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Pulsed electron accelerators driving
small cathodes have been used to generate
self-focusing beams with power densities well
in excess of 1012 W/cm<¢ and current densities
in excess of 1 MA/cm“., These beams appear to
follow conventional space charge limited flow
dynamics which predict a divergent beam until
the diode current exceeds a critical current,
Ic = Ia80Yo R/d, when the beam focuses sharply
into the center. Immediately after the focus,

the diode current is thg pa Eotential current,
RS VLS

Ip = R/d Igvoinlys +(vg and increases
as anode debris approaches the cathode. Theo~
retical considerations predicting more intense
focusing at higher voltages will be discussed
and compared with experimental results. Diode
impedances measured to date have been in the
10 to 40 ohm range which is compatible to
source impedances on existing large accelera-
tors.

Introduction

A number of hich power electron accelera-—
tors have been built, the largest of which,
AURORA, has a peak power of 2.4x1013 w, a to-
tal energy in the electron beam of approxi-
mately 3 MJ and an efficiency, delivered
energy/stored energy, of approximately 60%.1
we and other investigatcrs have been working
on means of concentrating the electron beam
from similar machines with an eventual goal of
developing an intense beam for pellet ignition
or plasma heating. For these applications an
electron beam has certain advantages, primari-
ly that the accelerators exist, and secondly
their self-magnetic field may aid in confining
a target and reducing the power reguired to
ignite the target. All experiments on beam
fecusing tc date have been on accelerators
having energies in the kilojoule range, where
probably at least hundreds of kilojoules are
recuired to ignite a target; hence, these ex-~
periments are more feasibility studies than
actual attempts to initiate a fusion "burn."
The simplest and most successful method used
to focus an electron beam to date uses a di-
electric rod cathode several millimeters in
diameter. This was first reported by Morrow,
et al.,” where they implied current densities
on the order of 109 A/cm% or greater at ~ 3 MV.
Since then, a number of experimenters have
used the very intense beams for ion_accelera-
tion4-6 and for neutron production.’™ Witn
a groupr “rom Lawrence Livermore Laboratory led
by W. C. Condit, we have been undertaking ex-
periments to understand the mechanism of
enission, acceleration and focusing of the di-
elcctric cathodes and also to develop diagnos-
tic technigques o measure beam power densi-
“ies. The results have been reported in a
number of papers and will be summarized in
this paner.l

Diode OCperation

The anode-cathode configuration used for
our experiments along with an apertured Fara-
day cup is shown in Fig. 1. The diode is in-
strunented to provide instantanecus reading of
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voltage across the diode envelope and current
flowing in the cathode stalk. The Faraday cup
is apertured to read either total anode
current or average current through the aper-
ture. The temperature rise in the Faraday cup
collector can also be measured to give total
energy retained in the anode.
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Pig. 1 Diode configuration with dielectric

cathode.

The beam is
axial structure,

initiated by switching a co-
which 1s pulse charged to

~ 2 My, into the cathcde. The cathode geome-
try is such that the electric field is.axial

to the rod. When the cathode potential rises
to 100~200 kV in ~1 ns the rod breaks down or
tracks, generating a highly conductive plasma
along the rod surface from which electrons are
emitted into the gap and accelerated through
the gap potential difference. The beam is ini=-
tially divergent due to its negative space
charge and effect of the negative cathode.
as the current increases and the gap fills
with positive ions from the anode, the attrac-
tive force from the self-magnetic field of the
beam overcomes the electrostatic repulsion and
the beam self pinches. ©No general theory for
a high current dicde is available, but Cree-
den has derived equations for various gecme-
tries including a plane narallel cathode-anode
structure similar to that on our cathodes, but
with assumptions that limit the generality to
ratics of radius to ancde-—cathocde spacing

(R/d) to 1 or greater. The theory predicts
the beam will self pinch when the current ex-—
ceeds a "critical current"

But

_ R o, 2 4y1s2 o,
I.=31 = 8500 (v 1) /4

c 27070
where vy _ = e‘J’+MOc2/;V,.Cc2 and ¥V is the accelcra-
ting po%ential. This is also the current
where the Larmor radius equals the anode ca-
thode spacing. Immediately after the focus
the current is the narapotential current

I = R/d T

. y_ inly o+ (v 2_1y1/2
) a'o : o

and the current Increases as the exploding de-

bris from the anode anproaches the cathode.
The dicde shorts when the debris reaches the
cathede. TFigure 2 is a graph of critical
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tential current vs accelerating vol-
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current and parapotential current along with
data points taken on a 5 mm diameter glass

rod. The current and voltages were taken at
peak voltage, i.e., after the focus occurred
but before the anode debris had closed the gap
appreciably. Plots taken with smaller cathocdes
show similar fits to the curve but the currents
are somewhat higher than one would predict

from strict parapotential theory. We attribute
this to a plasma sheath on the outside of the
cathode increasing the effective emitting
radius.

One guestion that was brought up immedi-
ately when we began cur research was if the
accelerating region was along the rod or in
the anode—cathode gap as we suspected. It was
logical to compare the voltage and current
characteristics of identical sized and spaced
metal and glass rods; within the reproducibil-
ity of the experiments the voltage~current re-
lationships were identical. Since the con-
ductive cathode is unable to sustain any great
potential difference along its length it is
reasonable that the electrons are emitted from
the tips of both with relatively low initial
energy and the acceleration region in both
cases is in the gap rather than along the
length of the rod. Another test we made was
to compare short circuit current and voltage
waveforms from metal and glass cathodes and
neasure the energy deposited and retained in
the anode. The major difference betwaan the
cathcdes was that it required 1-2 ns to gener-—
ate sufficient voltage to flash the surface of
the glass cathode, after which the voltages on
both were zero and currents virtually identi-
cal. Total energy deposited in the anode (on
the shorted shots) from both metal and glass
cathodes was less than the 10 J our calorime-
ter could resclve. Since the total charge
nassed was 10-2 C, this implies that the
average electron enexrgy at the tip of the rod
was less than 1 keV.

All of this evidence further reinforces
our contention that the emission from a glass
cathecde is from the tip, the electrons are
emitted with low energy relative to the accel-
erating potential, and the current flcocw is
space charge limited.

This 1s not to say that glass cathodes do
not have superior focusing gualitieg over me-
tal cathodes. Stringfield, et al., report
superior focusing frem dielectric cathodes and
we have not made systematic encugh studies to
draw positive conclusions.
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Diagnostics

The problem of diagnosing the power and
current density of the beams has proven tc be
as difficult as generating-them. We have pro-
ven conclusively that there is little voltage
drop along the rod, so our measurement of ca-
thode stem voltage is the accelerating poten-
tial and hence very nearly the electron energy
at the anode.

The three methods we have finally used to
measure beam power density are:

1. Apertured Faraday cups
2. ZX-ray pinhole photography
3. Back surface blowoff velocity

measurements.

Use of apertured Farad has been
described in several papers With Con-
dit, et al., we have passed 21 kA through a 1
mm diameter aperture for an average current
density of 2.7 MA/cm2. As with all techniques
it has limitations. The technique only mea-
sures the average current through the aperture
and not a peak. The Faraday cup will accurate-
ly show the early time structure and the focus,
as is shown in Fig. 3. The cup face appears
to flash over or be shorted by exploding debris
5 to 10 ns after the focus, and hence is pro-
bably reading low. Another limitation is that
any electrons striking cor grazing the inside
of the aperture can cause it to explode inward
and close.
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Fig. 3 Voltage, diode current, and current

through a 1 mm aperture ys time.

X-ray pinhcle vnhotography has prcved to be
a valuable tool for determining beam focal
spot sizes. In this technique a thin tantalum
foil is used as an anode and the beam impinges
on it and generates X-rays. A small aperture
is placed between the tantalum X-ray source
and a film pack which is exposed by the X-rays,
creating an image of the tantalum source. Fccal
spot sizes less than 1/2 mm in diameter have
been recorded on occasion but data reducticn
has been made difficult by the energy sensiti-
vity of the film, the energy sensitivity of
X-ray production, and photon shine through
the thin part of the aperture. Also the image
is time integrated, and invariably displays a
halo that probably was generated before the
beam self pinched.

Blowoff wvelocity measurements involve
simply taking time resolved photographs of the
back surface of the exploding tantalum anode,



from which veloigties are calculated. Hydro-
dynamic studies show that the leading edge
velocity of vaporized material will be

v V6 eg

where e is the dose in units of 105 J/gm and
YV is in cm/usec.

Our highest measured velocity is 2.5

cm/psec, which implies a dose of 105 J/gm.

We can compare this to our peak shot on the
Faraday cup where peak power was 1.8 TW/cm2
for approximately 10 ns. Monte Carlo calcula-
tions of energy deposition versus depth for
700 keV electrons predict the back surface
dose in the tantalum anode to be ~5 J/gm/J/cm
This value of normalized dose multiplied by
the measured energy per unit area gives a dose
of about 0.9x105 J/gm. Hence, the two methods
give consistent results. Blowoff velocities
have also been compared with pinhole photo-
graph exposure densities, with results shown

2

in Fig. 4.
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Summarvy

Our experiments have demonstrated reason-
ably conclusively that electron beams in the
20-30 kA range at approximately 1 MeV can be
focused into spots on the order of 1 mm in di-
ameter or smaller to give electron beam densi-
ties as high as 2.7 MA/cmZ., We have confirmed
this measurement by several independent diag-
nostic technigues. We have also determined
that the beam current is space charge limited
and appears to follow the parapotential law

_ R ) 2_,,1/2
Ip =3 I.vg Infy + vy 1) ]

Since the critical current is only pro-

nortional to R/4A - v, the ratio of
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Idiode/Icritical
(for a given R/d) will become larger at a rate

inlyy + (rg2-1Y21.

This strongly suggests that the beam will self
focus even more intensely at higher voltages.
A limited number of tests at 3. MeV have indi-
cated beam core spots smaller than 1/2 mm,

the smallest we have observed to date. Our
tests imply that an extension to AURORA-size
beams (12 MeV) is feasible and would result in
dramatic increases in delivered power together
with further reduction in beam area.
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