
between two consecutive X points Zo and particle energy.
Figure 2a shows the growth rate of O + (solid line), H + (dashed line) and e- (dotted
fine) vs the longitudinal extent'2 of plasmoids. For O + and H +, ~ decreases from 35 to
40 RE and has maximum at 60 R E and minimum at 95 RE. But for e-, ~,is maximum at
80 RE and minimum at 95 R E.
Maximum growth rate at 60 R E is due to its relatively high temperature (310eV).
Growth rate is found to decrease with the increase in 2 which is in analogy with
Richardson R L e t al (1989) that small islands coalesce to form large magnetic islands
which move down the tail. Growth time is minimum for O + (1.2-3-9min) and is
maximum for H + (2167.03-10046.2 rain). This shows that coalescence instability is
favoured by massive ions like O +.
Figure 2b shows the life time at which O +, H + and e- spends in the diffusion region
t/vs 2. It is clear from figure 2b that the variation in ~/is uniform for O +, H + and e-. ~/is
nearly constant at 35 to 40 R E and increases to a maximum at 60 Rz and then decreases.
~/is maximum for O + (0.424-0.434 sec) and is minimum for H + (0-373-0-362 see).
Figure 2c shows the time at which the particle travels between two consecutive
X type neutral points zovs 2. zo is found to increase with the increase in 2. However, O +
requires a minimum time (0.4943-1.8422sec), while H + takes a fairly long time
(443.81-1751"83 see) to reach the adjacent X point which shows that O + will stream
faster than H + a n d e-. Taflward streaming particles is a signature in identifying
a P M D region and from the result it is obvious that O + will stream ahead ofa plasmoid
and can be detected prior to lighter ions.
Figure 2d shows the variation of particle energy vs ~. O + is found to gain a significant
amount of energy (4.59-26.34 keV) than H + (0-9-27.8 eV) and e- (0"46-2"6 keV).

2.1

7

I'~ ]

12

.....

""" S " .

I-5 ...4i

',i
I

"-v

\

'g

',:./ ~ o

0.09 "~1 L - - - . ~ . - - . - - . . _ . ~ 0.9
35 40 60 80 95

0~40........
/ ;"'"-,,

t .,

35 40 60

(RE)
Figure ?.l snd b

80 95

Particle diffusion and adiabatic expansion of plasmoids
1.9

1900

38

(c)

28 2.8
1.4

41

28

1600

',,,

>

(d)

i
"I

v
.,...
/

0
U

I

toO.9

~o

18

12

900

1.2

:

J

9
v

i
!

:

i
.. ,s

ss
9

70

:.."

0.4
35

60

60

2

600
80 95

(R E )

0.2

,
35 40

,
.09
60 80 95

/~ ( RE)

Figure 2c and d.

Figure 2a-d. Variation of(a) y (b) ~/(c)zo and (d) We with longitudinal extent of the plasmoid
for O + (--), H + (--) and e- (...) streaming particles9

In table 1 the spatial extent (both in z and x direction) and the time at which the
thermal particle spends within the diffusion region are given. It revealed that as the
magnetic field increases the spatial extent of the diffusion region decreases, which in
turn is well reflected on the time at which the particle spends in the diffusion region.
For a thin sheet the particle spends a relatively large amount of time in the region
where it dominates and can gain a significant amount of energy. The thickness of
the diffusion region is ~ 0.1 R~ and the life time of protons in the diffusion region
is 31.31-41.76scc whereas electron life time is only 0.0173-0.0227sec. Thus it can
be concluded that higher energy particles arc largely confined near an X type neutral
line.
This is in analogy with Scholer and Jamitzky (1989) that protons were accelerated
near the X line to 1-200 keV depending on how close they reached the neutral line after
injection. The energy gained by ions is found to be greater than that of electrons. The
particle acceleration in the neutral sheet or near a neutral line takes place because low
energy particles are not impeded by the small magnetic field in the vicinity of the
Table 1.

The spatial extent and the time the part/cle spends in the diffusion

region.
Bx
nT

dp
km

d,
km

B,
nT

Ap
km

A,
km

~
scc

T~
sec

0"5
I

1595.16
1272'27

187"65
93"82

0"15
0-16

8480
7950

62"69
58"77

41"76
39.14

0"0227
0"0213

1"5
2
2-5
3

848.18
636"14
508.91
424.09

62.55
46-91
37.53
31-27

0"17
0"18
0"19
0.20

7482
7066
6694
6360

55"32
52"24
49"49
47.00

36.84
34.79
32.96
31.31

0-0200
0"0189
0-0179
0"0173
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neutral sheet from being associated by the cross tail electric field. This process is much
more effective for ions than electrons because particles tend to gain a velocity increase
independent of their mass. Kettman and Dally (I990) suggested that the neutral lines
are expected to be the source of energetic ion and electron beams that can be observed
in the vicinity of the most recently reconnected field lines. In general these results are in
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agreement with Martin (1986) that the energy gained by a singly charged ion while
passing through the acceleration region depends on the sheet thickness, the initial
energy, initial pitch angle, initial X position and particle mass.
3.2 Adiabatic expansion of plasmoids
Even though the plasma confined in a magnetiC island may tend to expand, the
surrounding antiparallel magnetic field will prevent the plasma from expanding away.
It is discussed in section 3.1 that as the longitudinal extent of the plasmoid increases the
particle energy decreases while Renuka et al (1992) suggested that as A increases the
total energy content in a PMD increases. Since the energy content increases the plasma
confined in the island overcome the force exerted by the surrounding magnetic field and
tend to expand. Hence we can suggest that plasmoids expand adiabatically as it moves
into a weaker tail field. Sibeck (1990) concluded that plasmoids grow as they propagate
down the tail. While Moldwin and Hughes (1992) found that PMDs change very little
as they move down the tail, they argued that the size, velocity, magnetic core strength
and B, field amplitude of PMDs do not depend on the distance beyond 100 R~
downtail.
The interaction between the plasma confined in the island and the surrounding magnetic
field causes an oscillation in the system (Ugai 1981). The amplitude of oscillation should
become larger as the amount of plasma energy confined in the magnetic island becomes
larger since the confined plasma pressure gives the expansion force. Since the energy
content in a PMD is found to be large for large PMD the amplitude of oscillation is
relatively large for larger islands and its period is approximately given by the time
required for a fast wave to travel one periodic distance in the X direction.

44

M S Sindhu, G Renuka and C Venuoopal

3.3 Particle diffusion
Using equations 8 and 10 the radial diffusion coefficient DLL and pitch angle diffusion
coefficient D , of trapped electrons can be studied. The numerical values of the
parameters used are
Electron energy (E,)
= 20, 50,100, 150,200 and 250keV.
Electric field amplitude <AE) = 0"1-0"4 mV/m.
Period ( T )
= 1 hour.
2x1~2~ 8 = 2 0 n T
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Figure 3a and b. Variations of radial diffusion coefficientDLLwith electric field Ae for
differentmagneticfield B and (a) at L = 10 0b)at L = 11.

DLL is plotted against Az for electron energies of 20, 50, 100, 150,200 and 250keV at
L = 10 and 11 (figures 3a' and 3b). DLL is found to increase with the increase in Ae.
As electron energy increases DLL decreases. When L increases from 10 to 11, DLL
increases. As an example, at L = 10, for E e = 20keV, B = 21 nT and A E = 0.4mv/m,
DLL is 5-2704 x 10 -3 R~/day. When L = 11, DLL increases to 1.22 x 10 -2 R~/day,
variation in DLL frequently occurs for A E/> .15mV/m for L = I0, while for L = 11,
DLL variation occurs at Ar~>0"2mV/m. However, for Ee =250keV, DLL varies at
A E = 0.15mV/m. A small variation in DLL can be seen for L = 10 and 11 at energies
> 100keV. This shows that higher energy particles are largely confined near the
reconnection region and the low energy particles are rapidly depleted from the
reconnection region. Hence we can confirm that tailward moving P M D s carry with it
only low energy particles.
Figure 4 shows the plot of pitch angle diffusion coefficient vs magnetic field. It is
clear from this figure that the effect of magnetic field is negligible to the pitch angle
diffusion coefficient. However a relatively small variation can be seen for E~ < ! 00 keV.
Life time of electrons having energies > 100 keV shows a large variation.

4. Conclusion
The heavier particles were first detected in the identification of plasmoids using
tailward streaming particles. For thin sheet particles spend a fairly long time and
h~igher energy particles are largely confined near an X type neutral point. Coalescence
instability of plasmoids is favoured by heavier ions and minimum time is required
for heavier ions to reach from one X point to the adjacent X point. Radial and pitch
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angle diffusion studies showed that higher energy particles are largely confined
near the reconnection region (near-earth region) and the low energy particles are
rapidly depleted from the near-earth region during substorm onset.
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