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Abstract. The dynamic response of a magnetized collisionless 
plasma to an externally driven, finite size, sudden switch-on 
current source across the magnetic field has been studied using a 
two dimensional hybrid code. It was found that the predominant 
plasma response was the excitation of whistler waves and the 
formation of current closure by induced currents in the plasma. 
The results show that the current closure path consists of: a) two 
antiparallel field-aligned current channels at the end of the 
imposed current sheet; and b) a cross-field current region 
connecting these channels. The formation of the current closure 
path occured in the whistler timescale much shorter than that of 
MHD and the closure region expanded continuously in time. The 
current closure process was accompanied by significant energy 
loss due to whisfier radiation. 

Introduction 

Determination of the dynamic response of a magnetized 
collisionless plasma to an "externally imposed" cross-field 
current or current source driven by an electromotive force (emf), 
is of paramount importance in space plasma physics. Of 
particular interest is the formation of the closure path of the 
induced current flow through the magnetoplasma. A quantitative 
description of the current closure is required to address a diverse 
range of space plasma physics problems, such as, the operational 
characteristics of emf inducing tethered systems [Colombo et. al., 
1974], the efficiency of generation of ELF waves by ionospheric 
heating [Papadopoulos et. al., 1990], the structure of tangential 
discontinuities in the magnetosphere [Chapman and Ferraro, 
1931], and the effect of whistler waves in the magnetotail 
equilibrium [Kokubun et. al., 1992]. 

Previous theoretical studies on the subject of current closure 
assumed steady state conditions and used the MHD equations 
[Drell et. al., 1965; Dobrowolny and Veltri, 1986]. When the 
steady state MHD theory is applied to the closure problem of a 
tethered satellite system (TSS) carrying a motionally induced emf 
current, it predicts a global closure path through the conducting 
lower ionosphere mediated by the propagation of low frequency 
Alfven waves [Banks et. al. 1981]. Implicit in such formulations 
is the assumption that the ion polarization current is the dominant 
cross-field current. For this to happen the timescale must be 
longer than the ion cyclotron period (t > 1/fci), so that the ions 
are, magnetized and the electron Hall current is balanced by an 
opposite ion Hall current. However, processes with timescales 
shorter than ion cyclotron period can also contribute significantly 
to the current closure around TSS. For instance, them are 
whistler waves supported by the electron Hall current [Stenzel 
and Urrutia, 1990]. Distinction in timescales between the 
whistler and the Alfven processes can be made analytically by 
considering the magnetic equation 
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32 B/3t 2 + V x [ V x (3B/•t) x (cBo/4• en o) ] 

- Va 2 Vx [ b o x (b o x (V xB)) ] =0' (1) 
where v a is the Alfven velocity, n o is the plasma density, and b o 
is the unit direction along B o. From this equation, we can see 
that the second term corresponds to whistler waves and the third 
term corresponds to Alfven waves. If we were to normalize Eq. 
(1) in such a way that T = fci t and X = x fci/V a, then the equation 
depends only on dimensionless variables X and T and has no 
numerical coefficients. The characteristic distinction between the 

Alfven and the whistler terms is determined by the timescale T. 
Consequently, for T > 1 (or t > 1/fci), the Alfven wave 
dominates. For T < 1 (or t < l/fci), the whistler wave dominates. 
In situations when the tether current is pulsed with timescale 
shorter than 1/fci, or the transit time of the tether is of the order 
of msecs in the Low Earth Orbit (LEO), one would expect that 
"local" current closure by whistler waves around TSS precedes 
Alfven closure. Recent laboratory experiments indicate that this 
is the case. Briefly, the experiments of Stenzel and Urrutia 
[1990, see also Urrutia and Stenzel, 1990] studied the generation 
and the propagation of electromagnetic disturbances induced by a 
pulsed current wire in a plasma chamber with a dc magnetic field. 
The timescale of the current pulse favored whistler excitation. 
Probe measurements showed that current carrying disturbances 
were emitted from the current wire at approximately the group 
speed of a "whistler" wave packet. The dispersion characteristics 
and the polarization of the generated waves were those of 
whistlers. The propagation front carried a cross-field 
"polarization" current which is opposite to the imposed current in 
the tether wire. And most notably, the current closure was local 
rather than global. 

These results indicate that a proper theoretical analysis of the 
current closure problem requires the solution of an initial value, 
rather than a steady state, problem, and a plasma model that 
includes the electron dynamic response. It is the objective of this 
letter to present the results of a study of the dynamic response of 
a two dimensional (2D) magnetoplasma to an externally imposed 
current source of the form 

Js (x,t) = I o •(z) [1-q(IxI-Ls/2)] q(t) •x (2) 
where z is the direction of the magnetic field, x is the direction of 
the current flow, I o is the current strength, L s is the length of 
current source along x, õ is the Kronecker-delta function, and q is 
the step function. 

Two Dimensional Hybrid Simulations 
The study has been conducted using a 2D hybrid simulation 

code [Mankofsky et. al., 1987]. Particular emphasis is placed 
upon the determination of the dynamics, the asymptotic state, and 
the estabilishment timescale of the resultant current path. It is 
worthwhile to discuss the validity of two commonly adopted 
assumptions in the hybrid simulation technique. The assumption 
of massless electrons implies timescales longer than the electron 
gyrotime 1/fce, and is valid for wavelengths longer than c/fpe, 
where fce and fpe are electron gyrofrequency and plasma 
frequency in Hz, respectively. For parallel whistler propagation, 
the difference between a massless electron dispersion kz = 
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Figure 1. Contour of By at times: (a) 0.1 msec, (b) 0.25 msec, and (c) 0.4 msec after tether current switch-on. 

2a:(fpe/C)(f/fce) 1/2, where kz is the parallel wavenumber and f is 
the •vave frequency in Hz, •a•d.• dispersion with finite electron mass kz = 2a:(fpe/c)(f/(fce-f)) / becomes significant only when 
the wave frequency approaches the electron gyrofrequency 
[Helliwell, 1965]. Another assumption is the neglect of the 
displacement current in Ampere's law. This too, can be justified 
by the fact that the displacement current term does not contribute 
significantly to the whistler dispersion as long as f << fce. 

The simulation was conducted for parameters relevant to TSS 
experiments in the F-region of the magnetosphere. The ambient 
magnetic field B o and the plasma density n o were uniform, with 
values equal 0.3 gauss and 10 ø/c.c., respectively, corresponding 
to an electron gyrofrequency fce= 0.84 MHz and a plasma 
frequency fpe = 2.84 MHz. The ambient plasma consisted of 
cold oxygen ions (with realistic mass) and warm electrons at a 
temperature of T e = 0.1 eV. The simulation box was in the x-z 
plane and covered a region of Lx = 8 km by Lz = 20 km in size. 
The grid resolution was 80 (in x) by 200 (in z) cells, which 
corresponds to spatial resolution of 0.1 Km in both the x and z 
directions. Periodic boundary conditions were imposed in both 
the x and z directions. The simulations run at a fixed time step of 
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Figure 2. Cross section plots of field amplitude for (a) Bx(z), 
and (b) By(z) along the midplane cutting across the center of the 
current source at x = 0 and at times t = 0.1, 0.25, and 0.4 msec. 

At = 5 x 10 -7 sec. and were terminated before the disturbances 
reach the simulation boundary. The grid resolution was selected 
to falter out the effect of whistler waves of frequencies above 100 
kHz, consistent with the neglect of the electron mass and the 
displacement current. 

In the simulations, a source current Js with the form given by 
Eq. (2) was introduced into a spatial region failed with stationary 
plasma and uniform magnetic field B o = B o 8z. This current 
source was located at the center of the simulation region, had a 
finite extent (L s= 1 Km) inx, andI o = 1 mAmp/m. An 
equivalent three dimensional view of the source current is a thin 
current slab extending infinitely in the y direction. In the 
following, the current source will be simply referred to as the 
tether. Before presenting the results we make the following 
comments. First, the tether is introduced into the plasma region 
initially. This is equivalent to a current switch-on at time zero, 
with a rise time of one time step. Therefore, the timescale 
involved in the hybrid simulation favors the whistler excitation. 
Second, the assumption of quasi-neutrality in the hybrid code 
requires that there is no net charge accumulation in the simulation 
region. Therefore, the sheath phenomena around plasma 
contactors at the tether ends are not included. This is in 
consistent with the aim of this study which focuses on the current 
closure through magnetoplasma away from the sheath regions. 

Current Closure 

Figure 1 shows the isomagnetic contours of the By field in the 
x-z plane at times 0.1, 0.25, and 0.4 msec. Two dominant 
features can be distinguished. First, an oscillatory radiative 
structure propagates away from the tether in a characteristic 

whistler wavepacket with group velocity of V g = 109 cm/sec. Its 
wavefront spreads in a 15 - 25 ø cone with respect to B o. This is 
followed by a region containing the bulk of magnetic field on 
either side of the tether. The bulk region is a localized magnetic 
field profile of the form + By(z+vt) q(IxI-Ls/2 ). It expands 
spatially along B o at a speed of v = vg/2 at early time, but the 
expansion slows down to v << V g at lat• times. Dynamics of the 
bulk region is governed by the whistler portion of Eq. (1), which 
has the form of a diffusion equation 

8 B/St + V x [ (V x B) x (cBo/4• eno) ] = 0. (3) 
Thus, we can view the expansion as an analogous diffusion 
process which has a decreasing speed that asymptotes to zero as t 
--> oo. The significance of the bulk of magnetic field around 
tether is that it embraces a region of substantial closure current. 
Since V x B = (4•/c) J, there is a cross-field current component 
Jx associated with the bulk region. As will be shown later, Jx is 
an essential component in the current closure path. 

Figure 2 displays plots of B x and By as functions of z along 
the line x =0, at times 0.1, 0.25, and 0.4 msec. Notice that the 
early pulses of B x and By exhibit typical characteristics of 
whistler waves. They are right-hand circularly polarized (Bx,By 
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Figure 3. Field and current data at probe 1 & 2 as functions of 
time from t = 0 to t = 0.5 msec. Probe 1' row (a) electric fields 

Ex and Ey; row (b) magnetic fields Bx and B ; and row (c) total plasma currents Jx and Jz- Jx and Jz at ProbeY2 is in row (d). 
90 ø out of the phase) and are highly dispersive, with shoru/r 
wavelengths running ahead of the longer ones. The wave 
amplitude approaches 7 x10 -6 G at the peak of the bulk, 
corresponding to a current strength of I o = 1 mAmp/m in tether. 
Size of the bulk region, as is measured by the first node of By, 
increases incrementally from 1 km, 1.7 km, to 2.2 km at times 
0.1, 0.25, and 0.4 msec, respectively. Therefore, the expansion of 
the bulk region is continuing during the simulation run and no 
steady state is yet reached. 

To visualize the results two probes were introduced to monitor 
the temporal behavior of the current and of the fields. Probe 1 
was located at (0.5 km, 2 kin), on the magnetic field line passing 
through the end of the current source. Probe 2 was located at (0, 
2km), on the midplane bisecting the current source. Time series 
data collected by probe 1 are shown in Figure 3. These data 
include the field components E x, Ey, B x, By, and total current 
density co ponents Jx and Jz. All the quantities are plotted as 
functions of time, from t = 0 up to t = 0.5 msec. The electric field 
plots in Figure 3(a) show an amplitude oscillation in time long 
after the pulse front caused by switch-on passes through the 
probe 1ocauon. This indicates a continuous excitation and 
emission of whistler waves during the expansion of the current 
closure loop, even though the tether current is maintained at a 
steady value. The oscillation period is approximately 0.045 
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Figure 4. Streamline plot of the Jx versus Jz flow in the x-z 
plane at a time t = 0.4 msec. 

msec, which corresponds to a wave frequency of 22 kHz. The 
oscillation phases of E x and Ey are offset by one quarter of a 
time cycle ( i.e. 90 degrees out of phase), again indicating that the 
emitted wave is indeed a right hand circularly polarized whistler 
wave. The magnetic field plots in Figure 3(b) show similar 
oscillations superimposed on a steadily growing amplitude in 
time after the pulse front passes through. Since the magnetic 
field is related to the plasma current through Ampere's law, the 
growing amplitude in B implies an increase in the plasma current 
around probe 1. The current components Jx and Jz are given in 
Figure 3(c). The Jz plot at the lower panel shows an initial jump 
as the pulse front arrives. This is followed by a monotonic 
amplitude increase that approaches a steady value at later time. 
Physically, this means that a field-aligned current starts to flow 
from the tip of the current source after switch-on. The current 
strength increases in time as the closure loop expands and 
asymptotes to a steady value. Accompanied with the formation 
of a field-aligned current Jz is the emergence of a cross-field 
current Jx. The left panel of Figure 3(c) shows an oscillatory 
behavior of Jx at early time and, by taking a time average over 
the oscillation period, the emergence of a net Jx component after 
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Figure 5 Power loss due to whistler radiation along magnetic 
field line m the umt of mWatts/m, as a function of tame. 
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0.3 msec. The amplitude of the net Jx current lies below the 
initial zero level, indicating that it flows in the - x direction. 

Time series data collected by probe 2 show similar whistler 
emission characteristics as those in probe 1. However, probe 2 
registers a net cross-field Jx current at late time as shown by 
Figure 3(d). The field-aligned current Jz behaves quite 
differently at late times also. Figure 3(d) shows that the Jz 
amplitude reaches a high level at the pulse front and falls toward 
zero afterward. This suggests that, as the closure loop expands 
way beyond probe 2, the only significant current component 
observed at mid-plane is the cross-field current Jx. The 
magnitude of the steady Jx is approximately the same as that at 
probe 1. Thus, the time-averaged Jx component constitutes the 
essential part of the current closure path through which the source 
current closes upon itself. 

To complete the picture of current closure a 2D streamline plot 
of Jx versus Jz is provided in Figure 4. Thisis a snapshot taken at 
time t = 0.4 msec, which shows that there is a region around the 
tether where streamlines connect to both ends of the current 

source. This region coincides with the bulk of the By region 
described in Figures 1-2 and can be viewed as the region for 
current closure since the tether current and the plasma currents 
form a closed loop. To be more exact, the complete current 
closure path consists of: (1) The outgoing portion of the closure 
current, as represented by the streamlines originating from the top 
of the tether along magnetic field lines connecting the top; (2) 
The cross-field portion of the closure current, as represented by 
the streamlines cutting across the magnetic field and the 
midplane on both sides of tether; and (3) The return portion of the 
closure current, as represented by the streamlines terminated at 
the bottom of the tether extending along magnetic field lines 
connecting the bottom. The transverse size of the closure region 
is estimated to be 2.2 km on either side of the tether at time t=0.4 

msec. Taking the expansion into account, the eventual closure 
circuit formed by the whistler pulses would be very localized. 

Radiation Loss 

As noted above, continuous emission of whistler waves from 
the tether is observed while the current closure path forms and 
expands. This is most evident in Figure 3(a) and Figure 4(a), 
which show persistent oscillations in electric field amplitudes 
after the pulse front passes through the observation points. 
Power loss due to whistler radiation along a magnetic field line is 
estimated by integrating the Poynting flux across a constant z line 
passing through the diagnostic probes. Figure 5 shows the 
integrated Poynting flux, in units of mWatts/m, as a function of 
time. Total power loss due to whistler radiation asymptotes to a 
value of P = 32 mWatts/m at late time. Note that this value is 

twice that given in the figure because whistle•waves propagate in 
both directions of z. A set of simulations was conducted to find 

the scaling of radiation power as a function of the current 
strength I o. It was found that electric field, magnetic field, 
electron flow speed, and density perturbation scale linearly with 
I o, while the field energy densities and radiation power is 
proportional to the square of I o. Therefore, a source current at 
ten times the present strength radiates at one hundred times the 
present power. 

The radiation resistance R of the whistler circuit can be 

evaluated using the relation P = RIo 2. Based on the values of P 
and I o in unit length, the radiation resistance is estimated to be R 
= 3.2 x 104 Ohm/m. This numerical radiation resistance is two 
orders of magnitude larger than the analytic radiation resistance 
for the Alfven waves [Dobrowolny and Veltri, 1986] based on a 
tether wire of 1 cm thick. Therefore, power loss due to whistler 
radiation is expected to be an important factor in determining the 
overall efficiency of the TSS. This agrees with an earlier 
analytical estimate by Barnett and Olbert [1986] who, using a 
constant-current moving-tether model, concluded that the 
radiation resistance from the lower hybrid band is much larger 
than that of the low frequency band. 

Discussion 

The issues of the plasma response to an imposed cross-field 
current and its application to the TSS current closure have been 
addressed in this letter. Previous MHD studies [Drell et. al., 
1965; Dobrowolny and Veltri, 1986] indicate that current closure 
is established by the Alfvenic pulse reaching 'the highly 
conducting lower ionosphere. In this scenario, a global current 
closure loop is envisioned and the timescale in forming such loop 
is expected to be longer than the ion cyclotron period [Goertz and 
Boswell, 1979]. Our simulation results augment previous 
understanding by focusing on closure processes of timescales 
shorter than the ion cyclotron period. Specifically, we consider 
the current closure being conducted by whistler-like processes in 
the magnetoplasma. In contrast to the Alfvenic picture, the 
whistler closure is highly localized around TSS and can be the 
dominant feature at early time. The Alfvenic processes can 
contribute to the current closure of the TSS only after the 
formation of the whistler loop. The details of the transition from 
the whistler closure to the Alfvenic one will be reported later. 
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