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SECTION 1
INTRODUCTION

Utilization of energy available from low-impedance, fast-

pulse generators (such as the 1-2, 60-nsec FWHM, < 1-MV generator

SNARK, Reference 1) requires the development of field-emission
diodes with impedance lifetimes > 100 nsec and of beam-transport
and energy~density control téchniques. Further scaling of gene-
rator systems to multi-megampere current levels will require

many separate electron beams or one large annular beam to be
generated. Again, utilization of the energy from these configura-
tions will necessitate improved techniques for beam transport

and concentration ‘at a target location.

The follbwing sections of this paper present the results
of experiments in electron beam generation from single and
double diodes, and in electron beam transport in both longitudinal
and azimuthal external magnetic-field configurations.* Most of

the work was performed using two of Physics International's

~Mylar dielectric pulsed;electron-beam generators: the 1.1-0Q,

350-kV, 350-kA PIML generator and the 1-Q, 1-MV, 1-MA SNARK

generator.

- This work was supported in part by DASA Contracts No. DASA
. 70-C-0063 and DASA 71-C-0052.
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SECTION 2
DIODE STUDIES

Single=diode studies were made of the use of high-current,
iowéimpedance (< 1-22) field-emission diodes to allow operation
of the generators_at or near impedance-matched conditions. When
high applied voltages (typically 0.1 to 1.0 MV) are used, the
pulsed current in the low-impedance diode is high enough to
undergo substantial magnetic self-interaction or self-pinching.
This is a feature not included in the relativistic Child~Langmuir
treatment of space-charge-limited flow in a planar diode. Our
diode physics eXperiments therefore have aimed at clarifying the
relationship between diode voltage, current, and geometry in the

low-impedance, high v/y regime.

-Planar, cylindrically symmetric, annular cathodes opposite

" a stretched foil anode in the SNARK or PIML Mylar stripline

machines were used to measure the dependence of diode impedance

on cathode radii Tin and r anode-cathode distance d, and

[
applied voltagé-vo(t). Anggzar cathodes (rin > 0) were used
for two reasons: to explore diode behavior at fixed outer radius
but variable total area; and to extend impedance lifetimes by
p;eventing the early-time anode-cathode shorting that resultsr
when the pinched beam véporizes, ionizes, and generally explcdes
the anode foil near the axis (Reference 2). Cathodes with roll-
pins (Figure la) or sharp circular ridges (Figure 1b) as emission

surfaces were used to determine whether surface structure can

" affect impedance. The total diode current Io(t) was time-resolved
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using a calibrated self—integrating Rogowski coil in the cylindri-
cal wall around the cathode, and the voltage Vé(t) was time—
resolved using capacitive dividers in the strip transmission

lines that constitute the pulse-forming network. Their outputs
were corrected for inductive voltage contributions (flux linkages
in the monitor circuit). The diode impedance was Z(t) = v, (t)/
Io(t). Figure 2 shows the data from two representative pulses.
Diode impedance lifetime was typically 110 nsec; at + = 110 nsec
the anode-gathode gap would short, as mentioned above, manifest-
ing a sudden current surge and voltage drop. Past exXperience

has shown that the impedance 1ifetime can be extended arbitrarily
by increasing the anode-cathode distance and by simultaneously
increasing the cathode size to aveid the increase in impedance
that would otherwise result from this. In what follows we are
concerned with diode behavior pribr to this collapse of impedance.

The data obtained to date give strong support for the para-
potential model of the high-aspect-ratio, high-current diode
deve loped by de Packh (Reference 3}, Friedlander et al. (Refer-
ence 4), and Creedon (Reference 5). This model depends on the
existence of a class of electron trajectories in the diode that
are force free. The possibility of such a class existing is
supported by the following argument: In beam pinch, electrons
‘emitted near the cathode outer edge, r = Tout’ Move td a much
smaller radius as they traverse the anode-cathode gap. Such an
accumulation of charge near the axis must depress the axial
electric fiéld at the cathode at interior radii, so that electron
eﬁission is predominantly from the cathode periphery. The in-
stantaneous equipotentials of the applied field are as shown in
Figure 3&. The electric force is of course perpendicular to
the equipotentials. An electron moving radially inward along a

single equipotential also experiences a magnetic force (due to
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Figure 2 Typical numerical data from two pulses. Voltages and

current waveforms were the measured guantities; the
impedance Z(t) = Vo(t)/Io(t). Expansions of anode and

cathode plasmas caused impedance collapse (current surge,
voltage drop) at typically t = 110 nsec. '
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the azimuthal magnetic field By) that is also perpendicular to
the equipotential and is opposite the electric force. These two
forces will be of equal magnitude and cancel each other if the
electron velocity divided by the speed of light is B = E/Bg; in
such a case, no net force acts on the electron, and its motion
is force free as well as parapotential. (This is similar to the
situation in a magnetron where the magnetic field acts as an
insulator in the interelectrode space.) The assumption of
steady-state (an/at = 0), parapotential, force-free lew pro-

vides partial information on the spatial dependence of the current

density, charge density, and fields. The added requirements of
Ampere's law and Poisson's equation result in the fundamental
equation of the flow (de Packh, Reference 3):

v2v = 2::'2 dI2/d2V : (1)

-where r is the radius in c¢ylindrical geometry, V = V(r,z) is the

potential, and I = I(r,z) is the total current flowing within
radius r through the plane z = constant. In simplified cases
(0/3x >> 5/3z or 3/3z >> 3/0r, the latter being relevant to the
high-aspect-ratio ‘diode of concern here) solutions to Equation 1
indicate that a bias current must travel in the axial direction
inside the parapotential flow in order that the conditions for
the flow be satisfied. The bias current, arbitrary except for a
lower limit, is included in the current I in Equation 1; ana-
lytically it is a parameter whose physical origin is outside the

~theory as it now stands. De Packh has shown that the minimum

allowable bias current corresponds to electron parapotentlal flow
along all equlpotentlals, including those grazing along the anode.
Higher bias currents constrain the flow to lower- lying equlpo-
tentials (away from the anode), raising the impedance of the
diode. '
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A simple picture due to Creedon (Reference 5) that facili-
tates application of this analysis to high-aspect-ratio planar
diodes is shown in Figure 3b. The equipotentials of Figure 3a
are idealized into conical surfaces over most of the inter-
electrode region. Flow near the cathode edge, where electrons

‘jﬁmp to the various equipotentials, and near the axls, where

Figure 3b is unphysical, involves orthopotential flow but is

not considered to affect the parapotential flow in most of the
diode volume. Creedon treats the grazing case mentioned above
and finds the voltage—current characteristics shown by the smooth

curve in Figqure 4, for which

—— 2_.y%y
I_ = 8500 (rout/d) Yq 1n [yo + (yo 1)7¢] (mks) (2}

where

o 2
Yo = 1+ eVO/mc

Diode measurements for BIO/at =0 (IO = Igax) are also shown in

Figure 4, They agree with the steady-state parapotential calcu-
lations over the ranges of 7.26 < r at’/d = 20.8, 370 kv < v, <
970 kV, The type of cathode surface used——roll—pin or concentric
circular ridge--does not appear to be discernable from the data.
This gives added support to the view that beam electrons originate

" at the cathode periphery rather than from the planar cathode

surface.

If, as seeﬁs reasonhable at this point, this means that
grazing parapotential flow occurs in these diodes, how do elec-
trons come to populate the equipotentials'"correctly"? Is there
a real bias current; what is its physical nature; and why does
it have the value that corresponds to the grazing case? One
p0551b111ty for the bias current is that p051t1ve ions from the

anode are accelerated toward the cathode along the axis. The
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- Equipotentials due to hypothetical steady-state vol-

d geometry

{a) physical schematic -
field is suppressed over most of cathode

(b) idealize

‘for parapotential flow calculations.

tage applied across diode
surface due to beam pinch,

electric

' Figure 3
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region of flow near the axis has not been physically modeled.
Does the beam really funnel along the equipotentials down to a
small spot when BIO/Bt = 0 or does the beam current density
versus radius at the anode plane have wings that extend out to
the cathode radius? The analytical and experimental clarifica-
tion of these questions is important at this point in the under-

standing of very high-current diodes.

The data shown in Figure 4 pertain to steady-state condi-

tions where'I0 = ™% A5 described earlier, the current and

0
voltage measurements were time-resolved, as in Figure 2. During

the risetime of the current, when BT /Bt ~ 5 x 1012 A/sec, I is

‘greater than the value predicted by Equation 2. A representa-

tive example is shown in Figure 5. To explain why this occurs,

a time-dependent parapotential flow aﬁalysis 1s needed."

1000 !

r
_ ‘out 2 _\H
T, = 8500 =3 v, In Ba+(ya 1) ],

, ka -

500

I

t = 20 nsec SNARK
pulse 249

o 500 1000

Figure 5 Measured (Vo(t), Io(t)) trajectory for pulse 249,
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Double-diode studies consisted of testing the physical basis
of magnetic isolation. Cathode shanks were 3 inches in diameter
and were 2.86 centimeters apart. As shown in Figure 6, each
cathode was directly exposed to the magnetic field of the other
over a 2-centimeter length at the cathode base. In addition,
it can be seen that each cathode in its ¢ylindrical conducting
enclosure can be viewed as a coaxial transmission line in that
the beam current flowing along the shank will induce a reverse
current in the surrounding wall. For a single-cathode configura-
tion, the induced return current is azimuthally uniform as it
leaves the cathode enclosure and flows radially away along the
inside surface of the horizontal anode support plate. For a

" double~-cathode arrangement, however, the induced return current

in each cylinder wall must be strongly peaked opposite the central

]Centra1

[Axis
YBeam | Anode
R AN | rAANNS
i
,D3 [ -
| Anode.support
late
| ° |
TE E 0,
. [ T
! |
[[==01— |
|
Figure 6 Magnetic isolation of adjacent diodes.
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axis, near which it must be zero. This effect causes the current
to flow primarily along the inside portion (near the central
axis) of each cathode, as does the direct exposure of each
cathode t0 the magnetic field of the other in the gap D2. In

order to generate unperturbed, uncoupled beams, the ratio D3/Dl

(or D3/D2, if D, is larger than Dl) must be sufficiently greater
than unity, so that the cathode current-flow asymmetries,
strongest near thé support plate, are negligibly transmitted to
the anode-cathode gap where the beam is generated. By changing
D3 the ratio D3/Dl was adjusted to be 0.312, 0.625, and 3.12. In
the first two cases, graphite witness plates showed damage
craters that were close together than fhe cathode axes, with the
Strongest'mutﬁal attraction when D3/Dl = 0.312. However, D3/Dl =
3.12 gave damage craters on line with the respective cathode

axes, indicating complete isclation of the beams.

13
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SECTION 3
BEAM TRANSPORT STUDIES

High-current electron beams are injected into a transport
region by choosing a small anode thickness compared to the elec-
tron range. Beam propagation in the transport region depends on
the properties of the fill gas and the externally applied field

- configuration, if any. Studies of intense beam propagation in

neutral gas have shown this process to be lossy (Reference 6).
The back emf generated by the fast-rising magnetic field of the
beam decelerates beam electrons. One solution to this problem
is to preionize the gas in the transport region. In this way
the back emf is shorted out by the conductivity of the medium
which produces an induced back current of secondary electrons.
However, this back cﬁrrent effectively neutralizes the self-
magnetic field and the unconstrained beam expands quickly to the
walls (Reference 7). To trap magnetic fields in the background
plasma to constrain the beam, either azimuthal (Be) or longi=-

tudinal (BZ) fields can be used.

14
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- 3.1 B, SYSTEMS

&

- A conducting plasma with a trapped By field can be produced
by a linear pinch. With this configuration the anode of the
beam-generating diode and the cathode of the princh are  the
same thin foil so that the beam enters the pinch directly (Figure
7). Thus the beam and pinch current are parallel and the pinch
magnetic field acts to constrain the beam. The bear is trans-
ported down the collapsing plaéma column striking the pinch

anode plate and producing X-rays by which transport efficiency
is measured. '

Indicates conductor Mylar insulation

To gas bleed
valve

Pyrex
discharge tube

x

Plastic cap

R
s

Lead aperture

X-ray
. > — 3 detector
_ ,4/ ey Pinch discharge -
54;:: chamber i Discharge anode
. EZﬁ;ﬁ:: B-probe ' (serves as witness
14:: = ' plate)
. P 3l - {combination
’, ? i scintillator &
gr _/‘//. SIS S I I LI S S II ST AT IIII SIS S, photodiode)
4 ; To vacuum
7% pump '
. 9 ] lect bea Return
Self- [ B ectron beam
) e [ a disch current
integratingg { SnO-S: CISCRALIE  rogq (6) -
magnetic cathode
probe ' SBtrip transmission
: line
{_; Figure 7 Experimental configuration of Z-pinch apparatus and

. beam-generating diode
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Using this technique, a series of experiments have been
performed with the pinch radii varying from two to four inches,
and the length from one to two feet {Reference 8). Beams with
peak currents of 120 kA, 140 kA, and 160 kA, with corresponding
mean energies of 750 keV, 625 keV and 500 keV, were injected
into a collapsing pinch discharge. Transport of these beams was
complete as evidenced by the preservation of both the amplitude
and shape of the X-ray signal produced in the pinch anode
(Figure 8). Virtually complete neutralization of the self-
magnetic field of the beam was inferred from the low induced
voltage across the pinch electrodes; (the appearance of any net
current due to the beam must produce an L dI/dt voltage drop).
The size of the damage patterns at the pinch anode showed that
the beam propagated inside the collapsing pinch-current sheet
(Figure 9). This allowed the fluence of the beam at the target
to be varied by varying the time of beam injection into the

pinch.

- Recent experiments have extended this ﬁechnique to 300-kA,
600-kV SNARK beams. An 8-inch pinch, 1-1/2 feet long and having
a maximum current of 750 kA, was used to obtain beam transport
and fluence control. Figure 10 shows magnetic field profiles for
four times of beam injection. Figure 11 shows that again diode

damage occurred on the inside of the current sheet during

collapse. Transport efficiency was greater than 90 percent. Varying

the injection time from 0.95 usec to 5.6 Usec changed the area

of the damage pattern from 250 cm2 to 50 cmz, showing the exten-
sive fluence control available with this technique.

‘The results of the above experiments may be understood as

‘follows: Current neutralization quenches the self-field of the

injected beam. The electrons of the beam are therefore decoupled

16
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- O 160 kA beam
A 140 kA beam
O 120 kA beam

+ Time versus radial position of
maximum pinch current density

Injection time
versus damage radius

@ Pinch currents within damage
radii due to 160 kA beam

o
1

Injection Time, psec
[a%)
Pinch Current, kA

)

i

Radius, cm

Figure 9 Graph showing damage radii, injection times, collapse

trajectory of pinch current sheet, and amounts of
pinch current inside damage radii of 160 kA beams.
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'Figure 10 Magnetic field profiles at times of beam injection.
' R, is beam cathode radius, arrows indicate damage

- radii of transported beams.
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10 L — e — — CUITENt Sheet

__ | Boundary | 7

Damage Radius

{cm) N

t (y sec)

Figure 11 Pinch anode damage radii as a function of beam
injection time.

from each other. To the extent that the pinch current sheet is
sharp, beam electrons follow single-particle orbits and are
deflected at the inner edge of the current sheet by its magnetic
field. They fill the inside of the current sheet as if they were
inside a perfectly reflecting tube. 1In Figure 12, a typical
field profile for a linear pinch is shown. 1In region I beam
electrons execute periodic orbits about the axis of the pinch as
just.described. Region I is that radius interval wherein the
pinch current is insufficient to turn a beam electrdn back into
the diode. For a linearly rising field profile, this critical
current would be the Alfven current I, = 17,000 g;y. For field
profiles more like that of the pinch (such as considered by
Hammer and Rostoker, Reference 9), the enclosed current could be
greater, (Note that in both Figures 9 and 10, pinch current
enclosed by the beam channel is always of the order of the Alfven

critical current.)

20
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Figure 12 ijiéal field profile for collapsing
linear pinch current sheet.

However, this is not the only mode of transport possible.

In region II of Figure 12, where the enclosed pinch current is

greater than IA and aBe/ar > 0, beam electrons undergo a VB

'_drift type trajectory which turns them back into the diode. On

the other hand, region III, where encloged current is greater than

‘IA but BBB/Br > 0, should transport beam current because the

VB drift is in the right direction. Evidence for this can be

seen in Figures 9 (120 kA beam) and 11 where injection at late

time, such that much of the beam is injected into 3B/8r > 0
regions, allows transport without expansion of the beam. Obser-
vation of the existence of region II would be difficult in that

21
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damage to the anode in regions I and III would essentially obliter-
ate any annulus undamaged by the beam itself. Reversal of the
-pinch current (anti-parallel to beam) would cause transport to be
possible only in region II. However, reversal of the pinch current
has only been attempted for collapsing pinch profiles where re-
gidn I received injected electrons. In this Case, the beam was

expelled guickly to the wall in agreement with expectations.

Since the beam current is neutralized by a background con-
ducting plasma, the only condition for propagation of very high-
 current beams is that the magnetic field of the pinch be suffi-
ciently strong to,tarn back the beam particles before they
reach the discharge tube wall. For particle energies of about
1 MeV or less, this is easy. However, since the construction
of high-current machines demands large cathode areas, the pinch
diamétér must increase as well. This implies a larger pinch

current to produce a given containing field.

The transport mechanism described above offers a simple way
to combine beaﬁs while transporting them. Two beams to be com-
bined are injected inside a single collapsing current sheet.
They are both current neutralized and the electrons of both
beams follow their single-particle orbits to the target (Figure
13). The 68-components of velocity resulting from off-axis in-
jection of the high v/y beams result in their azimuthal mixihg,
50 that the combination beam is soon azimuthally symmetric. The
advantage of this scheme is that the beams are mixed, not'merely
brought into proximity, and cannot be separated later. The need
for current sheets large enough to encompass two diodes places
a demand on the risetime of the pinch bank and on the size of
the pinch tube; but these can be met with present technology.

22
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The single-particle model predicts that beam electrons can
be funneled or compressed if they are injected into a tapered
linear pinch (Figure 14). Beam electrons should be axially
reflected if the pinch taper is too severe or the electrons are
injected at too large an angle. This is similar to the motion
of particles in a magnetic mirror, although no adiabatic in-
variant is involved. As the tapered pinch collapses, one might
expect to see diminishing damage patterns and reduction of

_propagatlon efficiency as more particles are reflected, untll

transport is cut off entirely. An experiment of this type has
been completed, however, and the beam was not reflected, although
some compression did occur. These data are still under examina-
tion, and it remains to be seen if they are compatible with the
single-particle model described here.
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3.2 B, Systems

The second method of containing beams in a background plasma
is the use of a longltudlnal magnetic field. In contrast to the
Z-pinch configuration (where an axial current provides both the
magnetic field and the plasma), longitudinal field configurations
allow the possibility for independent variation of field strength
and plasma properties (Reference 10). For these experiments the
magnetic field was produced by a long-time constant solenoid, and
the plasma was produced by a high—freQuency oscillation super-
imposed on the field coil circuit. In this experiment the high-
frequency oscillation was derived from the low-frequency circuit
so that the plasma density and field strength were not completely

independént, although in principle this is not necessary.

Most of the beam transport experiments with B, were carried
out over a distance of 0.5 meter using an electron beam with
250~kV mean electron -energy and 200-kAa peak current (generated
by the PIML machine).

This apparatus consists of a solenoid surrounding the beam
transport region and a magnetically transparent diode (Figure 15).
The solenoid had a uniform field from the cathode to the target
with a radial variation of less than three percent over the
cathode area. The solenoids were driven by a 48-kJ capacitor .

"bank with a period that was typically 800 microseconds. The
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Figure 15 Diagram of the solenoid transport system.
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highffrequency oscillation (superimposed on the magnetic field
to ionize the dry nitrogen gas fill) was at a frequency of
~ 500 ke. In practice this preionization increased as the
magnetic field increased but the plasma density was always in
the region of 10° to 10°/cc.

Figuré 16 is a summary of the results of these experiments
for the PIML beam. When the pressure in the solenoid was 600
millitorr and the magnetic field was not used, the tiansport_
efficiency was 42 * 10 percent. Without the magnetic field,
the diode region pinched into a small core and the beam then
spread aﬁd diffused in the transport region, filliﬁg the entire
drift tube. When a B, field was used (fields larger than 4 kG
were tested) the beam retained approximately the same shape and
size as the cathode. This is shown most dramatically in
Figure 17.which pictures the damage pattern produced by a beam
generated with a ~ 3-inch-by-1-inch rectangular cathode. The

‘bear transport distance was 25 centimeters. The cathode itself

had a somewhat wavy edge since the emission surface consisted

of 1/lé-inch-diameter rods that were 1/4 inch apart. Although
the sample damage area is more irregular than the cathode, the
obvious reproduction of cathode shape and area, even after 1
meter-of.transport, indicated that the transport process can

be approximated by a single-particle—orbit theory in which
collective effects are ignored in the transport region. This is
not to say that collective effects do not take place, but only
that they are not the dominant processes in these experiments.
Furthér evidence for a single-particle model was that local non-
unifofmities in beam fluence at the target were obviously present

until the magnetic field was lowered enough for the electron

gyro diameter to equal the cathode inter-rod distance. When this

~condition was satisfied the sample appeared very uniform, When

the beam'transport_distancé was increased from 0.5 meter to 1

meter, the transport efficiency changed by less than 10 percent,
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| TRANSPORT EFFICIENCY FOR 0.5 METER
~ ferrors are * 10%)
t = 150 psec
Pressure {millitorr)
200 600 1000
— 4l | 65% 92% 93%
= - N | 60%
; 825 | 92% | 98% 100%
=™ 137 | 69% 2% 75%
t = 240 Msec
Pressure (millitorr)

_ 200 600 | 1000
3 84 | 100% o8 | 9

= ' '

~ 14,0 100%
m -
t refers to the time after the start of the applied B, field.
_Figuré 16 Beam transport at 0.5 meters for the PIML electron beam.
= : , . - The peak current was 200 kA and the mean energy was
i (;; , 250_kV.
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~ Experiments were also carried out to study the effect of
applled longitudinal magnetic fields in the diode. Figure 18
is a comparison of X-ray pinhole photographs of a three-inch-
diameter rod cathode with three different field strengths. Two
observations can be made: First, the cathode structure is

discernable in even the lowest external field, and second, the

'current density appears higher near the cathode center at all

field levels studied. Because of the first observation, the

second one cannot be explained by the assumption of beam self-

- pinch, since the latter characteristically does not preserve

- cathode surface structure. To explain the observed effects, we

propose an'explanation of diode behavior when B, is of the same

order as (Ba)max, The magnetic field in the diode is the sum of

the applied uniform axial field and the azimuthal self- field,

_whlch 1ncreases w1th radius. The net field, therefore, is

hellcal,‘and the pitch decreases as radius increases. Assuming
that the electrons in some sense follow the field 1ines, the
electron axial velocity is a decreasing function of radius, and
the time spent in the diode by an electron is an increasing
function of radius. The space-charge-limited current density
would therefore decrease with increasing radius for a given
anode-cathode voltage. To test this hypothesis, a hollow-core
multirod cathode with a 3-inch outer diameter and a l-inch hollow

core diameter was tested. If the beam were pinching due to its

own self-field, the highest current density would be at the

central axis; but if the above arguments apply, then the current

density would be highest directly over the innermost emitters and
would be zero over the l-inch-diameter hollow core. This type of

behavior is evident in Figure 19, an X-ray pinhole photograph

taken using this hollow cathode. The self-field of the beam at
the edge of the cathode was 10 kG and the longitudinal magnetic
field was 11.8 kG. This supports the model presented above.
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Bz = 7.9 kg
Figure 18 X-ray pinhole photographs of the anode using a 3-
inch diameter rod cathode: (a) BZ = 3.8 kG, (b) B
= 6.0 kG, and (c) BZ = 7.9 kG.: . ‘
32

Z



i

- A261

PIIR-27-71

Since the current density is highest at the innermost cathode

emitters, the diode impedance should not be sensitively dependent

upon cathode area (when the latter is above a certain critical

value). Figure 20 shows impedance as a function of time for a

‘3-inch~diameter cathode and a 3-inch~by-1i~inch rectangular

cathode. Even though their areas are different by a factor of
2.3, their impedances are approximately equal. In the limit
B, >> By, the field is approximately axial over the entire
cathode and emission is approximately uniform, so that the

impedance is sensitive to the cathode area.

Figure 19 X-ray pinhole photograph of the anode using a hollow

cathode three inches in diameter with a l-inch-diameter

hole in the center.
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SECTION 4
CONCLUSITONS

The behavior of intense beams in the diode under steady-

state conditions (di/dt = 0}, with no externally applied mag-
netic fields, has been satisfactorily described by the para-

-potential flow model. Adjacent diodes have been magnetically

decoupled in spite of large (250-kA) currents at close cathode -
proximity (2.86 centimeters) by extending the cathode shank
within its cylindrical enclosure. Applying a B, field to the
diode inhibits self-pinch of the beam. However, the current
densify is still highest at the innermost cathode radii. It

is suggested that this is due to space~charge effects associated
with the twisted field lines.

Propagation of intense electron beams in sufficiently
conductive plasma is consistent with single~particle motion in
the externally applied magnetic fields. In both linear pinch
and sclencid field configurations, this effect gives high trans-
port efficiency. The Z-pinch also allows control of beam
fiuence, beam combination and a degree of beam compression,

while the solenoid system maintains the shape and size of the

.cathode over the distances that have been tested. No evidence

is found for diamagnetic effects due to the beam in solenoid

systems over these distances.
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