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Abstract. The propagation of dense energetic neutral-
ized ion beams or plasmoids injected into a plasma across
the ambient magnetic field under ionospheric conditions
is considered. Using a simple physical model supported
by two-dimensional hybrid simulations, it is shown that
thin dense beams can propagate ballistically over lengths
many times their gyroradius. This occurs when the fol-
lowing conditions are satisfied: A/R 0 < 1, where A is
the cross field beam width and Ro the gyroradius of an
ambient ion having a velocity equal to the beam velocity
ub , and nb Mb /no Mo >> 1, where nb (Mb), no (Mo ) are the
density (mass) of beam and ambient ions. The scaling of
the ballistic propagation lengths and times with beam and
ambient parameters is presented along with comments on
the applicability of the model to space and astrophysics.

Introduction

The propagation of high speed neutralized ion beams,
often called plasmoids, across a magnetic field is among
the oldest of problems in plasma physics. It first arose in
investigations of the origin of magnetospheric storms and
substorms [Chapman and Ferraro, 1931; Ferraro, 1952].
Despite the long history of investigation, a clear model
has yet to emerge. Early theoretical models established
by Chapman and Ferraro [1931], Ferraro [1952], Tuck
[1959] and Chapman [1960], indicated that a neutralized
beam with a large width A transverse to the ambient
magnetic field B o (A Rb, where Rb is the gyroradius
of the beam ions), will in general compress the magnetic
field but will not propagate significantly. Propagation
can potentially occur in the diamagnetic regime when

47rnbMbq 	 1, where nb , Mb, ub are the den-
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sity, mass and cross field velocity of the beam ions. This
propagation mode can be properly described by MHD
and is equivalent to the propagation of a solid conduc-
tor moving across B o . During propagation the beam
picks up and carries along the ambient plasma and mag-
netic field, in a fashion similar to the pick-up of cometary
ions by the solar wind [Cargill et al., 1988]. The mass
loading, along with the various pick-up ring instabilities,
soon destroys the beam coherence. Another propagation
mode proposed by Schmidt [1960] addressed the narrow
beam regime, Re < A << Rb where Re is the electron
gyroradius. This propagation mode occurs in the non-
diamagnetic fib << 1 regime (often called the electrostatic
regime). In this case the flow energy is not sufficient to
alter the magnetic field configuration; therefore, the am-
bient magnetic field controls the electron and ion dynam-
ics. A polarization electric field develops by the differen-
tial motion of the magnetized electrons (R, << A) and
the unmagnetized ions (Rb > A). The polarization field
E, coupled with the ambient field B0 , allows the neutral-
ized beam to move by an E x Bo drift [Schmidt, 1960].
This mode of propagation was experimentally observed
by Baker and Hammel [1965]. Peter and Rostoker [1982]
noted that dielectric shielding due to the presence of an
ambient plasma does not affect the beam propagation as
long as VA p/VA b < 1, where Ku, ,VAp are the beam and
plasma Alfven speeds. Scholer's [1970] model of artificial
propagation of ion clouds in the magnetosphere belongs to
this class of low kinetic 13, subalfvenic propagation modes.

In this paper we examine plasmoid propagation in
the narrow beam regime discussed by Schmidt [1960] but
for the high 13b (flb >> 1) strongly diamagnetic case. It
will be shown first by a simple analytic model, and then
by a set of 2-D computer simulations using a hybrid code
[Mankofsky et al., 1987], that extremely long range propa-
gation across the magnetic field is possible in the strongly
diamagnetic fib 1 regime if n b no and Re << A <
ub /1/0	Ro , where fl o is the cyclotron frequency of the
ambient plasma ions. The propagation physics and the
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self-similar stationary field configurations are completely
different from the high lib MHD regime. Preliminary re-
sults on this propagation mode appeared recently [Pa-
padopoulos et al., 1988].

In the MHD regime where the beam width is much
larger than the beam ion gyroradius, Rb, we expect the
background field to be excluded by ion diamagnetic ef-
fects. As a consequence the background plasma and mag-
netic field will be swept by the beam resulting in strong
coupling at the beam front. In the low 13b situation de-
scribed by Schmidt where the beam propagates because
of the presence of a polarization electric field the inter-
penetration of the beam by the background plasma is also
likely to lead to strong coupling and hence poor propa-
gation. However, for a high f3 ion beam which is nar-
rower than its ion gyroradius, the possibility exists for di-
verting the background plasma and magnetic field asym-
metrically around the beam with minimum coupling or
beam-background interpenetration. In this situation the
high 13b ions have sufficient energy to displace the back-
ground plasma at the beam head. Intuitively we expect
the beam front to erode at a small rate while the beam
body remains undisturbed.

Propagation Model - Physical Description

Consider a cold, dense (nb >> no ), high kinetic beta
(fib 1) ion beam interacting with an ambient magne-
toplasma such as shown in Fig. 1. It is convenient to
perform our analysis in the beam reference frame. In this
frame for B o = Bo ey , the ambient magnetized plasma
flows with a cross field velocity u o = —ub e, , with the
aid of a motional electric field E = —(u, x B0)/c =

(u b Bo )/c, where u o is the fluid velocity of the plasma
electrons and of the magnetic flux. The equations of mo-
tion of the background plasma ions (charge e, mass Mo )
are

dux = e uxByl
E

dt Mo xc

du x e[Ea, + u x By 1
dt Mo c 

(lb)

The value of the motional electric field Ex (z) is given by

E(z) —
u„(z) x e„B(z) u (z)B(z)

= ex . (2)

In the region z > 0 ahead of the beam-plasma interface
(Fig. la), uo (z) =- —u b and uo = —u b so that the r.h.s. of
(la) is zero. Namely, the ions, the electrons and the flux
follow straight ballistic orbits. At the plasma interface,

A ) 

BACKGROUND
PLASMA

,u b = —fsazub

0 	 lb)

Fig. 1. A schematic of the physics involved during the
interaction of the ion beam with the background plasma.

z r:-.10, the fluid velocity u o reduces to

u o (z) =
no + nb (z)

to maintain charge and current neutrality. This is accom-
panied by a diamagnetic current at the front and a field
compression (Fig. lb) such that B(z)/B„ 1+nb (z)/no .
From Eq. (la) the reduction in u o (z) produces a net force
(eAB(z)/Mo c)ub in the positive x-direction which diverts
the plasma ions upwards (Fig. la). In a high )3 flow the
electrons and the flux follow the path of the ions. For
A < Ro a change of the plasma frame speed u, (z) of the
order of Du e /ub A/R0 is sufficient to establish a quasi-
stationary state in which the background magnetoplasma
is diverted to one side of the beam. In the laboratory
frame the above interaction corresponds to the beam front
diverting the ambient plasma and magnetic field sideways
and propagating freely. The beam front suffers an erosion
due to the energy required to divert the plasma sideways.
The resulting loss is, however, minimal for fib >> 1, al-
lowing for long range beam propagation. An important
ingredient of this propagation mode is the highly asym-
metric steady state. This is contrary to the one expected
by fluid or MHD models. It is dominated by kinetic ion
effects. The validity of MHD models can only be expected
for scale lengths, A, larger than the beam or background
ion gyroradius. Furthermore, the MHD equations which
neglect ion inertial effects yield only symmetric solutions.
A fluid treatment which includes ion inertia will allow
asymmetric solutions but will miss the highly nonlinear
and essentially kinetic ion beam behavior at the beam
front. Notice that in the electrostatic (or nondiamag-
netic) case [Schmidt, 1960] where AB 0 and Du e = 0
flow diversion does not occur and the beam and ambient
plasmas will interpenetrate. Interpenetration can cause

no ub
(3)
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instabilities that destroy the coherence of the propagation
mode. Such beam dispersal was observed in the labora-
tory experiments of Birko and Kirchenko [1978] in which
an ion acoustic wave was driven unstable on the surface of
a low-energy beam in the /31, < 1 regime, apparently due
to the relative drift between heavy and light ions. Simi-
lar dispersal was also noted in 2-D particle simulations of
cross field ion beam propagation [Shanahan, 1984]. In this
case, the wave excitation was attributed to the Buneman
instability. The excited surface wave penetrated through-
out the bulk of the plasma, was accompanied by strong
electron heating and resulted in dispersal of the beam.

In the next section we describe representative results
from a series of computer simulations which elucidate the
physical description presented above, and help clarify the
resulting scaling laws. Of utmost importance in the study
is the time over which the beam propagates ballistically.
The definition of ballistic propagation depends on the par-
ticular application or measurement resolution. For exam-
ple, if one is concerned with absence of magnetic effects,
ballistic propagation will occur over a time scale r such
that the lateral beam displacement Azb << Rb. For ap-
plications concerned with delivering the beam energy flux
at a detector located on a ballistic path at a distance
zo = ub t, the criterion will be x b /A < 1 at t = lub

(0 is the lateral beam width). These issues are discussed
in Section 5.

Representative Simulation Results

Since the problem is inhomogeneous, two-dimensional,
and requires kinetic ion treatment, analytic progress past
minor improvements on the above simple and intuitive
picture is not possible. We therefore use numerical simu-
lations. A two-dimensional hybrid simulation code is the
appropriate tool. The details of the code applied to the
problem can be found in Mankofsky et al. [1987]. Briefly,
the ions are treated as discrete particles, using standard
particle-in-cell techniques to follow their motion in the
electromagnetic (EM) fields. Summing over the particles
provides the ion charge and current density. The electrons
are treated as a massless fluid, described via the momen-
tum and energy equations. These equations, along with
the ion equations of motion, are solved self-consistently
on a uniform two-dimensional grid for the ion velocity
vectors, the EM fields, and the electron pressure, in the
nonradiative limit (i.e., Darwin Hamiltonian).

The equations solved in the simulation are:

-c -at B -v x E

and

V x B = —41r (J. + J i )

The first equation, Faraday's Law, is used to determine
the change in magnetic field by inductive electric fields.
In the second equation, Ampere's Law, the displacement
current has been neglected implying the condition
V • (J, + J,) = 0. This in conjunction with quasineu-
trality, n. permits us to determine the velocity, u.,
of the electron fluid as a function of magnetic field and ion
current density. Further neglecting electron inertia, but
retaining electron pressure and collisionality the electric
field is found from force balance for the electrons using a
generalized Ohm's Law,

uo V Po m.
BE=--x   ThEz„(u„ _ u„)

ndel le[

Po is the electron pressure determined from an appropri-
ate electron energy equation, and v e , is the effective col-
lision frequency with specie "s". The collision frequency
can be based on classical Coulomb interaction or used to
account for nonlinear plasma coupling through the use
of an anomalous prescription. The electric field contains
both an electrostatic as well as an inductive component.
This model can account for an extremely large range of
physical phenomena. It includes ambipolar expansion,
magnetic field convection, and magnetic field diffusion.
The model resolves Alf<ren waves, whistlers, and kinetic
ion effects, and because it is explicit leads to the limi-
tation bar < Ox, where At is the timestep, Az the
smallest cell size, while V* is the maximum of the AlFren
and whistler wave phase velocities or the fastest ion ve-
locity in a problem. The omission of electron inertia does
not allow a proper treatment of the electron skin depth
so we limit our results to scale lengths much greater than

c/cope •
The system used in the ion beam simulations has

periodic boundary conditions in the direction transverse
to the flow (i.e., x-axis). In the flow direction (z-axis)
plasma is injected from the right boundary at a rate n o ub

and permitted to leave on the left at the local flux rate.
The magnetic field is allowed to float at these bound-
aries. We describe below simulation results designed to
illustrate quantitatively aspects of the high # propagation
model.

In the simulations presented here, the ambient plasma
was composed of 0+ with density no = 106 #/cm3 and
temperature 0.25 eV, and was embedded in a magnetic
field Bo = 0.3 Gauss. These are parameters typical of the
ionospheric F-region. The beam was composed of protons
and was given a Gaussian profile in the x and z directions.
Beam velocities ub = 108 , 2 x 108 and 4 x 108 cm/sec were
studied, while the total number of beam particles varied
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MIN. = 0
MAX. = 8.0 x 10 1 ff/CM3

here were performed with the magnetic field Bo out of the
plane of the simulation. (Runs were also performed with
the magnetic field in the plane of the simulation. We
will comment on these later.) All the simulations were
performed in the beam reference frame. In this frame,
the beam particles are initially stationary while the mag-
netoplasma flows with u = -ub ez , with the aid of an
appropriate motional electric field. The geometry and
the initial conditions of the beam in the simulations are
shown in Figs. 2a-c. Figure 2a shows the beam isoden-
sity contours at t = 0. To facilitate the understanding of
the physics, diagnostic cuts at the positions labeled 1-5
were taken along the x and z axes. Figures 2b, c show
the initial beam profiles for cuts 1-5 along the x and z
axes. The physics of the interaction described in Section
2 becomes clear by referring to typical simulation results.

CUT LOCATIONS IN Z 110 3 CMI
7 -

- 8
2

• 5-

:a- 4 -

3

2-

MIN = 0
MAX. = 1.0 x 103 ff/CM 3

INC. 	 = 1.0 x 10 1 ff/CM 3
1.87
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8.87
8.33

a2
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b
	

6
b

OIS 	 1,0 	 1.5 	 2.0 	 2.5 	 3.0 	 3.5 	 4.0	 4.5

X -DIRECTION 1103 CMI

MIN. - 0
MAX. = 1.5 x 103 ff/CM 3

INC. 	 = 1.5 x 10 1 ///CM 3

0	 5.0 	 9.0

Z DIRECTION 110 1 CMI

Fig. 2. Initial beam profiles for all runs. The parameters
correspond to run #1. For the other runs they can be
scaled according to the value of the peak beam density
nb . (a) Beam isodensity contours. This figure shows also
the locations of the vertical and horizontal diagnostic cuts
in the x--z plane. (b) Beam density profiles along vertical
cuts 1-5. (c) Beam density profiles along horizontal cuts
1-5.

between 10 17 - 10" , corresponding to peak beam densi-
ties in the range of nb Pe, 5 x 106 - 8 x 10 7 #/cm3 . Table 	 Fig. 3. Isodensity beam contours for run #1. (a) At
I lists the parameters of the simulation runs in real (di- 	 t = 1.25 msec or (equivalently fi b t = 4 or propagation
mensional) and dimensionless units. The runs described 	 distance 4R6 ). (b)At t = 2.5 msec.

Z-DIRECTION 110 3 CMI
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Run #1 of Table I is examined first. Computer time con-
straints limited the runs to times t < 2.5 msec, which
corresponds to ilbt PJ 8 or propagation distances of 8 Rb
(flb = eBo lMb c = 3 x 103 sec -1 is the proton cyclotron
frequency).

The evolution of the beam for the parameters of run
#1 can be seen from Figs. 3a, b and 4a, b. Figures 3a,
b show the beam isodensity contours at times t = 1.25
and 2.5 msec, corresponding to fl b t = 4 and 8 and equiv-
alent beam propagation distances of 4 and 8 Rb. It is
clear that the beam has maintained its macroscopic in-
tegrity as a plasmoid and followed a ballistic trajectory.
Similar conclusions are derived from Figs. 4a, b, which
show the beam profiles as a function of x at the diag-
nostic cuts. Figures 4a, b should be compared with Fig.
2b at t = 0. Notice that both the isodensity contours
and the density profiles show density compression at the
center of the beam by almost a factor of two (the ver-
tical scale in the figures changes according to the peak
value). Detailed examination of Fig. 4b shows the pres-
ence of a secondary density peak at the front of the beam
(position #5) which is displaced downwards (i.e. in the

BEAM DENSITY PROFILES
TIME = 2.50 x 10 -3 SECONDS

b

negative x-direction). This corresponds to the front ero-
sion discussed in the simplified model of Section 2 and
is also apparent at the front in Fig. 3b. The erosion
of the beam front provides the momentum that balances
the diversion of the flow of the ambient magnetoplasma
in the positive x-direction. The erosion rate can be com-
puted quantitatively by resorting to Figs. 2b and 4a, b
and examining the temporal evolution of the density of
the beam front at diagnostic location 5. The stationary
magnetic field structure, which causes the flow diversion,
is shown in the form of isomagnetic contours AB(x,z),
i.e. the difference between B(x, z) and the initial homo-
geneous B o , in Figs. 5a, b. Notice the compression of the
magnetic field at the front followed by a diamagnetic cav-
ity at the back. As described in Section 2, for A < Ro the

4.5
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O

-7.1 x 10 -1 G
MAX. = 7.5 x 10 -2 G
INC. 	 = 3.7 x 10, G

Fig. 4. Vertical beam density profiles at the diagnostic
locations for run #1. (a) At t = 1.25 msec. (b) At t = 2.5
msec.

Fig. 5. Isomagnetic contours AB for run #1. (Solid
lines represent compression of the magnetic field over the
ambient, while dotted lines represent magnetic field de-
pression). (a) At t = 1.25 msec. (b) At t = 2.5 msec.
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BEAM DENSITY PROFILES
	

BEAM DENSITY PROFILES
TIME - 1.25 x 10 -3 SECONDS

	
TIME = 2.50 x 10 -3 SECONDS

Fig. 6. Horizontal profiles of the beam density (a) and
lateral velocity (b) for run #1 at t = 1.25 msec.

compression level saturates at the value of AB/B0 neces-
sary to divert the incoming plasma ions sideways to the
point that they do not penetrate into the beam. It should
be noted that the magnetic field structure, which was set
up as early as a Sli; 1 , remained essentially stationary over
the length of the simulations.

To understand the phenomenology controlling the scal-
ing of the ballistic propagation time scale, we examine the
evolution of the horizontal beam density profile (Figs. 6a,
7a) and lateral drift velocity (Figs. 6b, 7b) at the center
cut (location #3, representing the maximum of the beam
density and momentum flux) at times 1.25 and 2.5 msec.
A comparison of Figs. 3a, 6a and 7a in conjunction with
Figs. 4a, b shows that the beam density has been com-
pressed at the center point, while the longitudinal length
is preserved. Furthermore Figs. 6b and 7b demonstrate
that the center of the beam follows a ballistic trajectory
(i.e. ux = 0) except at the front and the rear. The front
of the beam is eroding at a downward velocity which has
saturated at a value u x 107 cm/sec. As can be seen
by examining the horizontal downward velocity profile at
location #3 in Figs. 6b and 7b, the erosion is penetrating
backwards towards the beam center.

Let us finally examine the flow behavior of the ambient
plasma. Figures 8a, b show the flow speed at t = 1.25 and

Fig. 7. Same as Fig. 6 at t = 2.5 msec.

1.0 	 2.0	 3.0 	 4.0 	 5.0	 6.0 	 7.0 	 8.0 	 9.0

2.01RECTION (10 5 CMI

Fig. 8. Horizontal profile of the ambient plasma lateral
velocity profiles for run #1. (a) At t = 1.25 msec. (b) At
t = 2.5 msec.
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2.5 msec at the horizontal cuts. It can be seen that the
plasma is diverted upwards at the front with an increasing
speed, reaching a value of about 2 x 10 7 cm/sec towards
the beam center. This implies that if we started with a
beam penetrated by ambient plasma, the ambient plasma
ions and their neutralizing electrons will move outside the
beam. Since, as can be seen in Fig. 8, there is no upward
plasma flow from below (i.e. cut #1) toward the beam
center, the plasma density inside the beam center will be
reduced until there is no more plasma in the beam. This
of course will occur only if the front erosion time scale is
longer than the plasma evacuation time. We will return
to this point later.

Scaling Considerations

The previous discussion identified two critical issues
which control the scaling of ballistic beam propagation.
The first refers to the scaling of the downward drift of the
beam center (i.e. position at the intersection of horizontal
and vertical cuts #3) and the upward drift of the plasma.
The second refers to the rate of front erosion. As long as
the front has not eroded, the beam center will propagate
along a trajectory determined by the self-consistent elec-
tromagnetic fields at the center of the beam or plasmoid.

Fig. 9. Horizontal profiles of the beam density (a) and
lateral velocity (b) for run #2 at t = 1.25 msec.

BEAM DENSITY PROFILES
TIME = 2.50 x 10 -3 SECONDS

Fig. 10. Same as Fig. 9 at t = 2.5 msec.

We examine separately the scaling with beam velocity
and with beam density.

Runs #1-3 all have the same number of beam parti-
cles (4.8 x 1018 ) or an equivalent nb in.0 = 800, but the
flow velocity corresponds to 108 , 2 x 108 , and 4 x 108

cm/sec respectively. Figures 9a, b show the horizontal
profiles of the beam density and downward displacement
at time t=1.25 msec for run #2. The center density pro-
file and center downward velocity are essentially similar
to run #1. However, the erosion speed at the front of
cut #3 (Fig. 9b) is almost a factor of two faster than
in run #1 (i.e. 2 x 107 cm/sec vs 1.1 x 107 cm/sec).
This is confirmed by referring to the same profiles at time
t = 2.5 msec (Figs. 10a, b). While there is still substan-
tial beam density along the center cut #3 (Fig. 10a), the
front has eroded to such an extent that the beam center
is now drifting downwards at a speed of 10 7 cm/sec. In
the above two runs the erosion rate scales almost linearly
with ub . The same trend is evident from an examination
of run #3 (ub = 4 x 108 cm/sec). Figure 11 shows the
density (a) and downward beam velocity (b) at an earlier
time (t = 0.75 msec). While the density profile is simi-
lar to Figs. 6a and 10a at t = 1.25 msec, the downward
erosion speed is now 4 x 10 7 cm/sec, again revealing lin-
ear scaling with beam velocity. As a result of the faster
erosion rate the profiles at t = 1.25 msec (Fig. 12) are
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Fig. 12. Same as Fig. 11 at t = 1.25 msec.

similar to the ones of run #2 at 2.5 msec (Fig. 11). By
time t = 2.5 msec the beam has been displaced and mod-
ified substantially. However, it has still maintained its
plasmoid-like entity, although it is no longer following a
ballistic propagation path (Fig. 13a). Figure 13b shows
AB contours at the same time. They should be compared
with the contours of the ballistic propagation mode (Fig.
5). Finally, Figs. 14a, b show the plasma flow profiles at
t = 1.25 msec for runs #2 and #3. It can be seen from
these and Fig. 9a that, as expected from the previous re-
sults and momentum conservation, the diversion velocity
of the plasma at the front as well as the outflow velocity
of the plasma from the beam center scale almost linearly
with u b . It should be noted that for the above runs the

Fig. 13. Isodensity (a) and isomagnetic AB (b) contours
for run #3 at t = 2.5 msec (solid lines represent com-
pression while dashed lines represent depression of the
ambient magnetic field).
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Fig. 15. Horizontal profiles of the beam density (a) and
lateral velocity (b) for run #4 at t = 1.25 msec.
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Fig. 16. Horizontal profiles of the beam density (a) and
lateral velocity (b) for run #4 at t = 2.5 msec.
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Fig. 14. Horizontal profile of the ambient plasma lateral
velocity at t = 1.25 msec. (a) For run #2. (b) For run
#3 .

value of the magnetic field compression at the front also
scales linearly with ub•

We next address scaling issues related to beam-to-
plasma density ratios. Runs #1, 4 and 5 all have the
same velocity u, = 108 cm/sec, but the number of beam
particles is 4.8 x 10 18 , 1.2 x 1018 and 3 x 10" , correspond-
ing to n b /no oce. 800, 200, and 50. Figures 15a, b and 16a,
b show horizontal profiles of beam density and lateral ve-
locity for run #4 at t = 1.25 and 2.5 msec. A comparison
of Fig. 15 with Fig. 6 shows that over the time scale of
t = 1.25 msec (fib t = 4) the beam density profiles are
basically self-similar for runs #1 and 4. However, in the
lower density case (run #4), the center of the beam drifts
with ux = 2 x 106 cm/sec while the front erosion speed is
1.7 x 10 7 cm/sec (Fig 15b). In comparing this with runs
#1-3 (Figs. 6b, 9b, 11b) we note that for the high den-
sity cases there was essentially no drift of the center of the
beam before erosion. The front erosion speeds, however,
were 107 ,2 x 10' and 4 x 10" cm/sec. Namely, a change
in density by a factor of four resulted in a 70% change
in the front erosion rate. Referring to Fig. 16 we note
that while most of the energy density still remains at the
beam center, a combination of a faster erosion rate and a

BEAM DENSITY PROFILES
TIME - 1.25 x 10 -3 SECONDS
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Fig. 17. Horizontal profiles of the ambient plasma lateral
velocity for run #4 (a) t = 1.25 msec (b) t = 2.5 msec. 	 lateral velocity (b) for run #5 at t = 1.25 msec.
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Fig. 18. Horizontal profiles of the beam density (a) and

larger downward displacement of the beam center will de-
stroy the ballistic propagation mode. Figures 17a, b show
the velocity displacement profiles of the ambient plasma
at t = 1.25 and 2.5 msec for run #4. Notice that they
are qualitatively and quantitatively similar to the ones
for run #1 (Figs. 8a, b). Furthermore, the outflow shows
constant acceleration. The above scalings with density
continue for the case of run #5 (Figs. 18a, b; 19a, b),
which has a factor of four fewer beam particles than run
#4 and sixteen times fewer than run #1. It should fi-
nally be noted that for the above runs the value of the
maximum field compression was approximately the same.

In summary, the simulations described above demon-
strate that the presence of a propagating ion beam with
nb no sets up an electrodynamic configuration that lat-
erally diverts the ambient plasma in such a fashion that
no penetration of the main beam occurs. The lateral di-
version speed scales linearly with the beam velocity and
is independent of the beam-to-plasma density ratio. Al-
though specific simulation studies with various values of
the ambient magnetic field Bo were not performed, the
physical understanding dictates linear scaling of the lat-
eral speed with Bo . The beam responds to this config-
uration in a manner that is consistent with conservation
of momentum in the plasma frame. As a consequence of

Fig. 19. Horizontal profiles of the beam density (a) and
lateral velocity (b) for run #5 at t = 2.5 msec.
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this, for time scales that are shorter than the front erosion
time (i.e. for long thin beams) and for nb Mb >> noMo ,
the plasma is evacuated from the central beam region
with minimum beam displacement. In fact, the simula-
tions show that the dynamics of the system are such that
focusing is produced at the center while momentum is
balanced by shedding of surface particles from the beam.
The beam will subsequently follow a ballistic path un-
til erosion of the front destroys it. The erosion rate was
found to scale linearly with the beam velocity and by the
previous argument with Bo , while it is inversely propor-
tional to (nb /no ) at the front.

Time Scale for Ballistic Propagation

From the previous analysis we can derive the following
general conclusions concerning the time scale for cross
field ballistic propagation of a neutralized ion beam of
width A and length L with density nb and ion mass Mb.

(i) The plasma will be evacuated from the beam center
at an average rate given by

d2 	e.E.

dt2 	Mo

where

E, = ub
 AB

The evacuation time scale r 1 for a beam of lateral
width A is easily computed from Eqs. (4) and (5) as

	fi b ri < (2—A )h/ 2	.
Ro Mb

Mo 	
(6)

During this time, the beam displacement Ax t, is given
by

A Xb nb Mb

A	 n°
	 MO 	 (7 )

For times greater than r 1 , no further displacement
occurs until the beam front is eroded.

(ii) The front of the beam acts as a shield that allows the
bulk of the beam to propagate as described above.
The rate of beam erosion can be estimated by simple
energy and momentum considerations. The beam
erosion rate dz/dt is given by balancing momentum
in the z-direction, i.e.

nbMb—
dt 

= noMo (ub — ub )
dz 	

(8)

where ub is the ambient plasma speed in the z-
direction after it has been diverted by the magnetic

compression at the front. From conservation of en-
ergy,

o2 2ub	= ub

where us is given from Eq. la as

ui
eBA 	 A

	

= 2— Ub	 (10)
Mo

(i.e. the transverse energy equals the potential drop).
For u: < t4, i.e. A/Ro << 1, Eq. (9) becomes

u: = (ub — )(ub +	 2ub (ub — ub ) ,

so that

AB
	Ub — tilt, = 110 —

Bo 	
.	 (11)

The erosion rate is then found from Eqs. (8) and
(11) as

1 dz noMo A AB no Mo A	
(— =	 < 	 12)

ub at nbMbnbMb R.

Notice that for AIR. < 1 and no Mo < nbMb the
erosion rate is a very small fraction of the beam
speed. For a beam of length L we can define a beam
erosion time as the time to penetrate to z = L/2
from the front. Then Eq. (12) gives an erosion time
scale r2 as

nbr2 > — — — •2 no A
	1 n b L 	 (13)

An alternative interpretation of Eq. (12) applies to
the case of constant beam injection. Under condi-
tions such that Axb /A << 1 as given by Eq. (8),
Eq. (12) states that a beam injected into a magneto-
plasma with an injection rate faster than the erosion
rate will propagate ballistically at all times.

Summary and Conclusions

We presented above a physical model, supported by
computer simulation studies, which demonstrated that
dense (nb Mb >> no M0 ), thin (A/R° < 1, A/ L << 1) neu-
tralized ion beams or plasmoids can propagate ballisti-
cally if injected in the ionosphere or magnetosphere across
the ambient magnetic field. The results presented were
based on two-dimensional hybrid simulations performed
in the plane perpendicular to the magnetic field. We are
in the process of performing three-dimensional simula-
tions as well as extending the simulations of the scaling
discussed above to other Mb /M0 ratios, different values of

(4)

(5)

(9)
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Bo and other values of /Ro . These, along with specific
applications to active experiments, plasmoid propagation
and astrophysical jets, will be published elsewhere.

Before closing we should remark that two-dimensional
simulations were also performed with the magnetic field
in the simulation plane. Lateral diversion consistent with
the earlier simulation results was observed. The only
additional feature was that the field lines were slightly
draped around the beam as they drifted upwards. As ex-
pected, the mode of beam propagation was not affected
to any observable degree.
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