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The early time interaction of an artificially injected lithium cloud with the solar wind is simulated with
a one-dimensional hybrid code. Simulation results indicate that the lithium cloud presents an obstacle
to the solar wind flow, forming a shock-like interaction region. Several notable features are found: (1)
The magnetic field is enhanced up to a factor of about 6, followed by a magnetic cavity downstream.
(2) Solar wind ions are slowed down inside the lithium cloud, with substantial upstream reflection. (3)
Most of the lithium ions gradually pick up the velocity of the solar wind and move downstream. (4) In-
tense and short-wavelength electric fields exist ahead of the interaction region. (5) Strong electron heating
occurs within the lithium cloud. (6) The convection electric field in the solar wind is modulated in the
interaction region. The simulation results are in remarkable agreement with in situ spacecraft measure-
ments made during lithium releases in the solar wind by the AMPTE (Active Magnetospheric Particle

Tracer Explorers) Program.

INTRODUCTION

In September 1984 the Active Magnetospheric Particle Tracer
Explorers (AMPTE) mission successfully released two lithium
clouds in the solar wind [Krimigis et al., 1982; G. Haerendel
et al., unpublished manuscript, 1985]. A primary task in the
active aspect of the mission is to investigate the interaction of
the solar wind with the injected clouds. Prior to these releases,
several theoretical studies predicting the various aspects of the
injection had been conducted [Winske et al., 1984; Brinca, 1984;
Decker et al., 1983, 1984; Oilson and Pfitzer, 1984]. Some of
these studies treat the lithium ions as test particles and assess
their energization and subsequent paths through the solar wind-
magnetosphere system downstream of the released point
[Haerendel and Papamastorakis, 1983; Decker et al., 1983,
1984; Brinca, 1984; Olson and Pfitzer, 1984]. Other studies
[Hausler et al., 1983; Papadopoulos, 1983; Winske et al., 1984]
concentrate on the collective behavior of the artificial lithium
ions. It has been suggested [Papadopoulos, 1983] that collec-
tive plasma phenomena are crucial in understanding the early
time interaction of the lithium ions with the solar wind.

The purpose of this paper is to present results from numeri-
cal simulations with a one-dimensional hybrid code on the col-
lective behavior of the lithium cloud during its early time
development, i.e. less than 30 s following the release of lithium
in the solar wind. Emphasis is given to the modification of the
natural environment by the artificially injected ions that essen-
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tially form an obstacle to the flow of the solar wind plasma.
The simulation results are in good quantitative agreement with
the spacecraft observations in the vicinity of the release site.

DESCRIPTION OF MODEL

The present simulation is performed with a hybrid code in
which the solar wind and lithium ions are treated kinetically
as particles, while the electrons are represented by a massless
fluid. All three velocity components are retained, but the spa-
tial variation is allowed in one dimension only (the x direction).
The ion motion is calculated by the particle-in-cell (PIC) tech-
nique from the equation of motion

dv;
m,%=e(E+v,xB)+P )

where P is the mean frictional force imposed by the electrons
and is related to the current J and the ‘““anomalous’’ resistivity
7 (treated as a constant) by P = - neJ. The electron fluid mo-
tion is governed by the momentum equation

dv,

ar =-en(E + v, xB)-Vp, -nP =0 (2)

n.m,

where p, and v, represent the electron pressure and bulk ve-
locity, respectively. The final equality in the above equation
results from neglecting the electron mass. We determine p,
from the isotropic energy equation including ohmic heating due
to the anomalous resistivity ». Quasi-neutrality is assumed so
that the electron and total ion densities are equal (n, = Ln;).
Quasi-neutrality further requires that v « J = 0, which in one-

1333



1334 LUI ET AL.: SIMULATION OF AMPTE SOLAR WIND RELEASE
Solar wind Lithium B;/Bo

1072x0.82 | T T T T T 3.00 T | <
o oa4sl-® 4 4 213 1&

x 48 - 1 166 -3

> o < - J s
-0-46 | —> — - 0.99 L/ 1
-0.92X10-2 | | | L L | 0.31 L I -
10-2x0.92 T T T T T T 5-48|_ T T -
|_(b) 4 F - 413 -G

(%4 (4]
x o - I - - 282 —8
g u ag 4 1s2f 49
-0.92Xx10-2 | ] l ] ] ] 0.21 ] A" -
1072X0.02[ 01 I | 1 | | 392 | | T
. ol - 300 -
S of Y m - 4 207 e
2 > R 7| S S
| g 4 11ae - =S
-0.92x10-2 1 1 ] I 1 1 0.21 ] [hm /] -
10-2X0.92 T T T T T T 2.70 -
= e 1 207 G
x of S B+ e 1 148 2
> -
- -1 | | = 0.82 "
-0.92X10"2 l ! ' | 0.19 -
0 075 150 225 3000 075 150 226 3.00 0 075 150 226 3.00
X(pi) Xipi) Xpi)

Fig. 1. Phase space plots of solar wind ions and lithjum jons and profile of the magnetic field (dawn-to-dusk component,
normalized to its initial value) at four different time steps. At the interaction region, the solar wind ions slow down with
some ions reflected upstream (v, < 0), while the lithium ions are seen to spread spatially and are accelerated downstream.
The magnetic field is compressed at the front portion of the lithium cloud followed downstream by a magnetic cavity.
The largest field compression is about 5.5. Complex magnetic field structures develop when reflected solar wind ions begin

to gyrate back into the interaction region.

dimension determines v, = E; n; V;,/L; n;. Assuming that B
is in the z direction, Maxwell’s equations and the y component
of the electron momentum equation determine the vector poten-
tial 4,,

34,
= 3
o 3

L] 32Ay .
p o ox? ¢

The calculation scheme starts from given E, B, and J to solve
for the ion motions with equation (1), which in turn allows A y
in equation (3) to be determined by the algorithm given by Sgro
and Nielson [1976]. The new values of E, B, and J at the next
time step are then derived. The details of the numerical scheme
can be found in the work by Leroy et al. [1982). The advan-
tages and limitations of the hybrid code for simulation of space
plasma physics are discussed by Goodrich [1985].

INITIAL CONDITIONS

In this simulation, the solar wind plasma is injected from the
left into the simulation box as a convecting Maxwellian popu-
lation with a bulk flow of V in the x direction. The magnetic
field is assumed to be transverse to the solar wind flow, in the
z direction. The ion density and magnetic field in the solar wind
are taken to be 10 cm™ and 10 nT, respectively. The Alfvén
Mach number (M, = v; juomm; /B) of the solar wind flow
is 10. Solar wind electron and ion betas are set to 1. The resis-
tivity n used is 1.2 X 10~ w,/!, where w;/ is the ion plasma fre-
quency in the solar wind. This value of resistivity corresponds
to a collision frequency of about 4 x 107 w,,, where w,, is
the electron plasma frequency in the solar wind. The total length
of the box is about three times the solar wind ion gyroradius.
More than 10,000 simulation particles in 600 cells are used.

As mentioned in the introduction, our study emphasizes the
collisionless plasma coupling aspects between the solar wind and
the ionized part of the lithium at early times. For this reason,
we neglect the neutral lithium and assume the ionized lithium
density to be constant over the time scale of interest (i.e., a few
seconds). The lithium ions and their associated electrons are
initialized cold (ion and electron beta smaller than 10-%); the
lithium ions are given an isotropic Maxwellian velocity distri-
bution at rest in the simulation frame. The average ionized lithi-
um density is taken as 50 cm? and is distributed over 32 km,
with a Gaussian density profile. This ion cloud corresponds to
about 0.03% ionization of the neutrals, assuming a yield of 2
x 10% lithium atoms in the release. The spatial profile of the
number density is consistent with that expected on the basis of
photoionization of a neutral cloud [Decker et al., 1984], and
the cloud size is compatible with in situ observation (G. Haeren-
del et al., unpublished manuscript, 1985).

SIMULATION RESULTS

The time development of the phase space density (v,, x) of
the solar wind and lithium ions, as well as the magnetic field
profile, is shown in Figure 1. The time is scaled in Q;!, where
Q; is the ion gyrofrequency in the solar wind. The top row of
panels, which correspond to a time ¢ = 0.14 Q;! after the re-
lease, indicate very little modification on the solar wind and
lithium distribution. However, the magnetic field is amplified
to about three times its initial value. Behind the field compres-
sion region, there is a magnetic field cavity. At time ¢ = 0.28
Q;!, the deceleration of the solar wind ions within the cloud
becomes apparent. The decrease in the solar wind flow is most
prominent toward the upstream half of the lithium cloud. There
is a slight but noticeable increase in the velocity of the lithium
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Fig. 2. Plots of lithium number density (normalized to its initial maximum value), electric field components (normalized
to the initial magnetic field), electron temperature (normahzed to its initial temperature), and magnetic field (dawn-to-dusk

component) at two different times: (a-¢) at t = 0.28 ;' and (/=) at ¢ = 1.10 Q7!

The x direction is pointing antisunward

and the y direction is toward north. The compressed magnetic field occurs w1thm the lithium cloud and the magnetic cavity
occurs downstream. At the later time, the x component of the electric field is most intense upstream of the magnetic field

compression region.

ion, mainly in the downstream portion of the cloud at this time.
The magnetic field compression has grown. Over a major ex-
tent of the lithium cloud, especially in the upstream half, the
magnetic field is enhanced to a maximum factor of about 5.5.
The magnetic cavity is seen to extend further downstream. At
later times (the third and fourth rows), the lithium cloud is seen
to spread further spatially, with the main population shifted
substantially downstream. This is a result of the partial trans-
fer of the solar wind momentum to the lithium ions evident in
the phase space plots. The primary force that moves the lithi-
um ions is electric, since these ions have negligible ¥, compo-
nent. These changes are accompanied by reflection of some solar
wind ions that flow upstream of the main solar wind popula-
tion. The magnetic field at these later times has a rather com-
plex structure with the magnetic cavity stretching further
downstream.

The location of the cloud in relation to the dynamic struc-
tures in the magnetic field, electric fields (E,, E,), and elec-
tron temperature (77,) is shown in Figure 2 for two time steps.
The electric field can be converted to millivolts per meter by
multiplying the plotted values by 3000. Note that the bulk of
the lithium is located just upstream of the magnetic cavity at
both times. Strong, dynamic electric fields in the direction of
the flow of the solar wind are built up, especially in the up-
stream half of the lithium cloud. It is found that the fluctua-

tions of the electric field are insensitive to variations of resistivity
and cell size in the simulation and are therefore unlikely to be
a numerical artifact. The convection electric field E, is also en-
hanced just near the cloud center, but is much reduced from
its upstream value in the magnetic cavity. Electron heating is
found in regions of high magnetic field.

PHYSICAL INTERPRETATION OF THE RESULTS

The development of the magnetic field compression and the
associated laminar electric fields can be understood from the
following physical considerations. Since the electron gyroradius
is very small, a fluid description in which the magnetic field
and the solar wind electrons move together is adequate. At the
early time (i.e., @; ¢ < 1), the solar wind ions are unaffected
by the magnetic field and penetrate freely inside the lithium
cloud, being neutralized by the electrons inside the lithium cloud.
Meanwhile the solar wind electrons and their associated mag-
netic field pile up in a shell with the magnetic field compressed
near the interface, as shown schematically in Figure 3. The so-
lar wind electrons are heated during this compression by a com-
bination of adiabatic and ohmic heating. The latter results from
anomalous dissipation of the cross-field current responsible for
the field compression and is the dominant factor. This electron
heating is clearly a significant effect in this interaction although
hybrid simulations in general tend to overestimate its absolute
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magnitude. An analytic solution to this problem including the
role of the electron inertia, resistivity, and whistler structure
has been discussed briefly by Papadopoulos [1983, 1985] and
will be presented in detail in a later paper.

The piling-up process must continue until laminar electric
fields or instabilities develop that invalidate the assumption of
undisturbed solar wind ion motion. In our simulations (Figures
1b, 2b), the laminar potential associated with the compressed
shell becomes large enough to stop or reflect the incoming so-
lar wind ions, thereby preventing any further compression. The
laminar forces also accelerate the lithium ions to a significant
fraction of the solar wind velocity at later times. The reflected
ions gyrate and reenter the downstream region causing the de-
velopment of magnetic field structure. The situation is remi-
niscent of the quasi-perpendicular bow shock [Leroy et al., 1981,
1982; Forslund et al., 1984], with roughly 10-20% of the par-
ticles being reflected. The complex local ion counterstreaming
among the reflected and incoming solar wind ions as well as
the relatively stationary lithium ions is the probable cause of
the electrostatic noise seen in Figure 2g at later times. The in-
teraction seen is similar to the classic collisionless piston for-
mation in colliding high Mach number plasma streams [Clark
et al., 1973).

COMPARISON WITH OBSERVATIONS

The in situ spacecraft observations of the magnetic and elec-
tric fields are shown in Figure 4 [Hausler et al., this issue]. This
is taken during the second solar wind release on September 20,
1984. Before the release, the ambient magnetic field is about

A schematic diagram to illustrate the physical process by which the magnetic field compression and cavity are formed.

8.6 nT and is fairly steady. About 2 s after the release, the mag-
netic field decreases to practically zero for about 7 s. Sharp
recovery of the magnetic field component perpendicular to the
solar wind flow is found to be amplified by a factor of 6. The
magnetic field remained compressed for about 11 s, gradually
declining to the prerelease value. The electric field from the plas-
ma wave instrument is found to be enhanced upstream of the
compressed magnetic field region, spatially distinct from the
sharp magnetic field gradient where intense diamagnetic cur-
rent flows.

This time profile of magnetic field can be compared with the
simulation results in the following fashion. The initial drop in
the magnetic field corresponds to the entry of the spacecraft
into the magnetic cavity after about 2 s of the release. As time
progresses, the magnetic field structure is gradually carried
downstream by the solar wind, allowing the spacecraft to sweep
through the magnetic field structure. Note that the peak in the
electric wave field measurements being delayed with respect to
the peak in the magnetic field compression is consistent with
the simulation result that intense electric field fluctuations ex-
ist ahead of the magnetic shell and in the reflection region (i.e.,
the magnetic foot). Although ion counterstreaming is suggest-
&d hicre as the causc of the observed fluciuations ii the electric
field, there are also other likely candidates such as the electron-
ion instabilities studied for the case of quasi-perpendicular shock
waves by Wu et al. [1984].

A number of other significant features of the simulation
results may provide further comparison with in situ mea-
surements.
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Fig. 4. Observations of the solar wind magnetic field and plasma wave intensity after a lithium release

on September 20, 1984 [Hausler et al., this issue].

1. Lithium ions gradually pick up velocities from the solar
wind and move downstream.

2. Electrons are heated in association with the amplifica-
tion of the magnetic field compression.

3. Some solar wind ions are reflected in front of the lithi-
um cloud.

4. Multiple magnetic field structures develop when the
reflected solar wind ions gyrate back into the interaction region.

5. The convection electric field in the solar wind is modu-
lated by the interaction to become very nonuniform.

There is one notable feature in which the simulation results
differ from the observations. The magnetic field compression
in our simulation is reduced within a time scale of the order
of 1 s rather than ~ 10 s as observed in the AMPTE program.
There are several possible explanations for this disparity. First,
the lithium cloud is initially seeded in the simulation experiment
and no additional lithium ions are added later. In the actual
situation, the un-ionized neutral lithium expands from the re-
lease point and becomes ionized gradually. This leads to the
appearance of new shells of lithium ions at increasing distance
from the release site as time progresses. The additional lithium
ions upstream of the initial lithium cloud are likely to enhance
and sustain the magnetic field compression. Secondly, the de-
crease in B in the simulation results is largely due to the up-
stream motion of the reflected solar wind ions. In the
one-dimensional geometry of the hybrid code, these ions are
directly upstream of the lithium cloud and eventually reenter
it. In the actual AMPTE release, the lithium cloud had a finite
extent, so that the reflected ions would move across, and pos-
sibly beyond, the cloud. Certainly, for a portion of the cloud
surface, solar wind ions would be slowed and reflected, but no
ion would be able to return. This would result in a significant-
ly different evolution in B from that seen in the simulation at
later times. In addition, the finite size of the actual lithium cloud
that allows solar wind ions to exert a lateral pressure on the

interaction region would lead to a reduction in the downstream
extent of the magnetic cavity predicted by this one-dimensional
hybrid simulation. Finally, the assumption of no additional lithi-
um ionization within the cloud is equivalent to assuming 7;,,
» 79, where 7, is the ionization time and 7, is the time scale
of the simulated phenomena. While this is well satisfied if 7;,,
is due to photoionization, it is questionable when electron heat-
ing is observed in the compressed shell in the simulations as well
as by the AMPTE instruments near the release location. No-
tice that the electron temperature is of the order of 50-100 eV.
Since their density is equal to the lithium density, the lithium
ionization rate will be given by

M -pyN<oV,>=5x10%x n; N

where N is the neutral lithium density in units of cm™. The
ionization time scale is given by

108
SN

Tion =

For a release yield of ~10% lithium atoms expanding at a
speed of 3.7 km/s, we have

10% 2 x 108
N = N33 3
(3.7 x 10°)°¢t t
Tion _ £
t 10

Thus the ionization due to the hot electrons cannot be ignored
on the time scale of the compression and of our simulations.
The neglect of this effect in our simulations may also be respon-
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sible for rapid reduction of the field compression with a time
scale of the order of 1 s rather than the 6-10 s as observed in
the AMPTE releases. Results with a new version of the code
that includes expanding shells of lithium ions, ionization due
to both hot electrons and photoionization, and two-dimensional
effects currently under progress will be presented in the future.

CONCLUSIONS

The lithium releases in the AMPTE program provide us with
an opportunity to test our theoretical understanding and predic-
tions on the interaction of a cold plasma injected in a hot plas-
ma flowing at super-Alfvénic speed. The plasma physics aspects
of this interaction are emphasized in this study by performing
plasma simulation with a hybrid code. Although the code is
limited to one dimension, it is found that several notable fea-
tures from the simulation results agree remarkably well with
existing in situ observations. This favorable comparison sug-
gests that the simulation captures the essential physics involved
in understanding the early time behavior of this active experi-
ment performed by the AMPTE team. The results also demon-
strate that collective behavior of the two plasmas is of crucial
importance in the early time development of the lithium cloud
in the solar wind.
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