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Summary

A steady-state, electron-ion beam propagation
model 1is presented that self-consistently determines
the downstream equilibrium properties of co-moving
electron and ion  beams in terms of upstream
properties. Since there is no applied magnetic field,
the presence of the ions 1is crucial to the downstream
equilibrium. The ions are assumed to come from a
localized source located near the entraunce end of the
injected electron beam. Each specles has finite
temperature in additlon to a mean axial veloclty.
Downstream radial force balance leads to a Bennett

radial density profile. Continuity of current and
conservation of single particle energy lead to the
self-consistent nature of the equilibrium and the

determination of the localized ion source properties to
achieve the equilibrium. The main quantitative result
from the model 1is that an electron temperature exists
where the equilibrium is nearly charge neutral and the

ion mean velocity is near zero, that 1s, the ions
provide no current neutralization. If the ion
temperature is zero, this state represents the

"traditional' Bennett pinch system.
Introduction

The propagation of intense relativistic electron
beams is important to such diverse flelds as high power

coherent radiation development, collective ion
acceleration, and plasma heating and confinement. The
field of intense beams and some of their uses are
presented in a book by R. B. Miller.l The specific
system studied in this paper 1involves an 1ntense
electron beam injected into an evacuated cylindrical
drift tube through a localized source of ions. The

ions are required in order to have beam propagation
since no applied magnetic field is present.
Experimental results<’” indicate that under "optimized"
conditions effective beam propagation occurs to

distances of 50 cm.

A schematic of our system 1s shown in Fig. 1. An
electron beam is injected with voltage V_ and current
I into a long drift tube of radius R .~  In order to
have electron beam propagation, ions are provided by a
reglon immediately downstream  of the injection
surface. The properties of this 1localized source
region are its formation rate S, (C/sec) and potential
v at which the ions are ctreated. 0f course, a
cha%ge neutralizing electron species is simultaneously
formed. The ions and electrons are then able to
propagate downstream with the ions initially at rest
gaining kinetic energy as they fall through the
potential difference V -V, and the beam electrons
losing kinetic energy &Se to the downstream potential
depression V. This localized region can be formed by
electron beam ionization of a neutral gas cloud’ or
preformed by laser 1irradiation of a target. The
combination of the injected electron beam and localized
source 1is able to create the large localized space
charge fields for the ilons to gain the needed energy
for beam propagation downstream. The downstream
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assumed to have a mean axial
electron velocity V g c and a mean axial ion
z
veloclity VZi = B_,c. Each” species has a temperature,
Te and Ti’ and wé assume that, in general, there 1s no
charge neutrality and/or current neutrality, thus
resulting in a self-electric fileld ES and self-
magnetic fileld B _ . The goal of this paper 1s to
interrelate all tHe system parameters. In the next
section, a Vlasov particle distribution for each
species 1s presented. The macroscopic quantities are
derived and then radial force balance, along with
continuity of current and conservation of single
particle energy, is applied. Initial results from this
model have been presented.”’”?
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Schematic of the model,

Vlasov Distribution

The starting point for our model is the assumption
that the particle distribution function for each
component of the downstream beam 1is a relativistic
Maxwellian in the frame traveling at the fluid velocity
of the component. In particular, we assume that in
the frame traveling with the fluid velocity 3_.c, the
distribution function for that component is 2]

(pZCZ + m§C4)1/2 +q V(J)
f.(x = a, exp[- ~———r—tomrr 1
;) ; pl ) 1, 1
J
whege a, 1s a normalization constant choseE fo that
sd pf.Jequals the local part%ase density, V ] is the

potential in that frame, and T is the temperature of

the component in that frame.

Macroscopic Equations and Conservation Constraints

From the above particle distributions, we can show

that the downstream radial force balance equation
becomes in the laboratory frame
dn,(r)
anj(r){Esr(r) - VZst¢(r)] - ij -—i—*dr =0, (2)
where the self-fields are given by
r
e - - P
B () = — [ (20 () —n (r7)]r dr (3)
o 0
and
uoe T
BS¢(r) = é [Zni(r )Vzi - ne(r )Vze]r dr” , (4)
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and T
laboratory frame.
is (with Z = 1)

and T, are the species temperature 1in the
The solution to the above equations

n n
=—n(r) , (5)

n(r) = —29
e i+ (r/a)21% Mo

where

2
aeo kTe(l - szi) + kTi(l -8 8.)

ze z1
neo - e2a2 (8 -8 )2 (6a)
ze zi
2
860 kTe(l - 8 Bzi) + kTi(l - Bze)
n = (6b)
io eZaZ (8 -3 )2
ze zi
which are the familiar Bennett pinch density

profiles. We note that unlike previous derivations of
the Bennett pinch equilibrium, our derivation does
not assume that the axial velocity of the particles is
much greater than the transverse velocities. We note
that in general the electrons are confined by the self-

magnetic field and the dons by the self-electric
field. The effective radius of each specles 1is "a."
These solutions in the limit Ti = 0 have Dbeen

presented.

We now apply to the downstream equilibrium two

system constraints. Continuity of current for each
specles gives, for electrons
8me _cB kT kT
o ze e 2 i
Tot = 2 [ e a - Bzi) * e a Szeszi)]
(B -8 .)
ze zi
2
(R_/a)
R 7
1 + (Rw/a)
where T is the transmitted electron beam current, and
for 1lons
87e cB T kT
o zi e i
ST o, 7 e T et T U 8]
8ze Bzi
(& /a)?
X —s . (8)
1+ (Rw/a)
Conservation of single particle energy glves, for
electrons
1+ evo + ev(0o) _ - KS(ae) _ kTe (9)
- ]
mc2 mc2 eKz("e) mc2
e e e
for ions
- Yio _ev(o) _ Kylap) KTy (10)
m, c mc2 ‘i K2(3i) ch’
i i i
where . (1 - .) -1/2 a, = m,C /Y kT, = {e,i},

and the fractional charge neutralization

)T, + (- 8,807

[

2
B - a - Bre ze

£ = == 5 . (12)
€ a- Bzegzi)Ti - Bze)Te
These quantities are plotted in the next section.
Graphical Results and Discussion

A set of typlcal results from our model is
presented in Fig. 2. Specifically, we have Vo = 1 MV,

Rw/a = 10, and T, = 0 and have plotted B8 > Byir Vg
Si and [ V(b), and f versus T with I as oa

%ne of the main features of these Fesults

zi = 0.

parameter.

is that a temperature T* exists where g For

example, if Iot =5 kA T* = 60 keV, and if
I = 30 kA, T* 250 kevV. Acceptable equilibria
exist on for < T*, since the region above T*

requires the localized Source to be far downstream frof
the injected electron beam. We note that at T*, the
system is charge neutral, V(0) = 0 and £ = 1.0, and the
net current is due only to the electrons, Inet = .
This point 1s the traditional Bennett state. We ?End
that temperatures just below thils value provide system
parameters that are very close to the calculated
avalanche conditions of a localized gas cloud. This
temperature T* is less than 250 keV for currents up to
25 kA and a diode voltage of 1 MV, This temperature 1is
reasonable for beam systems that have injected currents
high enough so that virtual cathodes form. If we fix
the electron current T and vary the electron voltage
VO, we find that the temperature T; decreases.

In Fig. 3, we display the effects of finite 1ion
temperature. We have plotted I and f versus T with
T, as a parameter. The other Exed system parameters
are V=1 MV, I = 20 kA, and R /a = 10. The effects
of finite ion temperature are to lower the value of the
critical temperature T* and 1n turn eliminate the
existence of a charge Tneutral state. That 1is, the
state of no current neutralization (zero ion velocity)

still occurs at T;, but this state requires a net
negative charge.
We have found self-consistent downstrean

equilibria between electrons and ions with no applied
axial magnetic field. The electrons are coanfined by
the self-magnetic field and the 1ions by the self-
electric field. 1TIn addition, the model calculates the
required localized ion source properties necessary to
achieve the equilibrium. The system 1is self-
consistently derived from a relativistic Maxwellian
particle distribution for each specles.
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FIG. 2. Normalized electron velocity, ion velocity, ion potential, ion production rate and net current, potential
depression, and fractional charge neutralization versus electron temperature with electron current a parameter.
Fixed parameters; V _ = 1 MV, Rw/a = 10, and Ti = Q0.
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