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Ballistic cross-field ion beam propagation in a magnetoplasma 
K. Papadopoulos,“) A. Mankofsky, FL C. Davidson,b) and A. T. Drobot 
Science Applications International Corporation, 1710 Goodridge Drive, McLean, Virginia 22102 

(Received 15 March 1990; accepted 15 November 1990) 

Long range cross-field ion beam propagation in a magnetoplasma has been studied in the high 
kinetic beta regime by using computer simulations and analytic techniques. A new regime of 
long range ballistic beam propagation has been discovered for narrow high-density beams. Ion 
beams with transverse size A 4 R, , where R, is the ion beam gyroradius and mass density 
n,M, > n,M,, where nb (Mb ) ,np ( Mp ) are the particle density (mass) of the beam and the 
ambient ions can propagate ballistically across the ambient magnetic field over distances 
varying from a minimum of (n,/n, )Rb to over an order of magnitude longer depending on the 
extent of initial interpenetration of the beam and the background plasma. The propagation 
mode is characterized by the formation of a front at the head of the beam, which forces the 
plasma to move sideways and prevents beam-plasma interpenetration. The system momentum 
is locally balanced by a corresponding displacement of the head of the beam in the opposite 
direction to the plasma, which is equivalent to erosion of the beam front. The physics of the 
interaction is distinct from the conventional magnetohydrodynamic picture and requires 
kinetic treatment for beam ions. Scaling laws that can be tested by laboratory and space 
experiments are presented. 

1. INTRODUCTION 

The propagation of high-speed neutralized ion beams, 
often called plasmoids, across a magnetic field is among the 
oidest of problems in plasma physics. It first arose in investi- 
gations of the origin of magnetospheric storms and sub- 
storms.‘** Despite the long history of investigation, a clear 
model has yet to emerge. Early theoretical models estab- 
lished by Chapman and Ferraro,’ Ferraro,* Tuck,3 and 
Chapman,4 indicated that a neutralized beam with a large 
width A transverse to the ambient magnetic field B, (A >> R,, 
where Rb is the gyroradius of the beam ions), will, in gen- 
eral, compress the magnetic field but will not propagate sig- 
nificantly. Propagation can potentially occur in the diamag- 
netic regime when fib =-4m,M,u~/B~) 1, where 
nb, Mb, and ub are the density, mass, and cross-field veloc- 
ity of the beam ions. This propagation mode can be properly 
described by magnetohydrodynamics (MHD) and is equiv- 
alent to the propagation of a solid conductor moving across 
B,. During propagation, the beam picks up and carries along 
the ambient plasma and magnetic field, in a fashion similar 
to the pickup of cometary ions by the solar wind.5 The mass 
loading, along with the various pickup ring instabilities, 
soon destroys the beam coherence. Such models emphasize 
the diamagnetic properties of the plasma. 

Nondiamagnetic models were established by Bostick,” 
Schmidt,’ Dolique,’ Baker and Hammel,’ Baribaud et aZ.,‘O 
and Livesey and Pritchett. ’ ’ These models addressed issues 
related with low (fib & 1) to moderate (Bb - l-3) values of 
fib. Of critical importance were the theoretical investigation 
of Schmidt,’ and the experimental results of Baker and 
Hammel.’ They addressed the propagation of neutralized 

*’ Permanent address: Department of Physics and Astronomy, University 
of Maryland, College Park, Maryland 20742. 

h’ Permanent address: Plasma Physics Laboratory, Princeton University, 
Princeton, New Jersey 08543. 

ion beams across a magnetic field for low fib (pb < 1 ), and 
for narrow beams in the sense R,, c/w, < h gR,, where R, 
is the electron gyroradius and w, is the plasma frequency. In 
this case the flow energy is not sufficient to alter the magnet- 
ic field configuration; therefore the ambient magnetic field 
controls the electron and ion dynamics. A polarization elec- 
tric field develops by the differential motion of the magne- 
tized electrons (R,<A) and the unmagnetized ions 
(R, > A). The polarization field E, coupled with the am- 
bient field B,, allows the neutralized beam to move by an 
EXB, drift.’ This mode of propagation was experimentally 
observed by Baker and Hammel.’ Peter and Rostoker” not- 
ed that dielectric shielding as a result of the presence of an 
ambient plasma does not affect the beam propagation as long 
as A > R,/E,, where ep is the low-frequency dielectric con- 
stant of the plasma in the region occupied by the beam. This 
is equivalent to the condition V,,/ VAb < 1, where VAb, VA, 
are the beam and plasma AlfvCn speeds. Scholer’s13 model of 
artificial propagation of ion clouds in the magnetosphere 
belongs to this class of low kinetic fib, sub-Alfvenic propaga- 
tion modes. 

The propagation of neutralized ion beams was studied in 
a series of recent experiments in the range of 0.01 <Pb < 300 
and for various plasma pressures.14 It was found that the 
magnetic field penetrated very quickly into the beam and for 
a range of ambient plasma pressures undeflected propaga- 
tion of the ion beam was accomplished. The propagation 
deteriorated at high plasma pressures corresponding to 
n,/n, < 1, where nb,np are the beam and plasma density cor- 
respondingly. Unfortunately the experimental length was of 
the order of or less than the ion gyroradius, making it diffi- 
cult to interpret the results. 

Anomalous processes are also thought to play an impor- 
tant role in ion beam propagation. Evidence comes from an 
experiment by Birko and Kirchenko15 in which an ion 
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acoustic wave was driven unstable on the surface of a low- 
energy beam in the fi,, < 1 regime, apparently resulting from 
the relative drift between heavy and light ions. A similar 
phenomenon was observed in two-dimensional (2-D) parti- 
cle simulations of cross-field ion beam propagation.16 In this 
case, the wave excitation was attributed to the Buneman in- 
stability. The surface wave penetrated throughout the bulk 
of the plasma and was accompanied by strong electron heat- 
ing and dispersal of the beam. The above result was for the 
case where the magnetic field was perpendicular to the simu- 
lation plane. In another case where the field was in the simu- 
lation plane, many new effects were observed. Among them, 
formation of a strong diamagnetic cavity was accompanied 
by strong beam focusing. Some, rather unreliable as a result 
of low resolution, 3-D simulation results indicate a weaker 
focusing effect. 

Experimental data on cross-field ion beam propagation 
under ionospheric and magnetospheric conditions are main- 
ly due to two recent neutral gas injection experiments, 
AJvIPTE,““~ and Porcupine” and from photographs taken 
following the Starfish nuclear explosion in 1962. The most 
important result of the AMPTE injection is the formation of 
a diamagnetic cavity for the release upstream of the bow 
shock in the solar wind under conditions equivalent to 
fib 9 1. In the release frame, the solar wind slowed down 
from 550 km/set to almost zero, at which point it was divert- 
ed sideways around the release. The dominant interaction 
between the solar wind and the finite radius barium cloud 
occurred ahead of the cavity, and was consistent with the 
excitation of ion and electron cross-field streaming instabili- 
ties. The diagnostics could not determine whether interpene- 
tration of the solar wind and the main cloud occurred at 
early times. There was substantial electron and proton heat- 
ing in the interaction. For details and analysis, see Papado- 
poulos and Lui. *’ The most imp ortant aspect of the Porcu- 
pine experiment was the fast penetration of the magnetic 
iield inside the injected xenon ion beam, which was attribut- 
ed to an anomalous resistivity of the order of the lower hy- 
brid frequency. 2’ Finally, the most impressive aspect of the 
Starfish photographs is the existence of the so-called jets. 
These have been interpreted as ion jets composed of bomb 
debris that propagated over distances greater than 2000 km 
across the geomagnetic field. A similar effect has been ob- 
served in a recent laser experiment at the Naval Research 
Laboratory.22 

The rather confusing state of the experimental and theo- 
retical results discussed previously is mainly due to a wide 
range of conditions under which the various experiments 
were performed and the constraints restricting the validity of 
the various theories. In addition to the critical role of the 
value 0% mentioned previously, many other dimensionless 
ratios, such as &/A, c/w, A, nb/np, and V,,/V,, play an 
important role in determining the controlling physical pro- 
cesses. Furthermore, most of the experimental measure- 
ments are descriptive of transient conditions, while many of 
the theories address the steady state or even the asymptotic 
regime. It is the purpose of this paper to examine the propa- 
gation of dense ( nb > np ), high fib (fl, 9 1 ), narrow 
(22,&o, 4A < u,/fio=RO) neutralized ion beams by two- 
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dimensional computer simulations using a hybrid codesz3 
The simulation results are utilized to produce an under- 
standing of the underlying physical processes and their sen- 
sitivity to changes in the parameters. Emphasis is placed in 
deriving scaling laws. Although the simulations were per- 
formed for parameters relevant to the propagation of neu- 
tralized proton beams in the F region of the ionosphere, as 
will be shown in a later section, the results have much wider 
applicability. 

Il. STATEMENT OF PROBLEM: SIMPLIFICATION, 
PHYSICAL DESCRIPTION, AND ISSUES 

Consider a cold, dense ( nb > np ), high kinetic beta 
(/3, & 1) neutralized ion beam injected into a magneto- 
plasma perpendicular to the direction of the ambient mag- 
netic field B = GY,Bo. The beam has finite dimensions in then 
and y directions given by A and L,, , while its length in the z 
direction is determined by the injection time T [Fig. 1 (a) 1. 
The purpose of the study is to determine the range &ballistic 
beam propagation, i.e., the range over which the beam prop- 
agates undeflected by the presence of the ambient magnetic 
field and plasma. It is obvious that the problem is a three- 
dimensional one and includes a multitude of time and length 
scales. Our approach is to divide the problem into a set of 
simpler problems whose physical understanding can lead to 
the desired answers. This approach allows for the identifica- 
tion of key uncertainties that can be addressed by properly 
designed laboratory or space experiments. 

On the shortest time scale of the problem the dominant 
issue is the charge neutralization of the ion beam when in- 
jected in the plasma. This issue is not dealt with here. We 

Laboratory Frame 
Problem Configuration 

(a) LLZ -----+J 

Beam Frame Initial Conditions 

(bl 

Beam Frame Initial Conditions 

(cl 

Beam uniformly 
interpenetrated 
by plasma at t=O 

u, ii .Ub 
background 
velocity 3 

BG - magnetic ticId 

Beam excludes 
plasma at 1-O 

up = -Ub 
backk!round 
velocity 7 

6~ - magnetic field 

FIG. 1. (a) Problem configuration and (b) and (c) initial conditions. 
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simply assume that the ion beam is charge and current neu- 
tralized on the fastest time scale of the problem. For neutral 
gas releases in space such as AMPTE or the upcoming 
NASA program CRRES, neutralization is automatic since 
the beam is created through the ionization of a neutral gas 
cloud. For beam injection from ion accelerators the situation 
is more complex and has been examined by Humphriesz4 
and Brandon. As a rule for injection of energetic ion beams 
in very dilute plasmas charge and current neutralization is 
achieved very quickly by ejection of electrons from the ion 
gun region. For injection into dense plasmas neutralization 
is achieved by flow of ambient electrons. 

Another early time issue that could affect the interpreta- 
tion of the results is the initial conditions under which the 
simulations were performed. The system can have the fol- 
lowing extreme states at t = 0 [Figs. 1 (b) and 1 (c) ] : (i) the 
magnetoplasma is homogeneously distributed inside and 
outside the beam; (ii) the magnetoplasma has been com- 
pletely excluded from the beam region. It is, of course, possi- 
ble to have any intermediate level of penetration between the 
above extremes. It will be shown that the asymptotic beam 
propagation for the range of parameters mentioned in the 
Introduction is independent of the initial configuration. An 
obvious case consistent with state (i) is again an ion beam 
created by sudden ionization of a stationary or neutral cloud. 
Case (ii) can occur on at least short time scales during ion 
beam injection experiments for at least some injection and 
plasma parameters. 

For the case of beam propagation across an ambient 
magnetic field the problem is essentially a two-dimensional 
one since the dynamics of the beam particles in the direction 
parallel to the magnetic field can be decoupled from the dy- 
namics in the perpendicular direction, at least in the small 
electron gyroradius limit. In fact this is not strictly correct. If 
the beam is expanding parallel to the magnetic field direction 
the beam density decreases with time. Since, as we will see, 
the cross-field propagation range depends on the ratio n,/n, 
and on Pb, which will vary as a result of field aligned expan- 
sion, the two-dimensional model is valid only as long as the 
expansion is slow enough to maintain nb /n, $1 and fi,, g 1 
over the propagation time. We will return to this point later. 
Another constraint of the two-dimensionality of the simula- 
tions is caused by the magnetic field polarization with re- 
spect to the simulation plane. If the magnetic field points 
perpendicular to the simulation plane, i.e., in the direction of 
the ignored coordinate, then plasma motion around the 
beam is possible, allowing for the development of self-consis- 
tent flow without interpenetration of the beam with the am- 
bient magnetoplasma. This is not the case if the magnetic 
field is in the simulation plane [i.e., if B = E,B, in Fig. 
1 (a) 1. In this case, although flow might develop in the y 
direction, it cannot flow around the beam since this simula- 
tion configuration has implicitly assumed that the beam is 
infinitely wide in the y direction. Such a configuration will 
produce unrealistic results for a finite beam in they direction 
and care should be exercised in their interpretation. 

A final issue concerns the role of turbulent processes 
driven by local microinstabilities. Such instabilities arise in 
regions of interpenetration of the beam with the ambient 

magnetoplasma or for the case of injection of a beam into 
vacuum in regions where diamagnetic currents are induced. 
It should be noted that as a result of the existence of overall 
inhomogeneities and the associated nonlocal wave transport 
the microinstability-induced turbulence is not a key factor, 
except under particular circumstances. The hybrid code uti- 
lized allows for sensitivity studies of the role of anomalous 
transport since the value of the electron-ion collision fre- 
quency can be varied. Such studies were first performed in 
the hybrid simulations of the Earth’s bow shock with very 
satisfactory results.26*27 Furthermore, the hybrid code gives 
the value of local cross-field currents and thus allows for an 
assessment of the possible excitation of microturbulence. 

With the previous remarks in mind we proceed to dis- 
cuss the simulation results for the case of cross-field injection 
of a neutralized finite size beam, which at t = 0 was com- 
pletely penetrated by the ambient magnetoplasma. The re- 
sults will serve to establish the physics ground rules under 
which the role of the remaining issues can be assessed, and a 
comprehensive model of the ion cross field propagation can 
emerge. 

III. HYBRID SIMULATION RESULTS FOR B=c$B, 
A set of two-dimensional computer simulations was 

performed using CIDER, a two-dimensional hybrid code 
whose detailed description can be found in Mankofsky et 
al.23 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 momentum 
and energy equations. These equations, along with the ion 
equations of motion, are solved self-consistently on a uni- 
form 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 

+$B= -VXE (1) 

and 

VxB = (47r/c)(J, + Ji), (2) 
where J, and Ji are the corresponding electron and ion 
current densities. The first equation, Faraday’s Law, is used 
to determine the change in magnetic field caused by induc- 
tive electric fields. In the second equation, Amp&e’s law, the 
displacement current has been neglected, implying that 
V*( J, + J, ) = 0. This in conjunction with quasineutrality, 
n, = ni, permits the determination of the velocity u, of the 
electron fluid as a function of the magnetic field and ion 
current density. Furthermore, neglecting electron inertia, 
but retaining electron pressure and collisionality, the electric 
field is found from force balance for the electrons using the 
generalized Ohm’s law, 

E= --U’xB- VP, 
C 

-&q-yf-pes(ue-uu,). (3) 

Here P, is the electron pressure determined from an appro- 
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priate electron energy equation and v,, is the effective colli- 
sion frequency with specie ‘s.” The collision frequency can 
be based on a classical Coulomb interaction or used to ac- 
count 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 phe- 
nomena. It includes ambipolar expansion, magnetic field 
convection, and magnetic field diffusion. The model resolves 
AlfvCn waves, whistlers, and kinetic ion effects, but because 
it is explicit it leads to the limitation At u* < Ax, where At is 
the time step, Ax is the smallest cell size, while u* is the 
maximum of the Alfven and whistler wave phase velocities 
or the fastest ion velocity in the problem. The neglect of 
electron inertia does not allow a proper treatment of the 
electron skin depth so our results are valid only for scale 
lengths much greater than c/w,. 

The system used in the ion beam simulations has period- 
ic boundary conditions in the direction transverse to the flow 
(i.e., the x axis). In the flow direction (z axis) plasma is 
injected from the right boundary at a rate noub and permit- 
ted to leave on the left at the local flux rate. The magnetic 
field is allowed to float at these boundaries. We describe 
below simulation results designed to illustrate quantitatively 
aspects of the high fib propagation model. 

In the simulations presented here, the ambient plasma 
was composed of 0 + with density n,, = lo” #/cm” and 
temperature 0.25 eV, and was embedded in a magnetic field 
B,, = 0.3 G. 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 
a& = IO’, 2X IO’, and 4x 10’ cm/set were studied, while 
the total number of beam particles varied between lo*‘- 
10t9, corresponding to peak beam densities in the range of 
nb z 5 X lo’--8 x 10’ #/cm”. Table I lists the parameters of 
the simulation runs in real (dimensional) and dimensionless 
units. The runsdescribed here were performed with the mag- 
netic field B,, out of the plane of the simulation. All the simu- 
lations were performed in the beam reference frame. In this 
frame, the beam particles are initially stationary while the 
magnetoplasma flows with u = - u,,ZZ, 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. Z(a)-2(c). Figure 2(a) shows the beam isodensity 
contours at t = 0. To facilitate the understanding of the 
physics, diagnostic cuts at the positions labeled l-5 were 
takenalong thexandzaxes. Figures2(b) and 2(c) show the 

10 1 [ j j j / 
8 6  1  0.5 t I / I 

I 
, 

, 
, 

I 
I I I 

, 
I 2  3  4  5  6  7  8  9  

Z.OIRECT,ON ws CM, 

SEAM DfNSlPl PROFl‘fS 
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8 r[ 
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> 
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0 

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 tr,,. (al Beam isodensity contours. This figure also shows the 
locations of the vertical and horizontal diagnostic cuts in the (x-z) plane. 
(bl Beam density profiles along vertical cuts 1-5. (c 1 Beam density profiles 
along horizontal cuts l-5. 

TABLE I. Parameters used for beam propagation simulations, 

Run # Beam velocity Total # ofbeam Peak beam 
( 10’ cm/secl particles ( 10” 1 density n,, 

(lO”#/cm”l n,/n,, V,/V, 

1 I 48 80 800 1.7 
2 2 48 80 800 3.4 
3 4 48 80 800 6.8 
4 1 12 20 200 1.7 
5 1 3 5 50 1.7 

initial beam profiles for cuts l-5 along the x and z axes. The 
basic physics of the interaction becomes clear by referring in 
detail to one of the runs of Table I. Run # 1 is examined first, 
Computer time constraints resulting from the explicit nature 
of the codes limited the runs to time 8~2.5 msec, which cor- 
responds to R,tz 8 or propagation distances of 8R, 
(fib = eB,/M,,c = 3 x lo” set - * is the proton cyclotron 
frequency 1. 

The evolution of the beam for the parameters of run # 1 
can be seen from Figs. 3(a) and 3(b) and Figs. 4(a) and 
4 ( b 1. Figures 3 ( a) and 3 ( b ) show the beam isodensity con- 
tours at times t = 1.25 and 2.5 msec, corresponding to 
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SEAM DENS,* CONm”RS 
TIME = 2.60 x lo-3 SECONDS 

SEAM DENSITY PROFILES 
T,ME = 1.26 x 10-3 SECONDS 

BEAM DENSITY PROFlLES 
TME = 2.50 x 10-J SECONDS 

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

R, t = 4 and 8 and equivalent beam propagation distances of 
4 Rb and 8 R, . It is clear that the beam has been deformed 
but has maintained its macroscopic integrity as a plasmoid 
and followed a ballistic trajectory. Similar conclusions are 
derived from Figs. 4(a) and 4(b), which show the beam 
profiles as a function ofx at the diagnostic cuts. Figures 4(a) 
and 4( b) should be compared with Fig. 2 (b) at t = 0. Notice 
that both the isodensity contours and the density profiles 
show density compression at the center of the beam by al- 
most a factor of 2 (the vertical scale in the figures changes 
according to the peak value). Detailed examination of Fig. 
4(b) shows the presence of a secondary density peak at the 
front of the beam (position #5), which is displaced down- 
ward (i.e., in the negative x direction). This corresponds to 
erosion of the beam front and is also apparent at the front in 
Fig. 3(b). Figures 5(a) and 5(b) show the profile of the 
plasma flow velocity at the horizontal diagnostic cuts for 
times t = 1.25 and 2.5 msec. Examining cuts 3 and 4 demon- 
strates that the plasma is diverted upward in such a way as to 
balance the x momentum of the beam-plasma system. In 
examining Figs. 5 (a) and 5 (b) in detail we notice the follow- 
ing characteristics. First, the lateral plasma velocity along 

12316cl789 

I.DIREcllON ,lO~ CM, 

FIG. 3. Isodensity beam contours for run # 1. (a) At t = 1.25 msec (equiv- 
alently fI,,l = 4 or propagation distance 4R, ). (b) At I = 2.5 msec. 
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FIG. 5. Horizontal profile of the ambient plasma lateral velocity for run 
#l. (a) At I = 1.224 msec. (b) At t = 2.5 msec. 
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cut 1 that lies below the beam is basically unaffected; the 
plasma follows its original flow in this region. Second, there 
is strong upward diversion in the plasma flow along cuts 2,3, 
and 4, which pass through the beam. The plasma diversion 
occurs throughout the region occupied by the beam, and is 
not confined to the front of the interaction. As a result plas- 
ma and field that were initially located inside the beam re- 
gion are moved upward, resulting in progressively lower 
magnetic field and plasma density values inside the beam 

4.5 

1.5 

1 .o 

0.5 

1 2 3 4 5 6 7 8 9 

Z-DIRECTION (105 CM) 

AB, CONTOURS 
TIME = 2.50 x 1O-3 SECONDS 

4.5 

1 2 3 4 5 6 7 8 9 

Z-DIRECTION (105 CM) 
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A0 CONTOURS 
TIME = IL?75 x IO-3 SECONDS 

region. As we will see the conclusion that the plasma density 
and the magnetic field inside the beam are decreasing with 
time has rather profound implications. 

We proceed next to examine the structure of the electro- 
magnetic fields that cause the plasma diversion and the asso- 
ciated beam erosion. The initially uniform magnetic field has 
been modified, as shown in the isomagnetic AB(x,z) 
= B(x,z) - B, contours of Fig. 6. Notice that at the beam 

front there is a field compression region with maximum 

FIG. 6. isomagnetic contours AB for run 
# 1. (Solid lines represent compression of 
themagnetic field.) (a) At t = 1.25 msec. 
(b) At t = 2.5 msec. 
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compression of the order hB /Be = 2.3 X lo- ’ followed by 
a comparable diamagnetic reduction at the back of the beam. 
From Figs. 6(a) and 6(b) we notice that the magnetic con- 
figuration has achieved an essentially stationary state, which 
was established as early as CIb t S 0.3. Furthermore, since the 
electrons and the magnetic field move together, the field 
compression is accompanied by a reduction in the flow ve- 
locity of the electrons. A net u x AB force is thus produced, 
which results in the observed upward plasma diversion. In 
the laboratory frame this is equivalent to the beam front 
diverting the plasma ions sideways while the main beam fol- 
lows an essentially ballistic trajectory. The beam front 
suffers an erosion since momentum is required to balance the 
flow diversion. For fib B 1 the rate of erosion is rather small 
and long range beam propagation can be achieved. It is es- 
sential to notice the highly asymmetric character of the es- 
tablished steady state, which is contrary to the one expected 
from fluid or MHD models. We will return to this point later 
on. 

To understand the phenomenology controlling the scal- 
ing of the ballistic propagation time scale, we examine the 
horizontal beam density profiles [Figs. 7 (a) and 8 (a) ] and 
lateral velocity profiles [Figs. 7(b) and 8 (b) ] 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. 6(a), 7(a), and 8(a), in conjunction 
with Figs. 4(a) and 4(b) shows that the beam density has 
been compressed at the center point, while the longitudinal 
length is preserved. Furthermore, Figs. 7 (b) and 8 (b) dem- 

BEAM VEwcm PROFlLES 
TlME = 1.26 * 10“SEC0NDS 

MIN = -3.8 x 1PCMlSEC 
MAX = 2.3 x 10’CMISEc 

CUT LOCATIONS IN x ,lO’CM, 

1.67 2.08 
I 2.50 

2.92 3 33 

(a) 
1 3 4 6 

I.OIRECTlON WCMI 

MIN. = -6.1 x WCMISEC 
MAX. = 3.6 x 10~CMlSEC 

(b) 

FIG. 7. Horizontal profiles of the (a) beam density and (b) lateral velocity 
for run # 1 at t = 1.25 msec. 
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FIG. 8. Same as Fig. 7 at t = 2.5 msec. 

onstrate that the center of the beam (cut 3) follows a ballistic 
trajectory (i.e., u, = 0), except at the front and the rear. The 
front of the beam is eroding at a downward velocity that has 
saturated at a value u x z 10’ cm/set. As can be seen by ex- 
amining the horizontal downward velocity profile at loca- 
tion #3 in Figs. 7(b) and 8(b) the erosion is penetrating 
backward toward the beam center. 

Let us summarize the key results of run # 1 described 
previously in terms of a simplified model. In the beam frame 
the ambient magnetized plasma flows with a cross-field ve- 
locity up = - u,,ZZ, with the aid of a motional electric field 
E= - (u,XBo)/c= -S~(u,B,)/c,whereu,isthefluid 
velocity of the plasma electrons and of the magnetic flux 
(i.e., u, is the plasma frame velocity). The equations of mo- 
tion of the background plasma ions (charge e, mass MP ) are 

, (4a) 

(4b) 

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

Sx(z) = - 
u, (zh2,,B(z) n u, (z)B(z) = e, (5) 

C C 

In the region z> 0 ahead of the beam-plasma interface, 
U, (z) = - ub and u, = - ub so that the rhs of (4a) is zero. 
Namely, the ions, the electrons, and the flux follow straight 
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ballistic orbits. At the plasma interface, z=: 0, the fluid veloc- 
ity u, reduces to 

& cz) = nb&,/[ nb + np (z) ] (6) 

to maintain charge and current neutrality. This is accompa- 
nied by a diamagnetic current at the front and a field com- 
pression such that B(z)/B,- 1 + nb (z)/n,. From Eq. (4a) 
the reduction in u,(z) produces a net force [e AB(z)/ 
&@]ub in the positive x direction that diverts the plasma 
ions upward. In a high ,0 flow the electrons and the flux 
follow the ion path. For A < R, a change of the plasma frame 
speed of the order hu,/Ub =: A/R, is sufficient to establish a 
quasistationary state in which the background is diverted in 
a highly asymmetric fashion around the beam. The station- 
ary value of the AB/Bo compression is consistent with the 
At&/u ,, -A/R,, requirement. This, of course, implies that 
AB should be linearly dependent on ub and A and weakly 
dependent on the other parameters. Other key elements of 
the model are (i) the interaction at the front prevents further 
interpenetration of the plasma and the beam; (ii) any plasma 
and field that initially penetrated the beam are flowing out of 
the beam region; and (iii) as long as a stationary field struc- 
ture such as shown in Fig. 6 remains the beam will propagate 
ballistically. Front erosion leads to deterioration of the sta- 
tionary structure and termination of the ballistic beam prop- 
agation mode. 

The purpose of runs #2-#5 was to confirm some of the 
features described previously and determine the scaling laws 
that control the range of ballistic beam propagation. We ex- 
amine separately the scaling with beam velocity and beam 
density. 

Runs # l-# 3 all have the same number of beam parti- 
cles (4.8 X lOi ) or an equivalent n,/n, = 800, but the flow 
velocity corresponds to 108, 2 X lo”, and 4 X lo* cm/see, re- 
spectively. Figures 9(a) and 9(b) show the horizontal pro- 
files of the beam density and downward displacement at time 
t = 1.25 msec for run #2. The center density profile and 
center downward velocity are essentially similar to run # 1. 
However, the erosion speed at the front of cut #3 [Fig. 
9(b)] is almost a factor of 2 faster than in run # 1 (Le., 
2X 10’ cm/set vs 1.1 X 10’ cm/set). This is confirmed by 
referring to the same profiles at time t = 2.5 msec [Figs. 
10(a) and lO( b) 1. While there is still substantial beam den- 
sity along the center cut #3 [Fig. 10(a)], the front has 
eroded to such an extent that the beam center is now drifting 
downward at a speed of 10’ cm/set. In the aforementioned 
two runs the erosion rate scales almost linearly with ub. The 
same scaling is evident from an examination of run #3 
( tlb = 4X lo8 cm/set). Figure 11 shows the density (a) and 
downward beam velocity (b) at an earlier time (t = 0.75 
msec). While the density profile is similar to Figs. 7(a) and 
10(a) at t = 1.25 msec, the downward erosion speed is now 
4~ 10’ cm/set, again revealing linear scaling with beam ve- 
locity. As a result of the faster erosion rate the profiles at 
t = 1.25 msec (Fig. 12) are similar to the ones of run #2 at 
2.5 msec (Fig. 11). By the time t = 2.5 msec the beam has 
been displaced and modified substantially. However, it has 
still maintained its plasmoid-like entity, although it is no 
longer following a ballistic propagation path [Fig. 13 (a) 1. 
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TlME = 1.25 x 10-a SECONDS 

-*0 I . , tbI 1.0 2.0 30 10 5.0 j 50 70 8.0 90 
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FIG. 9. Horizontal profiles of (al the beam density and (b) lateral velocity 
for run #2 at t = 1.25 msec. 
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FIG. 10. Same as Fig. 9 at t = 2.5 msec, 
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FIG. 11. Same as Fig. 10 for run # 1 at I = 0.75 msec. 

Id- - 
.5 12- 
i 

to 10 30 40 60 6.0 70 80 90 
Z.OIRECTION ,105 ‘MI 

B E A M  MIACIN PROFILES 
TIME = x 10-1 SECONDS 1.26 

0 

-1 

$j -1 
2 
5 -3 
-g -4 

f -5 

; -6 

-7 

-8 
10 20 60 00 7.0 80 30 4.0 90 

Z.OIREcTION ,101 CMI 

(a) 

yNx : -A’ x 10~CMlSEC 

CUT LOcATlONS IN x lW CM, 

8 4 2 2 2.92 5.33 2.08 I 67 50 

(b) 

FIG. 12. Same as Fig. 11 at t = 1.25 msec. 
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Figure 13 (b) shows AB contours at the same time. They 
should be compared with the contours of the ballistic propa- 
gation mode (Fig. 6). Finally, Figs. 14(a) and 14(b) show 
the plasma flow profiles at t = 1.25 msec for runs #2 and 
#3. It can be seen from these and Fig. 9(a) that, as expected 
from the previous results 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 uh. It should be noted that for the pre- 
vious runs the value of the magnetic field compression at the 
front also scales linearly with ub. 

Next we address scaling issues related to beam-to-plas- 
ma density ratios. Runs # 1, #4, and #5 all have the same 
velocity u,, = 10’ cm/set, but the number of beam particles 
is 4.8 x 1018 #/cm3, 1.2 x 10i8, and 3 x lo”, correspond- 
ington,/n,, -800,200,and50.Figures15(a), 15(b), 16(a) 
and 16(b) show horizontal profiles of beam density and lat- 
eral velocity for run #4 at t = 1.25 and 2.5 msec. A com- 
parison of Fig. 15 with Fig. 7 shows that over the time scale 
of t = 1.25 msec (s1, 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 U, = 2X lo6 cm/set while the front erosion speed is 
1.7 x 10’ cm/set [Fig. 15 (b) 1. In comparing this with runs 
#l-#3 [Figs.g(b),9(b),andll(b)] wenotethatforthe 
high-density cases there was essentially no drift of the center 
of the beam before erosion. The front erosion speeds, how- 
ever, were lo’, 2X lo’, and 4X 10’ cm/set. Namely, a 
change in density by a factor of 4 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 larger downward 
displacement of the beam center will destroy the ballistic 
propagation mode. Figures 17 (a) and 17 (b) show the veloc- 
ity 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. 5 (a) 
and 5 (b) 1. Furthermore, the outflow shows constant accel- 
eration. The previous scalings with density continue for the 
case of run #5 [Figs. 18(a), 18(b), 19(a), 19(b)], which 
has a factor of 4 fewer beam particles that run #4 and 16 
times fewer than run # 1. It should finally be noted that for 
the previous runs the value of the maximum field compres- 
sion was approximately the same. 

In summary, the simulations previously described dem- 
onstrate that the presence of a propagating ion beam with 
nb $ n, sets up an electrodynamic configuration that lateral- 
ly diverts the ambient plasma in such a fashion that no plas- 
ma penetration through the main beam occurs. The lateral 
diversion speed scales linearly with the beam velocity and is 
independent of the beam-to-plasma density ratio. Although 
specific simulation studies with various values of the am- 
bient magnetic field B, were not performed, the physical 
understanding dictates linear scaling of the lateral speed 
with B,,. The beam responds to this configuration in a man- 
ner that is consistent with conservation of momentum in the 
plasma frame. As a consequence of this for time scales that 
are shorter than the front erosion time (i.e., for long thin 
beams) and for n,M, $= n&fo, the plasma is evacuated from 
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netic AB contours for run -#3 at f = 2.5 
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the central beam region with minimum beam displacement. 
In fact, the simulations show that thedynamics ofthe system 

the beam. The beam will subsequently follow a ballistic path 

are such that focusing is produced at the center while mo- 
until erosion of the front destroys it. The erosion rate was 

mentum is balanced by shedding of surface particles from 
found to scale linearly with the beam velocity and by the 
previous argument with B,. 
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IV. AN ANALYTIC VLASOV-FLUID MODEL OF THE 
INTERACTION 

In Sec. III we presented the results of a comprehensive 
set of hybrid computer simulations for the case of an initially 
uniform magnetoplasma flowing past a neutralized ion beam 
at super-AlfvCnic speeds. As mentioned in Sets. I and II, our 
purpose is to produce a study of the beam propagation under 
a wide parameter range and beam injection conditions. Time 
step constraints, such as discussed in Sec. II, prevent us at 
the present time from carrying out a wider range of investi- 
gations. We, however, feel that the investigations presented 
in Sec. III, supplemented by a comprehensive analytic un- 
derstanding, will allow us to obtain the desired results. It is, 
thus, the purpose of this section to provide a theoretical 
framework for describing the limiting cases of the steady 
state cross-field ion beam propagation. In describing the 
model we shall use the subscript ‘T’ to denote the various 
plasma and beam constituents. The basic model treats the 
beam ions 0’ = b) with the Vlasov equation; the background 
ions (i = p) as a cold macroscopic fluid that includes inertial 
and convective effects; and the electrons (j = e) are treated 
as a cold macroscopic fluid immersed in a magnetic field. 
Local charge neutrality with 

n,(x) = n,(x) + n,(x) (7) 

is assumed everywhere. This restricts our analysis to scale 
lengths much greater than the Debye length. The analysis is 
again carried out in the beam frame with the background 
plasma flowing to the left with u,, = II, = - IQ = - u,& 
as z--t CO (Fig. 20). The electrons u = e) are treated as a 
cold, massless fluid moving with velocity 

u, = uE= (c/B,,)Ex~~, (8) 
and satisfying the continuity equation 

u,*V( &/By) = 0, (91 
where n, (x,2) is the electron density and E = - VC#(X,Z) is 
the electric field. 

The beam ions u = 6) are described by the perpendicu- 
lar distribution function Fb (HL /T, ), where HL = Mb 0: /2 
+ e&x,z). The corresponding density profile nb (x,z) and 

perpendicular pressure profile Pb (x,z) are given self-consis- 
tently by 

- :p=-Ub-x 
; 

. ti 

a 

FIG. 20. The beam configuration used in analytic studies. 
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nb=itb [mduFb(u+gj, (10) 
JO \ ib / 

Pb =ftbTb~mdUUFb(U+~), (11) 

which also satisfy the force balance equation 

VP, = nb IelE, 

where E = - V4. 
(12) 

The background plasma ions (j =p) are treated as a 
cold fluid with cross-field flow velocity up satisfying 

n,M,u;Vu, =n,e[E+ (upXB,&)/c], (13) 
and the continuity equation 

V-(n,u,) = 0. (14) 
The electric field is described by VXE = 0 and E = - Vq5. 
Local charge neutrality is assumed, n, = nP + nb, and 
B,, (x,2) is related self-consistently to the ion beam pressure 
and the background ion flow by 

V(B;/k+ Pb) = - n,m,u,*Vu,. (15) 
We next examine a simple limiting case using Eqs. (7)-( 15). 
We first consider the case where there is no ambient plasma, 
i.e., n,, = 0. Some key physics issues can be illustrated by 
referring to a distribution of the beam ions given by 

Fb(2)=eXp( -g-E), (16) 

and an elliptical beam density profile given by 

n, (x,z) = A, exp( - Z/a’ - x2/b ‘). (17) 
Notice that n, (x,z) = const on surfaces with x*/b ’ + 2/u* 
= const. Substituting ( 16) into ( 10) and ( 11) we find 

nb (x,z) = fib exp( - ef$/Tb ) (18) 
and P,, (x,z) = nb (x,z) T,, which corresponds to an isother- 
mal equilibrium with temperature Tb. From Eqs. (17) and 
( 18) and the local neutrality condition Eq. (7) we find the 
distribution of the potential to be 

4(&Z) = $ (5 + $), 
and the corresponding self-consistent electric field 

(19) 

(20) 

The magnetic field B,, (x,z) can be calculated from the pres- 
sure balance Eq. ( 15) with np = 0 and Pb (x,~) = nb (x,z) T, 
as 

)I l/2 

. 

(21) 

The magnetic field depression is produced as follows. From 
Maxwell’s equation, 

VxB,Z,, = - (4?r/c)n,le(cEXZ,JB,, 

giving (B,,/4n) VB, = - n,JellE. Equation (21) follows 
because n, = nb and n,eE = VP, = ( - B,,/47r) VB,,. The 
essential physics aspect of the example is that the extent of 
diamagnetism depends on the ion energy transverse to the 
magnetic field as measured from the reference frame where 
the magnetic field is stationary, i.e., the plasma frame. This 
appears as an ion finite beta effect, fli =: 8&ib T,/B i in Eq. 
(2 1) . The physics can be equivalently described by consider- 
ing each ion as having a magnetic moment proportional to 
u: /B. and summing the diamagnetic currents over the distri- 
bution functions, as described in Spitzer.28 Although the 
present analysis considered cold electrons, which therefore 
produce a negligible diamagnetic current, it can be extended 
in an obvious fashion by considering an electron distribution 
similar to ( 16). In this case the magnetic field will again be 
given by Eq. (2 1) with Tb replaced by Tb + T,, where T, is 
the electron temperature. The following conclusions result 
directly from the above analysis. 

An ion beam injected into a vacuum magnetic field will 
shield and exclude the field if 

fl, +,& = 8r&(T, + Tb)/B2> 1. 
However, the time scale over which the effect takes place is 
radically different, depending on whether /7, or fii domi- 
nates. For the electron case the time scale is of the order of 
few times l/R,, while in the ion case it scales with the ion 
gyrotime l/R,. Furthermore, for situations where a < Bb 
only the electron diamagnetism is important and the mag- 
netic field will not be shielded unless fi, > 1. 

Let us next examine the level of diamagnetism for the 
case of injection into a magnetized plasma with np < nb. If 
fl, > 1 the situation is similar to the vacuum case. For 
p, < 1, we must again rely on the ion beam driving the ap- 
propriate diamagnetic currents. The basic difference 
between the vacuum and the ambient plasma case is the ve- 
locity of the plasma frame. The velocity of the plasma frame 
is 

u ez = [nb/(np + nb)]“ba (22) 

In assessing the role of ions in the formation of diamagnetic 
current for cold ions and electrons the relevant energy that 
will be compared to B :/8rr is the ion energy with respect to 
the plasma frame, given by 

Ei = $nbMb (ub - uez )* + $npMp&, Wd 
which for nb $ np is 

ei = $nbMbug (n,/n, )2 + jn,M,u2,. (23b) 
For fib (n/n, )*> 1 the time scale over which the field will 
be shielded by the beam ions will depend on the beam ion 
gyrotime, while for $,M, U; ) 1 it will depend on the plasma 
ion gyrotime. Finally, for ci/B i/&r < 1, the magnetic field 
will not be shielded. The previous analysis defines the condi- 
tions following the beam injection. We proceed next to apply 
the Vlasov-fluid model given by Eqs. (7)-( 15) to interpret 
the stationary state observed in the simulations discussed in 
Sec. III. 

In general, one has to solve the Eqs. (7)-( 15) subject to 
the following boundary conditions: 

up = U,EUE = - UbZz for z--* + CO, Ma) 
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np=ne=no for Z-+&-CD, (24b) 
and by specifying the ion beam distribution Fb (H, /T, ) . For 
the present purposes, we use the model to interpret quantita- 
tively certain fundamental properties of l-low observed in the 
simulations of Sec. III. 

In Cartesian coordinates the two components of the 
equilibrium force balance equation ( 13) can be expressed as 

( lipx ax 
~+u,$)u,, =f-(Ex -F), (25) 

upx ax L+@pz&)Upz=$-(E,++), (26) 

in the region where the ion density np (x,z) is nonzero. On 
the other hand, from E + II, x B,,Z,,/c = 0, the electron flow 
is described by 

U ex = uEx =cE,/B,,, (27) 
u e= = u,=cE,/B,,. (28) 

Moreover, the continuity equations for the electrons and the 
background plasma ions are given by 

-& (nruEx 1 +$(n,u,) =O, 

3 npUpx 1 + $ (npupz) = 0. 

The magnetic field profile B,, (x,z) is generally related to 
other plasma properties by V (B z/&r + Pb ) = npmp uPVup 
[ Eq. ( 15) 1. For the present purposes, however, we use the 
more rudimentary form of Maxwell’s equation given by 
VB,, x?,, = (4ne/c) (n,u, - ncuE ). Enforcing local charge 
neutrality, n, (x,z) = nP (x,-z) + nb (x,z), we obtain 

aB, _ 4n-e 
---7 [ -np(‘lpx -u,%) ftibu&], 

8Z 
(31) 

C3X 
=$q - n,(u,, - u,%) + nbuEz]. (32) 

Finally, for specified ion beam distribution function 
Fb (H, /T, ), the corresponding density profile nb (x,z) and 
pressure profile P,, (x,z) are determined self-consistently 
from Eqs. (10) and (1 l), which are also consistent with 
VP, = n,eE. 

To determine detailed properties of the background 
plasma flow past the plasmoid, Eqs. (25)-(32) and Eqs. 
( 10) and ( 11) should generally be solved numerically sub- 
ject to the boundary conditions in Eqs. (24). We use this 
model, however, only to make simple analytical estimates of 
the deflection of the background plasma by the plasmoid. In 
this regard, it is convenient to eliminate E, and & in Eqs. 
(25)and (26) bymeansofEqs. (27) and (28).Thisreadily 
gives the components of acceleration as 

apz = 

apx = 

which are equivalent to Eqs. (25) and (26). We are interest- 
ed in situations where ,&b $1 and A = 2b < R,. Because the 
directed velocity in the negative z direction is large and the 
dimension of the plasmoid in thex direction is narrow, only a 
small change in plasma flow velocity in the x direction is 
required to divert the flow around the plasmoid. Denoting 
UPX = AupX and uEX = Au,, this corresponds to 

IAupx Iv IAu, I < ubk (35) 
To estimate the deflection of the background plasma, we 

now focus attention on the region 

z>a, 
-b<x<b, (36) 

where the background plasma is streaming toward the beam 
from the right (Fig. 20). Although the beam ion density is 
large (nb ) np ) in the core region (2 < a2 and x2 < b ‘), it is 
assumed that the density profile nb (x,z) is diffuse and ex- 
tends at reduced levels ( nb < nP ) well into the region de- 
scribed by Eq. (36). We now examine Eqs, (29)~( 34) suffi- 
ciently far to the right of the beam that the deflection of the 
flow in the x direction has just begun, and 1 Au, f and 1 Au, 1 
are small in comparison with ub. To leading order, we there- 
fore neglect the terms (G’/dx) (n, Au, ) and 
(d/c%) ( nP AupX ) in the continuity equations (29) and 
(30), which gives 

(n, -t np)uEr = noub, 

VP2 = hub, (37) 
in the region sufficiently far to the right of the beam. Here, no 
and - ub are the (constant) values of the background plas- 
ma density and flow velocity as z-+ m. Moreover, use has 
been made in Eq. (37) of equilibrium charge neutrality, 
n, (x,z) = nb (x,z) + n,, (x,z). Equation (37) readily gives 
the approximate result 

np (up= - UEz) = nbU.Ez (381 
in the region sufficiently far to the right of the plasmoid. 

We estimate uEr = - ub on the right-hand side of Eq. 
(34), which gives 

upz - uEz = - (n,/n,)u,. (39) 
Because as follows from Eq. (39) ( zip2 - u,) ~0, we con- 
clude that the plasma ions are flowing somewhat faster to the 
left (with average velocity upr) than the electrons (with 
average velocity uEr ) . Namely, the ions have a relative veIoc- 
ity with respect to the plasma frame. Moreover, as long as 
the observation region is sufficiently far out in the tail of 
density profile nb (x,z) of the beam ions that n,/n, Q 1, we 
conclude from Eq. (39) that ( (up, - uEr )/u, 14 1. Equa- 
tions (34) and (39) can be used to estimate the characteris- 
tic size and polarity of the vertical acceleration apX 
=- ub (a /dz) ( AupX ) of a plasma ion fluid element in the 

region sufficiently far to the right of the beam. Substituting 
Eq. (39) into Eq. (34), we obtain the estimate 

(40) 

Because the right-hand side of Eq. (40) is positive, we con- 
&de that apx > 0 and the pIasma ions are deflected upward 
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as the background plasma flows toward the plasmoid in the 
region z > a and - b <x < b. There is a concomitant slowing 
down of the background plasma ions in the z direction, 
which corresponds to aPZ > 0 as the plasma flow approaches 
the plasmoid. Consistent with aPZ > 0, we conclude from Eq. 
(17) that 

Aupx > Au,. (41) 
That is, as the ion fluid is deflected upward with aPx > 0 and 
Au, > 0, the electrons follow with somewhat slower flow 
velocity in the x direction. 

The time rd to deflect the background plasma through a 
vertical distance A = 2b equal to the thickness of the beam 
(AZ 2b) can be readily estimated from Ax = Z, I */z. Here, 
ZpX denotes the average acceleration over the region of de- 
flection. Treating aPx in Eq. (40) as approximately constant, 
we obtain 

Rord = [ (4bR,/u, ) (n&z, ) ] “‘. (42) 

It should also be noted from Eq. (3 1) that the x motion 
of the electrons and the background plasma ions produces a z 
variation of B,, (x,z). Evidently, for n,, Au, > 0, the contri- 
bution from the final term on the right-hand side of Eq. (3 1) 
corresponds to JB,,/dz> 0. On the other hand, for 
11~ (A+ - Au, ) > 0 [ Eq. (41) 1, the contribution from the 
first term on the right-hand side of Eq. (32) corresponds to 
dB,,/dz<O. Depending on the equilibrium profiles for nb 
and np, the competition between these two terms can pro- 
duce the profile shape for B,, in front of the beam illustrated 
in Fig. 21. These analytic results have been presented pre- 
viously in an abbreviated form in Papadopoulos et aZ.29 

V. RANGE OF BALLISTIC ION BEAM PROPAGATION 

From the simulations presented in Sec. III and the anal- 
ysis of Sec. IV, we found that the motion of the beam is 
determined by two independent, at least to zero order, con- 
siderations. 

(i) By the interaction of the beam front with the ambient 
plasma. As a result of this interaction the plasma is diverted 
away from the beam and interpenetration of the beam parti- 
cles with plasma particles that were initially outside the 
beam is limited in a narrow region at the front. Furthermore, 
the magnetic flux is prevented from penetrating the beam. 
This occurs at the expense of beam front erosion, which is 
consistent with local conservation of momentum in the x 

direction. The rate of erosion dz/dt can be estimated by sim- 
ple energy and momentum considerations. From momen- 
tum conservation in the z direction we have 

nbM.+npMp(Ub -uL), (43) 

where ui is the ambient plasma speed in the z direction after 
it has been diverted by the magnetic compression at the 
front. From conservation of energy, 

u;*+u: =u;, (4.4) 
where u, is given from Eq. (25) as 

uf = 2(e AB/m,c)u,A (45) 
(i.e., the transverse energy equals the potential drop). For 
uz <ug, i.e., A/R,< 1, Eq. (44) becomes 

u: = (lib - U;,)E2Ub(Ub - UL), 

so that 

AB u,-ul,=R,-A. (46) 
BO 

The erosion rate is then found from Eqs. (43) and (46) to be 

1 dz n&f AAB nM A --= P--<AL?-. 
ub dt n,M, R, B nbMb R, 

(47) 

Notice that for A/R,< 1 and n,M, <n,M, 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. (48) gives an 
erosion time scale 7 as 

Q,,T>g+. (48) 
2 nP A 

(ii) By the motion of the main beam due to the presence 
of a laminar electricjield E, in the beam frame. This lateral 
motion depends critically on whether plasma has penetrated 
the beam at t = 0. If there is no plasma inside the beam at 
t = 0, the field E, will be totally shielded and the main beam 
will suffer no displacement. In this case the range of ballistic 
propagation is given by front erosion considerations only 
[Eqs. (47) and (48)]. In case that plasma with density nP 
exists initially in the beam, the beam will suffer a displace- 
ment A of the order 

(49) 

as a result of the fact that the plasma and the field are evacu- 
ated from the beam region. The system will approach as- 
ymptotically a state of nP = 0 inside the beam and complete 
field exclusion. The time scale for this is given by Eq. (42). 
By combining these two considerations we can predict the 
range of ballistic propagation under several conditions. 

(a) Ifat t = 0 there is no plasma penetration in the beam 
the range will be controlled by the beam erosion rate [ Eqs. 
(47) and (48) 1. The ballistic propagation range will be 

FIG. 21. The magnetic field configuration at the beam front. 
R’?!&R 

-2 nP A b’ 
(50) 
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For example, for a ratio rib/n,, s 100 and L /AZ 100 the 
beam will propagate ballistically a distance of the order of 
lo4 beam ion gyroradii. Furthermore, for a steady state in- 

jection situation Eq. (47) states that as long as the erosion 
rate is slower than the injection rate the beam will propagate 
ballistically at all times. 

(b) If at t = 0 plasma has penetrated the beam it is criti- 
cal to assess the importance of the beam motion from t = 0 
until the ambient plasma has been evacuated. The asympto- 
tic beam displacement will be given by Eq. (49). As long as 
npMp <n,M,, Ax< A and the asymptotic beam displace- 
ment would not be significant. However, substantial devi- 
ation from the initial trajectory can occur since the beam has 
now a finite speed U, , given by 

u, = - (npMphbMb )u;, (51) 
where u$. is the asymptotic value of the upward deviation of 
the plasma. Since uFX =: A/R,u,, we find that 

ux @MA n A -c -kL...E-.,“-_fl,. 
ub -&Mb R. nb ub 

(52) 

Following this the beam will propagate ballistically con- 
trolled only by beam erosion considerations. The beam will 
deviate from its original path by an angle Af%n,/nb A/R,. 
Notice that this does not correspond to beam divergence but 
to displacement of the beam center. The displacement Asas a 
function of distance z will be given by As = zA$, which cor- 
responds to 

As np z -=--. 
A nb Rb 

If the criterion of ballistic propagation is As/A < 1, the range 
R will be given by 

Rz(n,/n,,)R,, (53) 
where np is the density of the plasma inside the beam at 
t = 0. 

VI. CONCLUDING REMARKS 
In this paper we examined the ballistic range of a neu- 

tralized ion beam withp, $1 propagating through a magne- 
topiasma. It was found that for n,/n, 9 1 and A/R,< 1, the 
beam will propagate by pushing the ambient medium to the 
side. No beam-plasma interpenetration will occur past the 
initial one. Furthermore, the plasma initially inside the beam 
will move out of the beam region on a time scale of a few ion 
gyrotimes. The initial beam divergence in the direction per- 
pendicular to the magnetic field will thus be maintained. The 
range of ballistic beam propagation will be between a maxi- 
mum value given by Eq. (50) for the case where the plasma 
was excluded from the beam region initially, to a minimum 
given by Eq. (53) in the opposite case. Ion beams in the 
mega-electron-volt range with current density of the order of 
lo-‘-lo4 A/cm* will be able to propagate ballistically over 
distances of 500-2000 km. Several of the scaling laws devel- 
oped here can be tested experimentally. In concluding we 
would mention that although the results presented here dealt 
with the case where the magnetic tield was in the simulation 
plane, the existence of a magnetic field component in the x 

direction does not alter the essential conclusions. The only 
difference will be that in the latter case the magnetic field 
lines diverted past the beam will show a small “draping.” 
This has been observed in initial results from three-dimen- 
sional simulations. Furthermore, since interpenetration is 
prevented we do not expect any significant effects resulting 
from microinstabilities. These issues will be discussed in a 
future publication. 
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