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ABSTRACT

In the absence of a magnetic guide field, intense
relativistic electron beams will not propagate because

the electrdstatic repulsive forces always dominate the

magnetic pinching forces. It is necessary to have some

- background ions to reduce the space charge of_the'beam.

With a sﬁfficiently'strong-magnetic guide field in the

dlrectlon of propagation, it is, in pr1nc1ple, p0551ble

“to have an equlllbrlum with no ions. The theoretical

basis for un-neutral;zed propagatlon and beam focuSing
is presented.- Experiments have been-carried out that

indicate qualltatlve changes in beam propagatlon arid

"focus;ng w1th a gulde fleld



I. THEORETICAL DISCUSSION

Electron beams with currents of the order of 105 amperes

and electrbn'energies of'about .5 Mev have been developed

‘and studied in considerable detail at the Laboratory for

. 1 2
Plasma Studies and at several other laboratories. For

- present purposes, an elementary treatment of the eleqtron

orbits will suffice. If the beam is propagating in the
z-direction' and v, >> vx,vy IVZ-VZ[, the éqdation of motion

for an electron may be approximated as follows
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According to the above approximatiodi
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Consider a uniform infinitely long beam of radius "a" for

which the fields are described by the potentials

— ' 2 _
Az = NeBz(r/a) r<a
| 2
d = Ne(f-1) {r/a) r € a
.BZ = Vz/c, N = n'na2 the line density, where n is the con-

stant electron density. We assume a uniform background ion
density and the neutral fraction is f = nI/n < 1. The

equations of motion are
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The solutions are elementary and consistent with the assumed

approximation if

(v, /v )% % @av)? << 1

|vz“v2| v
v S T3 By <<l
z v _

Both inequalities are satisfied if v << yo'which can also be

written |I| << Ta where I = uNeVZ is the beam current énd‘IA =
Eg— Yde = 17000 YOBZ amperes is the Alfvén critical current;
Note that within this approximation Eq. (6) can be replaced by
Yo3m dzg =0,
dt
25 1 and the orbits

If the beam is neutralized f£=1, Q
are sinusoidal. In this case, one can expect propagation. There

exists a self consistent equilibrium distribution funcﬁion

Y m Y IV
Fleg) = 55 n 8| —5— + 0r)-g,} 8lv, = V,) 7
where
U(r) = —a(d - BZAZJ and €, = Ula)

If the beam is not neutralized, f=o and 0%< 0. Then

the electron drbits are exponential so that the beam expands

-1

on the time scale [2]| ~ and there exists no self-consistent



equilibrium. It has been observed that beams
gate in background gases with a pressure less
is consistent with this discussion.

We now consider that, in addit;on to the
Bg(r), there is also.a magnetic field Bz(r).
are thuS'modified so that they can be written
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Eg. (6) is not affected by the addition of BZ

We first assume BZ= constant and introduce

case Egs. (8) and (9) can be combined to give

Z —igz'é + Q% = o (10)
The solution is of the form
lwgt iw_t
L = A+ e + A e
where
2, 2.5 -
w, = — {1t [1+ (20/0)°17) (11)
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We note a qualitative difference in the nature of the solutions.
As long as |(2Q)2/922|<l the solutions are always sinusocidal

no matter what the sign Qf 92 is, i.e. even if there is no
neutralization and f = o, the solutions are gualitatively the
same as when f=1. If Q_ >> 2|el , W, = 0, and w_ = —QZ/QZ.

The solution of Eg. (10) is approximately |

2
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This involves a fast gyration of the electron at freguency QZ
about a guiding center that precesses with fredquency w = ~92/QZ.

The sign of.ﬂ2 affects only the direction of the precession of

‘the guiding:center. The radius at which the particle moves is

2

approximately L and varies only by rO(Q/QZ) the gyro-radius

for the fast precession. The approximations employed \(L/VZ << 1

|v, - V,|/V, << 1 can be verified a posteriori. The first

2

requires that

2 B, (a) '
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If f=1 B, >> 2By (a) is required ' - (13)
2Be(a)
If f=o = B_ >> —z— is required.
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Since Yo3mvZ - % Az(r) = const.’



and the conditions that this inequality is satisfied are
similar, It is.particularly significant that as long as
Bz >> Be(a) the two—mass approximation is applicable no
matter what the beam current is.

The solutions of Egs. (8) and (9) have thus far been
discussed only for the case Qz:const., Qz=c6nst. In view
of the fact that the solutions are characterized by a small
gyration radius a, = ro(ﬂ/ﬂz)z, the theory of adiabatic
motion can be invoked for QZ_# const. and 92 £ donst; pro-
vided that changes in these quantities are small over a

gyro-radius and during a gyro period, i.e.

-1
“e o
B ot
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ﬁm-VB

<< 1 << 1,

Particles spiral along field lines as in'Magneto-Hydfodynamic
theory and it should be possible to focus such.electron béams
by_increasing the strength of the guide field along the di-
rection of propagation. |

In order to find a self-consistent equilibrium that
corresponds to a propagating beam, we considér the coﬁstants

of the motion of Egs. (8) and (9).



They are
‘ Yom 5 9 r _ ' :
€= g T V) = vgm J q_(x)w(xridr'  (14)
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_ : r .
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Any function of these constants is an equilibrium distribution

function. An appropriate function for present purposes is

it
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The moments of F(x,y) reguired to solve Maxwell's equations are

‘n(r) = J F(x,y)dy
= nO for r<a
= 0 : for rra
/Y where "a" is determined from U(a)=o



n(r) <Ve>=

From these moments we can sol
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r
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Thus we obtain for Er and B

beam
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ve Maxwell's equations
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Thus we have obt&ined a self-consistent eguilibrium for

a pﬁre electron beam that has a uniform density, is confined
to a finite radius and rotates with a constént angular |
velocity "w". It is thus plausible that a pure électrdn
beam or an electron beam in.a background gas at very low
‘Pressure can propagate with a guide field and cannot prop-
agate otherwise. The balanée of this paper.is devoted'tp

experimental tests of these predictions.
ITI. EXPERIMENTAL MEASUREMENTS

ﬁreliminary studies on two different experimental con-
figurations.have been perforﬁed. The first system produces
the beam in the lower fringing field of a solenoid and then
launches the beam into the higher field inside thé solenoid.
in the second case the beam is created Within_a uniform axial
field and ﬁhe transport of this beam is examined.

In both_cohfigurations the magnetic field is produced by
the set of coils shown in Fig. l(a). There aré'thirteen
identical coils 3 cm thick with a 15 cm.innér diameter. They
are Stackéd in a 63 cm array with a 2.5 cm spacing between |
coils, éxcept at the ends where two coils are placed together
to offset the decrease in field near the solenoid ends.

This yields a field on axis with less than a one percent
ripple from coil to coil and a 53 cm region wheré the field
is constant to within five percent, vet allows room between

coils for visual and probe access to the beam environment.

The solenoid is fed with a 50 kJ crowbarred capacitor bank,
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which gives a rise time to peak of 12 msec. and a maximum
voltage of 14 kV producing a 20 kG field. A 13.5 cm inner
diameter.luCite dfift tube lined with aluminum screening is
mounted within the solenoid.
In the first experiment this solenoid asseﬁbly was

placed within 6 cm of the anode foil of a field emission
diOdeﬁi' This diode is pianar with a 10 cm diameter cathode
and typically a 1 cm anode-cathode gap;.-If is fed with a

- 4 ohm pulse forming line, capable of a 500 keV output. The
diode was constructed with .75 cm stainless steél;plates and
a stainless steel foil holder to prévide a minimum reduction
of the field in the anode-cathode gap.' Thus, the axial

field within the diode was forty percent of the maximum field.
As shown in Fig. 1{(b), the mirrors allow top and side views
of the beam through the gaps between coils. Fig. 2 records
typical.results_from this configuration. Tﬁe top opeh shuttet_
photograph displays a normal beam propagating without external
mégnetic field in the drift tube at 0.3 Torr. In the lower -

_ ﬁhotqgraph the conditions remain the same except'that a_lO kG
field is applied. The diameter of the beam in the maghetic
field is about one-third that of the field free case. A

'scintillator-diode combination detecting the x-rays produced

~ from an aluminum plate at the end of the field coils recorded
one~third the signal with magnetic field compafed to no field.

O Considering the change in beam cross—-section, this indicates




Fig. 1 (a.) Photograph of the field coil assembly.
(b.) Field coil in place on the pulse line showing

the position of the top and side mirrors.
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(b.)

Fig. 2 (a.) Open shutter photograph of beam light
without field usging the mirror configuration shown
in Fig. 1 (b.). (b.)} The same conditions except

for the addition of a 10 kG magnetic field,
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