© 1989 |EEE. Personal use of this material is permitted. However, permission to reprint/republish this material
for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers
or lists, or to reuse any copyrighted component of this work in other works must be obtained from the |EEE.

INTENSE ELECTRON BEAM PROPAGATION ACROSS A MAGNETIC FIELD

X. Zhang, C.D. Striffler, R.L. Yao, W.W. Destler, and M. Reiser
Electrical Engineering Department

and

Laboratory for Plasima Research
University of Maryland, College Park, MD 20742

Abstract

In this paper we consider the propagation of an intense
clectron-ion beam across an applied magnetic field. In the ab-
sence of the applied field, the beam system is in a Bennett
equilibrium state that involves electrons with both large axial
and thermal velocities and a cold stationary space-charge neu-
tralizing ion species. Typical parameters under consideration
are V, ~ 1 MV, I ~ 5 kA, T, ~ 100 keV, and beam radii ~
1 cm. We find that in the intense beam regime, the propaga-
tion is limited due to space-charge depression caused by the
deflection of the electron beam by the transverse field. This
critical field is of the order of the peak self-magnetic field of
the electron beam which is substantially higher than the single
particle cut-off field.

Introduction

The objective of the present investigation is to provide
a theoretical understanding of the experiments performed at
the University of Maryland on eclectron-ion beam propagation
across a transverse magnetic fleld[1],[2]. The configuration in-
vestigated is shown in Fig. 1. Nominal diode parameters are
1 MV, 20 kA, and a FWHM of 30 nsec. The beam is injected
through a hole into an evacuated drift tube. In order to ob-
tain effective beam propagation to the end of the drift tube,
a localized gas cloud near the injection hole is employed and
collectively accelerated ions from the gas cloud provide a chan-
nel of neutralization that allows electrons injected late in the
pulse to propagate. Under optimum conditions 20 kA can be
propagated to the Faraday cup with no applied axial magnetic
fleld.

In order to investigate the effects of a transverse magnetic
field on this co-moving electron-ion beam, a Helmboltz coil is
placed about half-way down the drift tube. If no gas is puffed
into the system, that is, no ions are supplied, about 1 kA is
observed at the Faraday cup with zero transverse magnetic
field. As the transverse field is increased, the observed current
steadily decreases to zero at about 200 gauss. When the gas
cloud is present, about 5 kA arc detected at the Faraday cup
with zero transverse field. As the transverse field is increased,
the entire 5 kA is propagated up to about 200 gauss with a
steady but slow decrease in collected current above 200 gauss.
The detected current goces to zero around 500 gauss. The pur-
pose of these studies is to evaluate the properties of co-moving
electron and ion beams for use in collective field accelerators
and for beam propagation into frec-space.

Previous thcoretical studies have shown the existence of
a sclf-consistent downstream Bennett equilibrium for the elec-
trons and ions when no applied magnetic field is present{3]. We
have related these downstream properties to the diode voltage,
the transmitted electron beam current, and the ion properties

*This work is supported by AFOSR and DOE.

in the localized gas cloud region. For our experimental param-
eters, V, =1 MV, I = 5 kA, the downstream self-pinched equi-
librium state is composed of cold ions with low axial speed (<
0.05 ¢), and electrons with a temperature of about 60 keV and
an axial speed of about 0.84 ¢. The nearly charge-neutral beam
system has been shown to effectively propagate up to the diode
current of 20 kA where the electron temperature is predicted
to be about 200 keV. The 5 kA case was chosen for examining
the effects of a transverse magnetic field on the electron-ion
beam system, mainly because of experimental reproducibility.

Other work in the area of beam propagation across trans-
verse magnetic fields usually consider a charge and current neu-
tralized jon beam [4]-[8]. These systems have application to
ion beam heating of dense plasmas, where an intense ion beam
is charge and current neutralized by electrons so that it can
penetrate the large applied fields in a fusion plasma. In these
cases a two layer polarization model is adopted in the rigid
beam limit. The polarization electric field allows the beam to
propagate across the magnetic field by means of an £ x B drift.

Model, Basic Equations, and Results

Consider a rigid beam model of the Bennett equilibrium
system discussed in the previous section. Electron and ion
beams of equal radii are incident along the z-axis onto a trans-
verse magnetic field region. To simplify the analysis the profile
of the Helmholtz coil is replaced by a constant magnetic field
By in the y-direction over an axial distance Ly ~ 20 cm. In the
parameter regime of interest, the electron gyroradius is com-
parable to Ly which is much larger that the effective Bennctt
beam radius a and the ion beam is assumed to be stationary
and centered on the z-axis. The electron beam is confined by
the self-magnetic field. The rigid electron beam is deflected by
the transverse field By but feels a restoring force due to the ion
beam. In this model, we examine only the effects of transverse
forces on the rigid electron rod. Longitudinal forces and/or
effects that arise as the beam front end enters the transverse
magnetic field region are ignored.

When there is no transverse field, By = 0, the electron and
ion components of the beam system are centered on the z-axis,
are charge neutral, n;, = n,, = n,, and have identical Bennett
profiles of the same effective radius, ¢; = a, = a. That is, the
density profiles are

Moo .

na(r)=W7a:lve (1)
and the electron beam self-magnetic field due to the mean axial
electron velocity V,, is

ello NeoT
Bsy(r) = —— Vo= 2
S¢() 2 201+(T/a)2 ()
The ions are stationary and assumed infinitely massive. The
equations of motion for the center of the electron beam are
dp,

I - CBT‘/Z + Fﬂ(fl?} (3)
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dp.

4
dt (4)
where p. = myVa, p, = myVs,and y = [1=(Ve/e)?=(Va/ )"}
The averaged ion electric force acting on the rigid electron
beam when the electron rod is displaced a distance z is

= -GBT‘/.T,

F.i(z) —-Ne—e / Eui(r)ne(r)dS.

—e’n,a z/2 1
1

8. (TG @)
sinh™}(—%/2) — sinh™!(3%/2 + 53/2)] (5)
1+ (2/2) P

+

where 7 = z/a.

In general, Eqns. (3) and (4) have to be solved numerically.
However, if the displacement distance @ is small compared to
the beam radius, < 1, the ion electric restoring force can be
approximated as
—e’n,

6

Ge. (6)

Furthermore, assuming the relativistic factor 4 remains con-

stant, v = 7o = [1 — (Vio/c)?]"1/%, we find the solutions to
Eqns. (3) and (4) to be

Fe,'(:t) o~

Z.

wC‘[ZD
z(t) = -——;2——(1 —~ coswt) (7)
and .
Vo(t) = Vi, [1 - (%) 1- coswt)} , (8)
with
Wi=wl+ o we = = e (9

ot W ,
6 m‘}/o eom'Yo
where w,, w, are the electron cyclotron and plasma frequencies.
These solutions are similar to the results obtained by Peter
and Rostoker[8), who used the two-layer polarization model.
Since the oscillatory behavior of the electron rod is due to the
deflecting applied transverse magnetic field and the restoring
jon beam electric field force, we see that the frequency of these
oscillations is a function of both w, and w,. Averaging out the
oscillations in Eq. (8), we obtain for the time-averaged mean
axial velocity of the electron beam

2
(/z :‘fzo (1 - w"—;)
(2

where € = 1 + w?/6w?. This result is identical to that in refer-
ence [8] with the modified definition of e.

Returning to Eqgns. (3) and (4), we have solved these equa-
tions numerically for a given beam current as a function of the
applied transverse magnetic field amplitude. The results for a
5 kA beam are displayed in Fig. 2. From reference {3], the self-
consistent mean electron axial velocity is V,, = .84c for a beam
radius of 1.0 cm. The peak self-magnetic field for this beam
system is about 500 G [from Eqn. (2)]. The results displayed
are typical for beams in the “intense” regime. Specifically, we
have plotted in Fig. 2a the maximum beam displacement ver-
sus the transverse field amplitude, By, shown as the solid line.
In Fig. 2b, the minimum axial velocity of the electron beam,
which occurs at maximum displacement, is plotted versus Br
(solid linc). As shown, the maximum displacement continu-
ally increases with By until a value is reached such that the
axial velocity goes to zero. This value of the magnetic field

= V,o(l — 1/¢€), (10)
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at which 3, pinv — 0, is defined as Bre and the displacement
amplitude for this field z.. For values of By above Brc, the
beam will blow up in its own space-charge. We see that this
critical value is very close to the peak self-magnetic field of the
Bennett beam.

The values of By¢ and z. can be related from the constants
of motion. From Egns. (3) and (4), these constants are the
total energy and the axial canonical momentum, which can be
written as

(v - )mc? — ed, = (v, — L)me? (11)

and

p: + eBrz = p,p = My, Vs, (12)

where the effective potential is given as ¢, = (1/e) f; Foi(a’)dz'.
From Egn. (12), when p, = 0, then = — z. and Br — Byc,
that is

Pz -
Brez, —(;3 = my,eV,,.

(13)

In the intense beam regime, when 3, goes to zero at DBre
we also have 8, = 0. That is, at this critical magnetic field
+Hzamax = z.) = 1, all the electron beam energy goes into
potential energy. From Equ. {11), with 7 = 1, we obtain

(Ic
a

Thus, from Egn. (14) we can determine z. for a given injected
beam, and determine the critical magnetic field from Eqn. (13).
That is,

_ el
T 4rwe, Vi,

1

3

2
ede(T:) in [1 + ) } = (5, — I)m¢? (14)

~-1/2

mY, Ve  m7,Vio

17
= evBa [ex‘” (I(M)
(15)

the critical magnetic field for beam propagation in the intense
beam regime.

If the beam current is sufficiently low, I < 4kA4, we find
that when B, — 0, 5, is not zero. In the single particle limit,
this is abvious since as 3, — 0, 8, — 5., since v = v, along the
entire trajectory. In this case r, = p,./eBrc = V., /w. = R, =

Bre =
€T,

(Yo — 1)/1520) -1

L, the electron Larmor radius. For beam currents between
the single particle limit and the intense beam regime discussed
above, Eqn. (11) tells us that part of the initial beam kinetic
enecrgy goes into potential energy as the beam is deflected. A
summary of these results is shown in Fig. 3 where we have
plotted the critical magnetic fleld Bre versus beam current
I. This graph is generated for the case of a 1 MV diode(3]
and the self consistent downstream Bennett equilibrium. The
mean axial velocity V,, depends on the transmitted current
as shown in reference[3] and this is included in the plot in
Fig. 3. We see that the single particle cutoff field 1s abour
250G[V, = 1MV, Ly = 18cm = R.]. Asthe current is increased
the critical ficld remains at the single particle limit until the
beam current reaches a value such that its peak self-magnetic
field is near the single particle cut-off field. Further increases
in the beam current result in entering the intense beam regime
where the critical field is a result of potential depression (v — 1
as 8, — 0).

In order to explicitly compare our results with those of the
experiment, we must normalize our uniform field model with
a Helmholtz coil profile. We have displayed in Fig. 2a and
2 b the numerical results of solving Eqns. (3) and (4) for a
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5 kA electron beam transversing a Helmholtz coil configura-
tion. The coil field amplitude is the peak on-axis value. From
conservation of axial canonical angular momentum and energy
conservation, the relationship between the critical uniform field
B7e and that of the Helmholtz coil field profile is

1 Te ’ '
BTC = ;/ BHC (.T ,Z(CL‘ )) d:l,‘(. (16)
Discussion

For a given injected electron beam that is charge neutral-
ized but nat current neutralized by a stationary ion beam and
has a Bennett equilibrium profile, we have determined the crit-
ical transverse magnetic field above which the beam will not
propagate. In the intense beam regime, this limit is a result
of space-charge depression caused by the deflection of the elec-
tron beam from the center of the ion channel. The value of the
critical field is approximately given by the peak self-magnetic
field of the electron beam.

A concern about the rigid beam model is the individual
particle confinement in the Bennett equilibrium. The appli-
cation of a transverse field results in a non-symmetric force
about the beam axis. We have examined the individual par-
ticle trajectories for typical Bennett particles and have found
the non-symmetry has substantial individual particle effects as
By approaches B,4(a). We believe that this will lead to frac-
tional loss of beam current as the beam transverses the fleld
region. This fractional loss is observed in the experiment as
Bye is approached.
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Fig. 1. Experimental configuration used for beam propaga-
tion studies across a magnetic field.
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Fig. 2. Typical results in the Intense Beam Regime. (a)
Maximum electron beam displacement and (b) minimum beam
axial velocity versus the applied transverse magnetic fleld am-
plitude. The “solid” line represents the constant field model
and the “dashed” line a Helmholtz coil configuration (peak on-
axis amplitude). Fixed beam parameters are; I = 5 kA, 8,, =
0.84, @ = 1 cm, and B,4(a) ~ 500 G.
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Fig. 3. Critical transverse magnetic fleld, defined by 3, =
0, versus electron beam current. The “dashed” line represents
the peak self-magnetic field of the electron beam. The beam
radii are 1 cm and the diode voltage is IMV. See reference [3].
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