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A technique has been demonstrated for concentrating electron beams to 5&& 106 A/cm'
plasmas on the axis of diodes. A two-dimensional particle code has been used to illus-
trate the importance of both the E &&8 motion in vacuum and the self-pinch of the beam
within the plasma.

Interest has increased recently in applying in-
tense electron beams to the problem of pulsed
fusion. Qne of the fundamental requirements in
achieving such a goal is the focusing of multimeg-
ampere currents onto submillimeter targets. For
the last five years or more, fairly extensive beam
research has been carried out in propagation and
compression of 50-500-kA beams beyond the di-
ode, with current densities of ~ 10' A/cm2 achiev-
ed. Theoretical and experimental studies have
indicated the futility of such an approach insofar
as the necessary current densities in the 10'-10"
A/cm' range are concerned. The goal of the work
described here is to utilize the combined effects
of azimuthal magnetic fields together with the ap-
plied electric field within the beam-generating
diode to accomplish the desired results. We will
discuss in this paper experimental and computa-
tional results giving the properties of self=pinched
beams in diodes, and the focusing improvement
obtained as a result of placing a current-carrying
plasma along the diode axis.

It was observed in early experiments with high-
v/y diodes that when a critical value of the cur-
rent was reached, self-pinching of the beam oc-
curred. Although the resultant current density
at the anode (-10' A/cm') was in excess of the
space-charge-limited value, the pinch was not
reproducible and formed late in the pulse with
a radial collapse velocity of -0.1 cm/nsec.
Ecker' found that impedance values could be cor =

related at current maximum with a "parapoten-
tial" model originated by De Packh. ' This model
treated the electron trajectories as lying along
conical equipotentials with an arbitrarily im-
posed current along the axis, and it did not treat
motion across equipotentials at the cathode edge
nor at the anode.

Recent numerical studies of this problem' have
shown that although the dominant mechanism in
such a self-pinched diode is E && 8 motion toward
the axis, the assumptions of the parapotential
model do not apply. These calculations show

that a substantial concentration of current will
occur on axis of such a diode if a layer of plasma
exists near the anode. They also show that the
V'8 drift away from the anode, as well as space
charge near the axis, will tend to inhibit the
pinch formation. The primary effect of the space-
charge buildup is to distort the equipotentials suf-
ficiently to force electrons into the anode before
they reach the diode axis. Experiments have
been conducted to minimize both of these detri-
mental effects in order to further enhance the
diode self -pinch.

Mosher et al.4 showed that exploding wires
could be used in low-impedance diodes to achieve
output loads in the 1-0 range, and that under cer-
tain circumstances an energetic beam could be
generated within such a wire. After we noted
that in Mosher's experiment the energetic beam
component could have originated at the wire
holder and accelerated part way across the gap
before being focused by the conduction current in
the wire, experiments to enhance the convention-
al diode self-pinch using such a focusing effect
were carried out.

The present experiments were conducted with
a 200-kV, 100-kA, 30-nsec water coaxial pulser,
Nereus, and a 250-kV, 250-kA, 100-nsec Mylar-
strip line pulser, Slim. The diode configuration
used on Nereus consisted of a conventional 5, 08-
cm-diam Aquadag-coated cathode with a re-
cessed central region. This type of cathode per=
mitted the use of a wire of sufficient length
(3.2 cm) to achieve a wire impedance comparable
to that of the normal diode without the wire. A
similar configuration on Slim using a 17.8-cm=
diam cathode is shown in Fig. 1, where we note
the Faraday cup used to determine the conduction
current in the wire and the energetic beam cur-
rent extracted through the anode.

Figure 2 shows aluminum witness plates used
as anodes on Nereus and indicates that little en-
ergy is delivered to the anode when only the wire
itself is used as the output load. The diode impe-
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FIQ. 1. 250-kV, 250-kA diode configuration.

dance measured without the wire and an anode-
cathode gap of 0.381 cm was found to be 3 0 with
no evidence of diode pinching. This is in agree-
ment with space-charge-limited current which
is close to the critical pinch value. On the other
hand, with the wire inserted in the diode, the
diode impedance (excluding the wire current)
increased from 3 to 8 0 and the beam was ob-
served to pinch tightly into the central spot [Fig.
(2c)]. Note the extensive front-surface blowoff
of molten aluminum shown emanating from the
central crater, indicating considerably higher
energy densities than in the other two cases. In
spite of this gross indication of high energy den-
sities, no anode debris was found on the cathode,
which may be an indication of substantial magnet™

ic confinement of the blowoff. Faraday-cup mea-
surements were made with apertures in 0.254-
cm-thick Mylar sheets placed in front of the
Faraday cup. Monte Carlo calculations were
carried out to show that, at most, 2% of the beam
would penetrate this thickness. The size of this
aperture was varied, indicating that the current-
carrying wire effectively focused the current
emitted by the cathode into the central 10 ' cm'
with current densities of approximately 3 & 10'
A/cm2.

Using Slim as shown in Fig. 1, but without a
wire on axis, only slight pinching was observed
with current densities of at most 10 kA/cm' and
a diode impedance of 1.0 Q. Using a 3.2-cm-long
wire with a measured impedance of 1.6 0 during

g.pe cm

(A) (C)

F&G. 2. Aluminum witness plates showing relative beam concentration. (a) Wire only; (b) cathode only; (c) cath-
ode with wire.
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tions, e.g. , the e1ectrons enter the wire from
above with a thermal velocity spread. Repeating
the calculation of Fig. 4(a), but without a longi-
tudinal E, results in poor propagation and little
concentration, as shown in Fig. 4(b). We there-
fore see that the wire plays two important func-
tions. The first is to define a sufficiently large
8 field to allow the E &8 motion toward the wire,
and the second is to provide sufficient space-
charge neutralization near the axis so that the
fields within the wire can further focus the Qow
without being inhibited by space-charge repul-
sion.

A technique has been demonstrated for concen-
trating high-current energetic beams using ex-
ploding wires on the axis of high-v/y diodes. Ex-
periments have shown that current densities ap-
proximately 5 x 10' A/cm' have been achieved
and a 2D particle code has illustrated the impor-
tance of both the E &8 motion toward the wire

and the self-pinch of the beam within the plasma.
The addition of a longitudinal electric field to the
flow of a charge-neutralized beam within the
wire allows the beam to propagate in a stable
self-pinched, high- v/y configuration. It is spec-
u1ated that such a technique could be employed
in a single, megavolt, multimegampere diode to
achieve beam conditions needed for pulsed fusion
feasibi1ity studies.

*Work performed under the auspices of the U. S.
Atomic Energy Commission.
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Tunneling Observation of Bound States in a Normal Metal —Superconductor Sandwich
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Bound states in the pair potential well produced in a normal metal by contact with a su-
perconductor have been observed by tunneling in Pb/Zn-zinc oxide-Pb junctions.

If a, thick norma, l metal and a superconductor
are brought. into contact, the pair potential in the
superconductor can be regarded as a potential
barrier for single-particle excitations in the nor-
mal metal as long as their energy is less than
the superconducting energy gap (e). For such a
system, de Gennes and Saint- James' calculated
the excitation spectrum in the N layer and pre-
dicted the existence of bound states within this
potential well, the level spacing depending on the
inverse thickness of normal metal. Virtual lev-
els produced at energies &e by the same discon-
tinuity in pair potential have been observed by
tunneling into the 8 layer by Tomasch and into
the N layer by the author and McMillan. 3 Report-
ed here is the tunneling observation of bound lev-
els in thick zinc films backed by lead, the effects
being so strong as to be easily observed in the
junction I-V characteristics. Temperature and
magnetic field dependences of the effect lead to
the conclusion that a finite pair potential, induced
by the proximity of the Pb, exists throughout the

Zn at least up to 4.2 K for Zn film thickness used
so far (-5pm). Therefore the observation is actu-
ally of bound levels in a superconductor with a
small induced energy gap rather than in a normal
metal. ' At energies &e it will be shown that the
amplitude and period of the virtual levels gives
direct information concerning the energy depen-
dence of the mean free path and velocity of elec-
trons in zinc.

The bound levels in the superconducting pair
potential well, and the virtual levels above the
well, are the result of the unique quasiparticle
reflections at the discontinuity of the potential
which have been discussed in detail by Andreev. '
Consider first a, superconducting film backed by
normal metal, ha.ving an a.brupt drop in pair po-
tential at the interface and an excitation spectrum
as sketched in the insets of Fig. l. As the quasi-
particle states at kj and k2 are linear combina-
tions of electron and hole, an electron injected
into S at energy E overlaps —2[1 +E/(E'+e )

'
]

with k, and —,'[1-E/(E'+&2)'"] with 0,. If 8 is suf-
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