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It is known that ion-focused regime (IFR) can effectively suppress expansion of a relativistic electron beam (REB).
Using the particle-in-cell Monte Carlo collision (PIC-MCC) method, we numerically investigate the propagation of an REB
in neutral gas. The results demonstrate that the beam body is charge neutralization and a stable IFR can be established. As
a result, the beam transverse dimensions and longitudinal velocities keep close to the initial parameters. We also calculate
the charge and current neutralization factors of the REB. Combined with envelope equations, we obtain the variations of
beam envelopes, which agree well with the PIC simulations. However, both the energy loss and instabilities of the REB
may lead to a low transport efficiency during long-range propagation. It is proved that decreasing the initial pulse length of
the REB can avoid the influence of electron avalanche. Using parts of REB pulses to build a long-distance IFR in advance
can improve the beam quality of subsequent pulses. Further, a long-distance IFR may contribute to the implementation of
long-range propagation of the REB in space environment.

Keywords: ion-focused regime (IFR), charge neutralization, electron avalanche, relativistic electron beam

(REB), particle-in-cell Monte Carlo collision (PIC-MCC)

PACS: 41.85.Ja, 41.75.Ht, 52.35.—g, 42.65.Jx

1. Introduction

During long-range propagation of an artificial relativistic
electron beam (REB) in space environment, multiple practical
applications in active space experiments can be achieved by
probing secondary particles of interactions between primary
beam electrons with ambient neutrals, including tracing mag-
netic field lines and analyzing beam—particle interactions./! =]
Due to strong space charge effects of intense REBs, it is dif-
ficult to achieve long-range propagation in the order of sev-
eral hundreds of kilometers in vacuum. In addition, owing to
degradation of beam quality, REBs are unable to meet need of
practical applications after long-range propagation. Therefore,
how to increase beam transport efficiency in low-pressure at-
mosphere during long-range propagation has always been the
focus of associated research.®) As the ambient neutral density
of atmosphere varies in a complicated manner at different alti-
tudes, propagation properties of REBs can be affected by mul-
tiple factors. Previous studies have discussed long-range prop-
agations of REBs in atmosphere from different perspectives
thoroughly."~12] We also gave the Monte—Carlo (MC) simula-
tion, particle-in-cell (PIC) simulation and theoretical study on
the influence of ambient neutral density, intensity and direc-
tion of geomagnetic field, and the ion channel oscillation on
the long-range propagation of REBs.!13-13]

After emission of an REB into low-pressure atmosphere
environment, the impact ionization between primary beam
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electrons and ambient particles produces positive ions and sec-
ondary electrons in the beam. Under the influence of Coulomb
repulsion, secondary electrons in the beam will be expelled
transversely and the heavier positive ions will be left on the
beam path. Accordingly, an ion-focused regime (IFR) is es-
tablished. In the low-pressure atmosphere, ambient particle
density varies at a relatively slow rate, meaning that the IFR
could maintain for a longer time in such environment. The
IFR also has multiple applications in devices such as plasma-
assisted microwave sources.[!0-2*] However, the REB and am-
bient neutral gas require to fulfill some conditions for gener-
ation of an IFR. Previous studies indicated that in neutral gas
with a relatively low pressure, it is impossible to accumulate
enough positive ions for the self-focused propagation of an
REB in a short period of time. In the neutral gas with a rela-
tively high pressure, the amounts of both secondary electrons
and ions increase rapidly, leading to accumulation of multiple
secondary electrons in the beam. Such a phenomenon may
lead to various instabilities, including the two-stream instabil-
ity and resistive hose instability, which will result in a signifi-
cant decrease in the beam propagation efficiency. > There-
fore, it is necessary to provide a more detailed description of
the connection between physical characteristics of the IFR and
parameters of REBs. Studies mentioned above mainly concen-
trated on device physical problems, such as the propagation
of REBs in an enclosed environment. Under such conditions,
transverse velocity of secondary electrons will be lost at the
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drift tube wall. However, for the REB which propagates in
an open environment such as the Earth atmosphere, secondary
electrons are able to move transversely to a further position
and a reverse return current will be generated on the surface
of the beam. In PIC simulations, this difference should be
taken into account by setting appropriate boundary conditions
and dimensions of the simulation region. For the longitudi-
nal motion of secondary electrons in the beam and other com-
plex physical processes, associated analytical studies typically
neglect these effects for ease of calculation. A PIC simula-
tion code can take into account the influence of more phys-
ical fields, thus a particle-in-cell Monte Carlo collision (PIC-
MCC) method is used in this study to calculate the propagation
of REBs in low-pressure neutral gas and to analyze character-
istics of the IFR generated by the beam.

In the present study, our aim is to explore the possibil-
ity of long-range propagation of REBs by utilizing the IFR
in the atmosphere. First, the basic physical processes during
long-range propagation of REBs and envelope equations of the
sheet beam are briefly introduced in Section 2. Long-range
propagation of REBs in low-pressure neutral gas is numeri-
cally investigated by using a PIC-MCC code. The establish-
ment of [FR and the corresponding influence on the long-range
propagation of REBs are analyzed by combination with asso-
ciated theories. Finally, possible solutions for the realization
of long-range propagation of REBs in the atmosphere are dis-
cussed.

2. The calculation model

2.1. Collision processes and physical model

2.1.1. Electron
avalanche

impact ionization and electron

In accordance with previous studies, parameters of the
REB and neutral gas used in this study are listed in Table 1.
Neutral gas is composed of 70% of N, and 30% of O; to simu-
late the Earth atmosphere. During the propagation of the REB
in the neutral gas, gas atoms become ionized because of col-
lisions with beam electrons and ions, and secondary electrons
are produced. In the impact ionization, the ion density can be

modeled as!2

oni(ty)  np(ty)
8tb o Te ’

)]

where n; and ny are the densities of ions and beam electrons,
respectively; 1, is the propagation time of the beam after it is
injected into the gas, and 7. is the characteristic electron im-
pact ionization time expressed as follows:

Te = (ngopv) . 2

Note that ng is the density of neutral gas; oy, is ionization cross-
section; v is the velocity of electrons. Ionization time of the

REB with parameters in Table 1 is approximately 1ns, which
is much less than the longitudinal and transverse ion oscilla-
tion time. Thus, ions can be considered immobile in this study.

Table 1. Physical parameters of the beam and plasma.

Symbol Quantity Typical
b0 initial beam transverse dimension 4 cm
Ey initial beam energy 1 MeV
€10 initial beam emittance 2.5 %1074 m-rad
Iy initial beam current 100 A
Dg neutral gas pressure 10 Pa
Ty neutral gas temperature 300K

2.1.2. Electron avalanche

After the ionization between beam electrons and neutral
gas atoms, secondary electrons will be accelerated and ex-
pelled transversely out of the beam by the REB. Motion of sec-
ondary electrons will lead to further ionization of background
gas, which can be expressed by

Ine(tp) _ (t) 4 Rsec (1b) _ Msec (to)

oy T fe to 3)
oni(ty)  np(ty) | nmelty)
oty  Te + to @

where ng is the density of secondary electrons; f. and #¢ are
the effective electron avalanche time and the effective sec-
ondary escape time, respectively. Before the beam is totally
charge neutralized, #; becomes relatively small, which means
that secondary electrons will quickly escape from the beam
transversely. In this case, electron avalanching effects can be
usually neglected.

2.2. The PIC-MCC model

Compared to the previous PIC research on the beam trans-
portation in an enclosed environment, the present study is
mainly concentrated on the influence of IFR on the REB dy-
namics in the atmosphere environment. Without any shielding
boundaries in low-pressure neutral gas, it has been proved that
the significant presence of numerical noise may result in de-
crease of the calculation accuracy in a fully electromagnetic
model. Considering the cost in computational capacity when
calculating the long-range propagation, a PIC-MCC quasi-
electromagnetic model in the so-called 2D3V (2D in spatial
and 3D in velocity) formulation is used to simulate the prop-
agation of the REB in neutral gas. A snapshot of PIC-MCC
simulations is shown in Fig. 1, where L, and L, are the trans-
verse and longitudinal dimensions. In addition, the moving
window technology is employed in PIC simulations to meet
the need in propagation distance of the beam, whereas a cylin-
drical coordinate system cannot be collocated with the moving
window. Therefore, a two-dimensional Cartesian coordinate
system 1is set to depict the particle distribution, in which the
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x and y axes are along the propagation direction and trans-
verse direction of the REB, respectively. The z axis is aux-
iliary direction. A sheet beam model is used accordingly.
The beam electrons are uniformly distributed in space, and
the beam is infinitely long in the longitude direction. From
t, = 0, the beam is continuously emitted from the left bound-
ary (x = 0) along the positive direction of x-axis, which indi-
cates that 7, corresponds to the beam propagation time. The
beam parameters are listed in Table 1. The total size and grids
of the simulation satisfy the Courant-Friedrichs—Lewy (CFL)
condition.?”]" At the left boundary, we use a Dirichlet (i.e.,
conducting) boundary condition on the electrostatic potential
Wy—0 = 0. At the right boundary, we use a Neumann boundary
condition l;/)’C:LY = (. The top and bottom boundaries are set
to be periodic. '

| (a)
+ Beam electron
F - Ny ion 70%N,, 30%02

0.2F ~ Oz ion g

0.4

[a\]

>

y (m)

—
—0.4F

[
-
y

+ Beam electron
- - Secondary electron B

0 2 4
z (m)

Fig. 1. Snapshot of simulation particle positions: (a) distribution of
beam electrons and secondary ions, (b) distribution of beam electrons
and secondary electrons.

To investigate the collisions between particles, a Monte
Carlo collision technique is used, including the following re-
actions: (1) beam electron, secondary electron impact ioniza-
tions

Ny +e” — Ni +2e,
Oy +e” —0F +2,

(2) beam electron, secondary electron elastic collisions

Ny+e  —No+e ™,
O,+e =5 0r+e,

(3) beam electron, secondary electron attachments

N;+e” —N,,
Oy +e” = 0;.

Ionization cross sections of low-energy electrons (E <
10 keV) are obtained from experiments, and the cross sec-
tions of high-energy electrons (E > 10 keV) are calculated by
Coulomb collision cross section.?®?°! In the PIC-MCC sim-
ulations, “macroparticles” represent several particles whose
physical characteristics are close to each other. During the
long-range propagation, electron avalanche can lead to a dra-
matic increase of secondary electrons, which further results
in a massive reduction of computational speed. Null reac-
tions “combination” can decrease the amount of the macropar-
ticles in the area with a high particle density by increasing the
weights of the macroparticles. In this way, the computation
efficiency and ensuring precision can be improved to satisfy
the need of our calculation.

2.3. The analytical model

The envelope equations in the paraxial axial approxima-
tion can describe the envelope variations of REBs during long-
range propagation. If the energy loss caused by the beam—
atmosphere collisions is ignored, envelope equations of a sheet

beam can be written as[3!
d?r et q0J

@-ﬁ*‘m(l—fe—ﬁz)(l—fm)- )
Here, €, J and r represent beam emittance, current density
and envelope radius of the beam, respectively; go and mq de-
note the fundamental charge and the rest mass of the elec-
tron, respectively; & denotes the vacuum permittivity; y and 3
are the relativistic parameters and ¢ = 2.998 x 108 m/s is the
speed of light in vacuum; f. and fy, are the charge neutraliza-
tion factor and current neutralization factor, respectively,

ni

Je= ot (6)

Jm = —pr, )
I

where I, and I, are the beam current and return current, respec-
tively. Previous studies usually assume that the beam is charge
neutral and the current neutralization is negligible. In order to
analyze the influence of beam neutralization on the long-range
propagation, neutralization factors, which vary with propaga-
tion time and longitudinal positions, are obtained in accor-
dance with the data in PIC simulations. By taking neutraliza-
tion factors into envelope equations, the results can be verified
by comparing the PIC results with the results obtained by en-
velope equations.
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3. Charge and current neutralizations in IFR
3.1. Charge neutralization

Establishment processes of IFR can be described by the
transverse velocity variations of secondary electrons at differ-
ent propagation time #,. Figure 2 shows the transverse ve-
locity variations of secondary electrons when #, = 9 ns and
t, = 57 ns. In Fig. 2(a), as the beam propagates for a short
time, the beam has not been totally charge neutralization. Most
secondary electrons are expelled transversely by the beam. At
this time, most secondary electrons located at the positive y
axis transport along the positive direction or conversely. When
t, = 57 ns, beam body of the REB has been totally charge neu-
tralization, leading to the accumulation of excess positive ions
in the beam. These ions can effectively restrict the radical mo-
tion of newly generated secondary electrons, or even pull the
other secondary electrons back to the beam to neutralize the
beam. Consequently, transverse velocities of secondary elec-
trons are more homogenously distributed along the y axis with
a much smaller peak amplitude, as depicted in Fig. 2(b).

o, (108 m/s)

y (m)
L I_', L7 l." I '_l‘ L .I."_:_I" .79

7.5

(b) t,=57 n
5.0

vy (107 m/s)

P N N I
—-0.8 —-0.4 0 0.4 0.8
y (m)

Fig. 2. Transverse velocities of secondary electrons at different trans-
verse positions: (a) fp, = 9 ns, (b) #, = 57 ns.

Distribution of the REB is shown in Fig. 3 and densities of
various particles in the beam are shown in Fig. 4. At the beam
head, as the duration of impact ionization is relatively short,
density of secondary particles is lower than beam electrons,
which indicates that the IFR has not been well established.
The beam expands transversely under the influence of space
charge effects and initial emittance, resulting in a density of
beam electrons lower than the initial density. As the coordi-
nate x decreases, the duration of impact ionization improves

gradually, leading to the increase of secondary particle den-
sities. Furthermore, in accordance with Eq. (6), f. increases
with the ion density n;. At the beam neck, when f. satisfies the
so-called Budker condition, i.e., f. > 1/72, the corresponding
phenomenon called Bennett pinch occurs because of the trans-
verse pinch force supposed by the IFR. The transverse dimen-
sion can be reduced to initial size gradually. At the junction
part between the beam neck and beam body, the beam can be
over pinched (fe > 1). The significantly over pinched part of
the beam may even break up, which eventually interrupts the
efficient beam propagation. In the region of beam body, den-
sities of various secondary particles exceed the beam electron
density and the transverse dimension of the beam is close to
the initial size, which indicates that the IFR has been fully es-
tablished.

0.6

0.4 Beam neck Beam head

y (m)

Beam body

—-0.4

—0.6

0 5 10 15 20

z (m)

Fig. 3. Distribution of the REB when #, = 57 ns.
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e ;'\'\\\J; xs; . ]
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OME v v v
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Fig. 4. Relationship between the densities of various particles and lon-

gitudinal positions.

3.2. Current neutralization

During the long-range propagation of the REB in the
plasma environment, a longitudinal electric field E, is gener-
ated by net current I¢; near the beam. The return current I,,
which flows in opposite directions against the beam, is driven
by E;; le = ¢/, is the so-called electromagnetic skin depth,
which is also the thickness of the sheath near the edge of the
beam to which the net current , is confined;3!3?! @, is the
plasma frequency. The relationship between the skin depth
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l. and the transverse dimension of the REB can be modeled
[33]
as

Inet — Le (8)

B 7

Variations of the above currents in PIC-MCC simulations are
shown in Fig. 5, where Ine; = I, + Ip. At the front of the beam
head, beam electrons are accelerated because of the longitudi-
nal space charge effects of other beam electrons, and the first
peak beam current is formed. In the beam neck area, with the
Bennett pinch of the REB, beam density increases gradually
with the decrease of the coordinate x of the beam electrons,
and finally the second peak of beam current is formed. In the
connection area between the beam neck and beam body, the
beam current gradually approaches the initial beam current.
During the above processes of the change in beam current, the
return current is generated by the motion of secondary elec-
trons to suppress the effect of beam current variation on gener-

ated plasma environment. The return current /, can be written
[32]
as

I, = my*oE;, 9)

2
4% ne

where o = W

is the scalar electric conductivity with n,
being the total electrons density. In the beam body which
has been charge neutralized, duration of impact ionization im-
proves as the coordinate x decreases, resulting in the increase
in secondary electrons density, and further the electric conduc-
tivity. Therefore, I, reaches its peak at the tail of the beam ac-
cording to Eq. (9), also shown in Fig. 5. In the region of beam
body, longitudinal motion of secondary electrons varies with
the position and propagation time. This may cause the exis-
tence of fluctuations in the variations of return current, which

is usually neglected in analytical models.

150

100

Current (A)

w
o

0 2 4 6 8 10 12 14 16

Fig. 5. Variations of /,, —I, and Iy in the beam.

Previous studies use the electric diffusion time of the
plasma to describe the growth period of return current, which

can be written asB!

1 v
A7trec? ne

(10)

Te

Here, r. is the classical electron radius, and v, is the effective
collision frequency which can be estimated by the formula!34!

Ve =1.8x10""ny, (11)

where ng is the density of neutral gas. Figure 6 shows the
variation of 7, with the propagation time. With the increase
of #,, transverse and longitudinal dimension of the beam in-
crease because of the space charge effects. Thus, the density
of beam electrons decreases. Reduction of 7, leads to the in-
crease of 7.. This regularity can be shown both in PIC-MCC
simulations and the analytical model.

22||||||||||||||||||||||||

——-PIC-MCC simulation
-4 Analytical model

20

18

16

Te (ns)

14

12 .
L A 4
10 - ]
O I*I 1 I 11 I 11 I 11 I 11 I 11 I 11 I 1
30 34 38 42 46 50 54 58
tp (ns)

Fig. 6. Variation of 7. with the propagation time #,.

The formulas of the two neutralization factors are given
as Egs. (6) and (7). Combined the densities of various par-
ticles and distributions of various currents in Figs. 4 and 5,
variations of neutralization factors with longitudinal positions
are shown in Fig. 7. During the long-range propagation of
a 1 MeV REB in neutral gas of 10 Pa, impact ionizations be-
tween the beam and ambient particles make the charge neutral-
ization factor beyond the Budker condition in a short duration
(< 1 ns) and reach its peak in the connection area between the
beam neck and beam body. Ions and secondary electrons in
the beam change the value of f, varying around 1 in the beam
body, which means that the subsequent part of the beam is
totally charge neutralized. Under the influence of the longitu-
dinal motion of both beam electrons and secondary electrons,
Jfm reaches its maximum at the tail of the beam.

1.2|||||||||||||||||

1.0

0.8

0.6

0.4

0.2

Neutralization fraction

10 12
(m)

14 16 18

Fig. 7. Variations of neutralization factors f; and f,, with the longitudi-
nal positions.
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4. Propagation properties of the REB in IFR

4.1. Influence of IFR on the longitudinal motion of the
REB

After the REB is emitted into the vacuum or the neutral
gas, the distribution of longitudinal velocities of beam elec-
trons shows certain features. This phenomenon is more evi-
dent in long-range propagation of REBs, but only a few stud-
ies have been focused on such influence of the IFR. Figure 8
shows distributions of longitudinal velocities of beam elec-
trons when t, = 15 ns and #, = 57 ns. When #, = 15 ns, the du-
ration of impact ionizations between beam electrons and am-
bient particles is not long enough for the establishment of IFR.
Under the influence of longitudinal space-charge effects, beam
electrons which are just emitted into the gas will be deceler-
ated by other beam electrons. On the contrary, beam electrons
at the front of the beam head are accelerated by other beam
electrons. Without the effect of any other external forces, the
longitudinal space-charge effects can cause the increase of lon-
gitudinal dimension, resulting in a low transport efficiency.
When #, = 57 ns, at the beam head and neck, because the
density of ions is not high enough to affect the propagation
of REB, distribution of longitudinal velocities in this area is
similar to #, = 15 ns. In the connection area between the beam
neck and body, a peak of velocity appears in the position where
fe > 1in Fig. 7, which indicates that the excessive ions in the
beam attract the beam electrons, leading to the transverse over
pinch and longitudinal acceleration. For beam electrons in the
beam body, the above discussion in Subsection 3.1 indicates
that the beam is neutralized under the influence of IFR, which
means that the longitudinal space-charge effects are offset ac-
cordingly. Consequently, the longitudinal velocities are close
to the initial velocity of the beam. It can be concluded that IFR
can neutralize the longitudinal space-charge effects and limit
the longitudinal expansion of the beam efficiently. Moreover,
combining the previous calculation results,!'>] when the REB
propagates in the natural plasma environment in the atmo-
sphere, ion channel always continues to oscillate periodically
over the entire propagation, leading to the synchronous oscil-
lation of longitudinal velocities of beam electrons. When the
beam propagates in the self-generated plasma in neutral gas,
as the density of secondary particles varies significantly at dif-
ferent longitudinal positions, the IFR will not oscillate at a cer-
tain frequency. Hence, the longitudinal velocity keeps close to
the initial velocity, as depicted in Fig. 8(b). In these two con-
ditions, although both the ion channel and the IFR can focus
the propagation of the REB similarly, amplitude of the lon-
gitudinal velocity gradually increases during the long-range
propagation in the natural plasma, which eventually leads to
significant instabilities as well as a low transport efficiency.
This phenomenon does not appear when the REB propagates
in the self-generated plasma.

9~0 T I T I T I T I T I T I T I T I T
(a) t, =15 ns

Y, (108 m/s)

el L Tt 1
0 1.0 2.0 3.0 4.0
z (m)
T I T I T I T I T I T I T I T I T
10_(b) t, =57 ns |
' fe>1 e
_ L i
g 08| s M -
[=2]
2 L i
\ut
- 0.6 L
S
?\ - -~
0.4 _ -
1 I 1 I 1 I 1 1 I 1 I 1 I 1 I 1

10 12 14 16 18
(m)

Fig. 8. Distributions of longitudinal velocities of beam electrons: (a)
t, = 15 ns, (b) f, = 57 ns.

]
0 2 4 6 8
T

4.2. Influence of IFR on the transverse motion of the REB

Comparison of the beam envelopes between PIC-MCC
simulations and envelope equations is shown in Fig. 9. At the
beam head, complicated variations of various particle densities
result in the certain fluctuations of charge neutralization factor
fe, some errors are expected in the calculated result of enve-
lope equations, while the changing rules of these two methods
are consistent. There is an obvious transverse expansion at the
beam head. When f satisfies the Budker condition, the trans-
verse expansion of the beam is limited by IFR and the beam
envelope gradually approaches the initial value. In the beam
body area, beam envelope tends to be stable under the common
effects of multiple forces. The equilibrium transverse dimen-

sion is close to the initial transverse dimension.

0.20 T [ 1T r [ r 1T rr[rr[rrJrrj T

r ——ZEnvelope equation )|

0.15 — —PIC-MCC simulation /1 4

é 0.10 ]
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Fig. 9. Comparison of beam envelopes calculated by PIC-MCC simu-
lations and envelope equations.
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5. Problems faced by the long-range propaga-
tion of the REB in the earth atmosphere

5.1. Instabilities of the REB in IFR

According to Section 4, IFR can contribute to the long-
range propagation of REB by limiting the transverse and lon-
gitudinal expansion. However, after the REB has propagated
in neutral gas for a period, electron avalanche appears because
of the continuous occurrence of impact ionizations and may
disrupt the stable propagation of the REB. Figure 10 shows
the distribution of beam electrons when #, = 75 ns. Com-
pared with Fig. 3, the obvious transverse and longitudinal ex-
pansion can be observed, and a significant instability occurs
at the tail of the beam. With the increase of #,, this instabil-
ity will spread through the entire beam and totally disrupt the
propagation. Figure 11 shows the variation of secondary elec-
tron densities in different longitudinal positions with #,. The
above discussion in Sections 3 and 4 indicates that electron
avalanche begins when the beam has finished charge neutral-
ization in the beam body area, resulting in the exponential in-
crease and accumulation of secondary electrons in the beam.
Multiple secondary electrons may lead to a two-stream insta-
bility with beam electrons and further other instabilities. The
increase of secondary electrons also improves the return cur-
rent as well as the current neutralization factor fy,. Current
neutralization may weaken the focused effect of IFR and lead
to the occurrence of resistive hose instability. Multiple factors
mentioned above eventually result in the macro instability in
Fig. 10.
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Instability
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Fig. 10. Distribution of the REB when #, = 75 ns.

Combined the results of both theoretical analyses and
PIC-MCC simulations, in order to avoid the occurrence of
such instabilities, the decrease of pulse width Ar of the REB
can be taken into account to reduce the duration of impact ion-
ization at the beam tail. Distributions of REBs from At =72 ns
to Af = 65 ns when f, = 75 ns are shown in Fig. 12. With
the decrease of At, the influence of electron avalanche recedes

gradually. When Ar < 65 ns, the effect of electron avalanche
at the beam tail can be basically ignored. It can be concluded
that reduction of the pulse width can be used to avoid the dis-
ruption of beam stability by electron avalanche.

1018
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ty (ns)

Fig. 11. Variation of secondary electron densities with #, at different
longitudinal positions.
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Fig. 12. Distributions of REBs when #, = 75 ns: (a) At = 72 ns, (b)
At =70 ns, (c) At = 68 ns, and (d) At = 65 ns.

5.2. Reduction of beam quality during long-rang propaga-

tion

As the REB propagates to a longer distance in the neu-
tral gas, beam-atmosphere interactions will significantly re-
duce the beam quality. Figure 13 presents the beam electron
density at the beam head, beam fluence and charge neutraliza-
tion factor f. in the beam body area. Under the influence of
impact ionizations, elastic collisions, and space charge effects
of the beam, the beam head will expand consistently and the
beam electron density decreases correspondingly. As a result,
number of ions generated by the beam head is not enough for
the establishment of the stable IFR in the beam body. The
beam quality reduces gradually, as shown by the decrease of
fluence and fe.

A possible solution is to use a train of pulses for long-
range propagation in the atmosphere to handle the prob-
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lem of beam quality and the reduction during long-range

[32] The early emitted pulses are used to gener-

propagation.
ate an IFR in the atmosphere with a similar mechanism to
the beam head in the above experience. By sacrificing sev-
eral early emitted pulses, a stable IFR can be established in
space environment and the long-range propagation of other

REB pulses may be achieved.
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g. 13. Reduction of beam quality during long-rang propagation.

6. Conclusion

In this study, we mainly focus on the establishment and
influence of IFR during propagation of the REB in neutral gas
and further explore the possibility of long-range propagation.
A PIC-MCC method is used to calculate charge neutraliza-
tion factor f. and current neutralization factor f,,. The result
shows that after f, satisfies the Budker condition, transverse
dimension of the beam head which has already expanded will
be reduced to the initial size and form the beam neck. The
beam may even be over-pinched in the connection area be-
tween beam neck and beam body. In the beam body area, the
beam can be totally charge neutralized, which indicates that
the IFR has been established. The PIC-MCC simulation re-
sults show that the beam is well focused by IFR in the beam
body. Compared with the propagation of the REB in the natu-
ral plasma environment, longitudinal velocities of beam elec-
trons will not oscillate periodically when the beam propagates
in the self-generated plasma in neutral gas. However, effect of
electron avalanche exacerbates gradually with time after the
beam has been totally charge neutralization, leading to a sig-
nificant current neutralization at the beam tail. Macro insta-
bilities may also occur and interrupt efficient beam propaga-
tion. Decrease of the pulse width of the REB can reduce the
influence of electron avalanche, whereas the beam quality dur-
ing long-range propagation may be improved by using a train
of REB pulses. Further improvement of beam quality during
long-range propagation will be the next step in our study.

In accordance with the results in the present study, it can
be concluded that the IFR can effectively limit the transverse
and longitude expansion of the REB and improve the transport
efficiency during long-range propagation.
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