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Interhenispheric transport of relativistic electron beams 
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Abstract. Relativistic electron beam injection simulation 
results are presented from a new interhemispheric transport 
model, with a spatial domain reaching from 90 km to 90 km in 
the conjugate ionospheres. A single beam pulse is injected 
upward at 700 km during the first time step (10 -4 s) and allowed 
to scatter and decay through collisional interactions with neu- 
tral particles and the core plasma. The maximum pulse dura- 
tion for collisional processes to prevail over the wave-beam 
instabilities is estimated, and the assumed pulse length is well 
within this limit. For an L=2 field line, the e-folding time of a 
5 MeV beam is 265 s, which is much bigger than the bounce 
period (0.19 s) and comparable to drift period around the Earth. 

1. Introduction 

In the late 1980s the mildly relativistic (1-10 MeV) elec- 
tron beam linear accelerators (LINACs) had been reduced in 

size to the point where they could be feasibly flown onboard 
spacecrafts, sub-orbital rockets, and balloons. The dynamics 
of these electron beams injected into the atmosphere from the 
ionosphere was then studied by Banks et al. [1987, 1990]. 
Neglecting magnetic field effects, it was determined that colli- 
sional processes caused significant radial expansion of the 
beam. Neubert et al. [1996] showed, using both Monte Carlo 
simulations and an analytical description based on the enve- 
lope equation [Humphries, 1990], that a background magnetic 
field could significantly reduce beam expansion. Recently, 
Habash-Krause [1998] extended this work to much higher en- 
ergies (1-100 MeV) and currents (1-10 kA), exploring beam 
stability issues and a variety of inelastic collision processes 
to determine bremsstrahlung, X-ray, and optical emission 
rates. In these studies, however, the authors were focusing 
only on downward beam propagation from altitudes of 60 km 
[Neubert et al., 1996] and 350 km [Habash-Krause, 1998]. 

In the work presented here we study a single beam pulse 
propagation injected upward at 700 km using a Boltzmann ki- 
netic equation model [Khazanov and Liemohn, 1995] that has 
been extended to include relativistic effects. This model al- 

lows for study of the time-dependent behavior of the beam flux 
and its secondaries in the ionosphere-magnetosphere system. 

For these initial calculati•s, only the relativistic primary 
electrons are considered in' the model, concentrating on the 
collisional damping of the beam particles. While wave-parti- 
cle interactions are often important in relativistic electron 
transport, this study focuses on the collisional damping of the 
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beam, which is the dominant process when the beam is stable 
to plasma wave generation. 

2. Mathematical formulation 

The kinetic equation, which includes the effects of elastic 
and inelastic collisions with both neutral and charged part- 
icles, transport in the inhomogeneous geomagnetic field, and 
particle sources [Khazanov and Liemohn, 1995] can be 
generalized and adopted for relativistic electrons [Beliaev and 
Budker, 1956; Hamilton et al. , 1990; McTiernan and 
Petrosian, 1990], 
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where cp=-cp(t, E, It, s) is the differential flux of electrons; It is 
the pitch angle cosine; E is the electron energy; e=l+E/(mc2); 
m is the electron mass; s is the coordinate parallel to the geo- 
magnetic field B; c is the speed of light, and A=2zce41nA= 
2.6x10 -12 cm2eV 2. The distribution function of relativistic 
particles injected in an ionosphere-magnetosphere plasma 
changes due to Coulomb scattering with thermal electrons and 
ions, elastic and inelastic interaction with neutral particles 
and ions, bremsstrahlung and cyclotron radiation [Petrosian, 
1985]. The input of the two last processes to the evolution of 
a relativistic beam with a mean energy less than 10 MeV is 
small and the corresponding terms have been omitted in (1). 

The collisional coefficients are contained in the S vari- 

ables. The term S E represents the relativistic electron energy 
loss due to collisions with free electrons, SEee; neutrals, SEeN 
(per atom); and oxygen ions, SEeo .. The momentum exchange 
is presented by the term S• and includes the interaction with 
free electrons, Smee; hydrogen and oxygen ions, Smell +, Smeo+; 
and neutrals, SmeN (per atom). The expressions for Coulomb 
scattering and ionization losses are well known [Rossi and 

Olbert, 1970; Landau and Lifshitz, 1981 ] and SE, Su can be 
presented as: 
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Figure 1. Total beam particle evolution with (solid line) and 
without (dotted line) collisional interactions. 

and 

= = n .+ S?e + = '?' Seo + eH+ 

S•N = ZnaZa(Za +l)ln1404e2-1 
a=O,N (3b) 

Here n a , T a and Z a am the density, temperature, •d charge 
of pa•icles of species a (electrons, ions, and neutral atoms of 
oxygen and nitrogen). All quantities in (3) are in Gaussian cgs 
units except energy •d temperature, which are in eV. 

In order to decrease undesirable computational effects asso- 
ciated with approximation egors of the derivatives a/as •d 
•/•, it is convenient to change variables from (g •) to (s, •) 
[Khazanov et al., 1979, 1993], with •0 denoting the cosine of 
the pitch angle at the magnetic equator of the flux tube. This 
change of variables is desirable because ½(g •) now is a 
slowly varying function with s (• is the adiabatic invariant). 
In this case, (1) becomes 

= OsLs½+0j + 

] Xo •Xo 
(4) 

and can be solved numeric•ly as described below, with 
appropriate initial •d bounda• conditions [such as those of 
Khazanov and Liemohn, 1995]. 

Equation (4)is solved with a generalized multi-stream 
approach taking into account energy degradation, pitch-angle 
focusing, pitch-angle diffusion, •d field-•igned transport. 
With the following finite-difference approximations, 

• at ' •s E• -E•+• (Sa) 

a_• { ½i -- ½i-ty , O' = ]20 o•s = Si - Si-tY I0l (5b) 

where the subscripts n, i, and j are the time, space, and energy 

grid step indices, (4) is reduced to 
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yields a tridiagonal matrix that is readily solved. In (7), 
81=00,k-00,k. 1 and •2=00,k+l-00,k . At each energy step, the 
calculation is swept in both directions along the field line, 
solving (6) for each hemisphere of flow (P0>0 and P0<0), shar- 
ing information at the •=0 boundary and iterating until the en- 
ergy level has converged at all points in the s-•0 plane. More 
details of this derivation are found in Khazanov et aL [ 1979; 
1993] and Gefan and Khazanov [ 1990]. To avoid large numer- 
ical diffusion and to obtain second-order accuracy in the time 
and space steps in (4), the two-step Lax-Wendroff method was 
used [Lax and Wendroff, 1960], which time (space)-centers the 
integration by defining intermediate values of the dependent 
variables at the half time (space) steps t n+l/2 (sn+l/2). After 
each main step the intermediate values of ½ are discarded and 
form no part of the solution [Potter, 1973] and thus were omit- 
ted in (5) for simplicity. 

3. Results 

For the results below, the model was run with nine energy 
steps 0.25 MeV wide each centered at 5 MeV, injected at 700 
km at pitch angles between 40 ø and 90 ø (equatorial pitch an- 
gles of 11.6 ø to 18.3ø). The injection was assumed to be Gaus- 
sian with a width of 0.5 MeV. It was run with a time step of 
10 '4 s for an L=2 field line (ionospheric latitude near 45 ø, with 
an equatorial plane crossing at 2 R E geocentric). The spatial 
domain of the simulation extends from 90 km to 90 km in the 

conjugate ionospheres, with particles traveling below these 
altitudes lost to the upper atmosphere. The magnetic field is 
allowed to vary along s above 200 km, making this altitude 
the defining point for the loss cone boundary (p0,•c=16.5ø). 
The injection lasted one time step, and then the beam was al- 
lowed to decay with time. 

While a standard LINAC has a pulsed beam with an injection 
lasting several microseconds and a duty cycle around a milli- 
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Figure 2. Location of the maximum intensity for 5 MeV at 
two equatorial pitch angle values, 00=18.2 ø (solid line) 
00=16.6 ø (dotted line), for several bounces of the beam. Dis- 
tance is normalized to the length of the field line (3.5 RE). 
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Figure 3. Equatorial pitch angle distributions at 5 MeV for 
the initially injected profile (solid line) and the quasi-steady- 
state shape of the distribution after -10 bounces (dotted line). 

second, this simulation is still insightful because the fluxes 
can be scaled to be the same strength as a single LINAC pulse 
injection. The results will therefore be presented in normal- 
ized units, showing the relative intensity drop of the injection 
as a function of time and bounce. 

Figure 1 shows the evolution the total number of particles 
in the beam, defined as 

(8) 

The solid line is the simulation with scattering and losses, 
while the dotted line shows the results from a run with no scat- 

tering or loss mechanisms included (except loss to altitudes 
below 200 km). This means that the dotted line result is a test 
of the particle conservation due to the spatial derivative. Note 
that the values are normalized to the steady-state level of the 
no-loss simulation, and that the y axis is condensed around 
this value. It is seen that after the initial loss of particles at 
the end of the first traversal due to the injection pitch angle 
range spanning part of the loss cone, this line shows no 
significant loss of particles. The other line shows the effect 
of scattering on the total number of particles. This curve is 
expected to have an exponential decline to it from the form of 
the collision terms, and so an e-folding time for the beam 
particle count can be calculated as 265 s. Comparing results 
without either pitch angle scattering or energy loss, it was 
found that the scattering losses for an injected relativistic 
electron beam are less than the energy losses. The same ten- 
dency was obtained for solar energetic particles [Petrosian, 
1985]. 

Shown in Figure 2 is a trace of the beam maximum location 
as a function of space and time for the first second of 
simulation, following the max in the 5 MeV intensity for two 
pitch angles, 0o=16.6 ø and 18.2 ø . The smaller pitch angle 
magnetically mirrors near 200 km, the boundary of the homo- 
geneous B field regime, and the larger one reflects near the in- 
jection altitude of 700 km, so these two curves delimit the por- 
tion of the injection that mirrors above the lower boundary 
(the tapped injection region). It is seen that the bounce period 
for this beam along an L=2 field line is just about 0.19 s. It is 
clearly seen in Figure 2 that the bounce period for a particle 
with fixed energy is a decreasing function of pitch angle. 

Equatorial pitch angle distributions are shown in Figure 3. 
The solid line presents the injected pitch angle distribution. 
After the first few bounces (10 or so), the solution obtains a 
distribution (the dotted line) whose time-variation is purely a 
decrease in magnitude. The larger tail towards smaller pitch 

angles is due to the larger scattering processes in the 
thermosphere and ionosphere. Also, in order to negate the ef- 
fect of the spatial spread of the beam (seen in Figure 2), the 
fluxes were summed along the flux tube for each/•0 grid point, 
which yielded the proper flux for the beam maximum (another 
test of particle conservation). 

4. Discussion and Conclusions 

The simulations presented here do not include the effects of 
plasma waves. This approach is correct if the beam pulse 
width is below the growth times of the instabilities [Fisher et 
al., 1988]. The types of excited modes and their evolution de- 
pends on the experimental design and processing. Therefore 
we present below only the estimations of the growth rate for 
some "hydrodynamic" instabilities (the worse case) to outline 
approximately the pulse width for which the beam energy and 
momentum degradation arises mainly due to scattering with 
the background environment. With the choice of beam current 
0.1 A, along with the energy, pulse width, and divergence 
mentioned above (which are very reasonable for the LINAC 
experiments), we discuss here the two-stream, ion hose, resis- 
tive ion hose, and filamentation instabilities. 

The beam plasma density n b can be estimated using the equi- 
librium radius approach of Humphries [1990]. The correspond- 
ing beam radius, r•,, is 102-103 m, a few times less than the 
Larmour radius of the beam particles. In our simulation domain 
n b varies in the range 103-105 m -3. For times larger than the 
period of ambient plasma oscillation and a beam density less 
than the density of the core plasma, the beam is completely 
space charge neutralized. The exact degree of the current neu- 
tralization is not essential for the beam under consideration 

here. The two-stream instability growth rate for such a beam 
density is [Davidson, 1990] 

(Imto)max = 4•noe2c• 2 n._b_b __ 104 s -! 
e kn0 ) (9) 

For the ion hose instability 
wave growth is 

[Buchanan, 1987], the time for 

3r b 17gn b ß = = 10 -6 -10 -5 s 
c l(kA)nomc 2 

(10) 

where I is the beam current in kiloamps. The growth time for 
this instability is much less than in the previous case, but it 
should be noted that this instability "will saturate at a very 
low level" [Buchanan, 1987] and can be ignored here. The ex- 
pression used above is obtained for an unmagnetized plasma, 
but the results are of the same order of magnitude for the mag- 
netized case [O'Brien, 1988]. The filamentation instabilty 
arises usually when the beam-plasma system is current neutral- 
ized [Davidson, 1990]. The threshold condition for this in- 
stability, even supposing that complete current neutralization 
is not satisfied, is 

E •Fpb 0_ 3 1<-- =1 

E • tOcb (11) 

and the beam is stable to filamentation. The resistive hose in- 

stability is reported to be the most serious macroinstability in 
a resistive plasma [Siambis, 1992]. In our case it should be 
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checked for low altitudes. Habash-Krause [1998] found that 
the growth time for this altitude is of order 0.1 s. It can be 
supposed therefore that for a pulse width of order < 10 -4 s, the 
main sources of beam degradation are collisional. 

The main result of this analysis is that a relativistic elec- 
tron beam injected upward will, after any initial losses to the 
lower atmsophere (depending on the injection pitch angles), 
very slowly dampen (due primarily to energy losses) with a 
time scale of hundreds of seconds (•=265 s for the configura- 
tion discussed above). The trapped part oscillates between the 
mirror points and longitudinally drifts with constant L shell. 
In our case, the drift period is about 600 s and comparable to 
the beam e-folding time. Due to the low altitude of injection, 
only a small fraction of the injected particles are trapped with 
very large pitch angles. As a consequence, the trapped parti- 
cles spend a relatively long time in the region of high neutral 
density. That is why a shorter beam lifetime was found here 
compared to the case when electrons are injected into the inner 
radiation zone by a nuclear explosion [Schulz and Lanzerotti, 
1974]. In the latter case, most electrons apparently have an 
initial equatorial pitch angle between zero and 50 ø . For the 
beam under consideration, it is between 12-18 ø . The difference 
in the initial conditions makes a comparison between these 
two cases difficult, but it is reasonable for the beam considered 
here to have a smaller decay time. In our calculations the 
atmospheric model was assumed to be longitudinally inde- 
pendent and therefore the drift term in the kinetic equation (1) 
was omitted, along with electric fields and magnetic distur- 
bances. The role of all these processes in the relativistic beam 
evolution will be determined by the specific condition of the 
experiment and can be easily taken into account based on our 
newly-developed global model [Khazanov, et al., 1998]. 

As we pointed out in the introduction, the previous studies 
of relativistic beam injection were focusing only on downward 
beam propagation from altitudes of 60 km Neubert et al. 
[1996] and 350 km Habash-Krause [1998]. The scenario of our 
simulation is different and addresses the issue of a single beam 
pulse injected upward at 700 km. Besides, we have used a 
completely different technique in our study. A propagation of 
a point-launched relativistic electron beam is studied using a 
Boltzmann kinetic equation model [Khazanov and Liemohn, 
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