
VOLUME 39, NUMBER I PHYSICAL REVIEW LETTERS 4 JULY 1977

the polymer. X rays and electrons do not produce
tracks in C¹ Hydrogenic ions are capable of produc-
ing only short («6 pm) ionization tracks in CN. Such
tracks are yggt transformed into pinholes passing all
the way th~ough the CN layer by the etch procedures.
Thus, the pinhole array recorded in the polymer detec-
tor (Fig. 1) is in fact representative of the spatial dis-
tribution of n particles incident on the CN film.

~~N. M. Ceglio, "Zone Plate Coded Imaging of Alpha
Particle Emission from Laser Fusion Targets" Law-
rence Livermore Laboratory, Laser Program Annual

Report, 1976 (unpublished), Article I.B.3i.
J. T. Larsen, Bull. Am. Phys. Soc. 20, 1267 (1975).

'9The FWHM dimensions of the central region of the
compressed target taken from x-ray microscopic im-
ages (at - 4 keV) of the imploded shell are (32 pm, 31
pm) for shoto' and (40 pm, 32 p, m) for shotB along the
vertical and horizontal axes respectively. The agree-
ment between the eccentricities measured from FWHM
n imaging data and FWHM x-ray imagirg data is within
experimental uncertainty, and illustrates the similarity
in shape of the two types of images
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We have obtained initial geometric-focusing results using a high-current (~ 100 kA)
magnetically insulated diode. At the line focus, current densities over 800 A/cm have
been obtained with a radial compression of about 10. Results for propagation of the in-
tense beams are in excellent agreement with geometric single-particle predictions.

Studies of the propagation of proton beams pro-
duced by a high-power, magnetically insulated
diode (& 100 kA at up to 300 kV) are described in
this Letter. The diode is a major scale-up of
previous work. ' The chief developments in the
present experiment were the following: (a) An

order-of-magnitude increase in current output
was achieved over that previously reported for
magnetically insulated diodes" while preserving
the virtues of high efficiency and low electrode
damage. (b) An extraction cathode of thickness
larger than the skin depth for the pulsed insulat-
ing magnetic field was used so that the field was
confined to the anode-cathode gap. Thus the re-
gion interior to the cylindrical cathode was field-
free and the beam propagates with minimum mag-
netic deflection. (c) The propagation of ion beams
through vacuum with cold electron neutralization
was studied in a region well shielded from diode
effects. (d) High ion-current densities, in excel-
lent agreement with geometric predictions, were
obtained at the focus.

Maximization of the ion-beam power density is
of particular interest in relation to proposals for
ion-beam —induced pellet fusion. ' ' Although, for
ease of construction, the diode described was de-
signed to produce a line focus, magnetically insu-
lated diodes have potential for producing spheri-
cally converging beams, either with a single ac-
celeration gap' or in a stacked configuration.

The experimental system is shown in Fig. 1.
The goal was to design a high-current diode at

medium voltage to take advantage of the low-im-
pedance output from the Neptune C generator. '
The geometry is cylindrical, with ions extracted
inwards. The cylindrical cathode with slot ex-
tractors has an L/R time long compared to the
magnetic-field risetime and thus excludes the
field from the inner propagation volume, allow-
ing the ions to approach closer to the axis. The
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FIG. 1. Experimental apparatus: A, pumping port;
B, diagnostic isolator output; C, glass vacuum vessel,
30 cm i.d. ; D, diagnostic isolation inductor; F-, Delrin
support rod; I, 20-turn, 20-kG magnetic coil; G, anode,
II, cathode assembly; I, ion-current-density probes;
J, bellows for electrical connection; K, high-voltage
terminal from the Neptune C generator; L, return con-
ductors; M, Bogowski loop-current monitor; N, sup-
port rods; 0, resistive diode-voltage monitor.

24



VOLUME )9, +UMBER 1 PHYSICAL REVIEW LETTERS 4 JULY 1977

exclusion electrode also maintains field-line pa-
rallelism in the acceleration gap, and produces
a magnetic-field-line curvature at the ends to
prevent axial electron losses. The diode had to
be located some distance from the heavy alumi-
num flange of the Neptune C generator in order
to avoid excessive mechanical stress from the
magnetic field. To minimize inductance, the cen-
ter electrode was pulsed negative to pull protons
inward. Even so, there was a total diode induc-
tance of about 60 nH so that it was not possible to
use the generator at optimum efficiency.

The outer anode (of radius 15 cm) was a slotted
stainless-steel sheet on which anodes with plas-
mas produced by surface breakdowns of 500 to
2000 cm' could be mounted. ' The cathode was
constructed of stacked aluminum disks and had
about a 50% transparency. The ultimate goal
was to use this in conjunction with a localized
plasma source' to produce ion beams only at the
slots, but, for convenience in this initial run, a
general-area source was used. Gap spacing was
maintained at 0.6 cm. The diode impedance could
be adjusted by changing the axial length of the
plasma anode.

Since the propagation volume was pulsed to high
voltage, time-resolved diagnostics inside the
cathode mere performed with use of the isolation
inductor shown in Fig. 1, which carried four co-
axial cables. There was less than 1 V of residual
noise on the detectors from the 300-kV pulse.
Standard biased charge collectors, ' as well as
special charge collectors designed to measure
beams of large axial divergence (e.g., at the fo-
cus), gave time-resolved measurements of ion
current density. These compared well at the pe-
riphery with calorimeter measurements. Wit.-
ness plates gave very graphic indications of beam-
divergence and -focusing properties. Magnetic
insulation tests were first performed using a
bare metal anode. The absence of sign, als from
the ion probes showed there were no crossing
ions in this case. In order to prevent electron
flow effectively, field lines must be parallel to
the accelerating gap. In the large-area diode in
question, this meant an alignment accuracy of
better than 1 . With the field-exclusion cathode,
this was not a concern, since field lines are
automatically constrained to be parallel to the
cathode surface (with some small-scale bulging
into the slots). Magnetic-insulation results are
shown in Fig. 2. The perveance at high values
of the ratio of the magnetic field to the critical
value (B*)is reduced by a factor of 170 from the
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FIG. 2. Perveance measurements at 50 nsec, as a
function of B/B*. (a) 2000-cm2 aluminum anode;
(b) 1100-cm plasma anode. All quantities calculated
for d = 0.48 cm. Horizontal dotted line is Child-Lang-
muir proton perveance.

Child-Langmuir electron value. This indicates
excellent parallelism and axial electron confine-
ment The. 2(Fj~ deviation of the break in the curve
from B/B*=1 could be due to a combination of
slight misalignment of the anode-cathode gap and
diode closure. The perveance behavior changes
markedly when a plasma anode is used, as in
Fig. 2(b). Instead of decreasing with high B/B*,
the perveance saturates, in agreement with the
prediction that the ion current density is close to
the Child-Langmuir prediction when B& 1.5B*.'"
In order to analyze the data, the acceleration-
gap spacing must be known. Ion-current-density
measurements indicate that at 50 nsec from the
initiation of the voltage pulse, diode closure from
the plasma anode has reduced the initial gap to
0.43 +0.04 cm. The use of this value to compute
B*gives the plot shown. The Child-Langmuir
proton perveance for this gap spacing is also
shown. This indicates that the proton current is
about 66% of the total current.

Theoretically, this diode should produce an ion
current close to the Child-Langmuir in a well-
insulated regicide. ""Since the diode self-mag-
netic-field (Be) is typically less than 5% of the
applied field, electron drifts are approximately
continuous and there should be no enhancement
effects from electron space-charge compression. "
The proton current density could be measured by
probes inside the cathode at the 10-cm radius
and the current density at the cathode radius (14
cm) inferred by dividing by 1.4. On a shot to shot
basis, the. response of a particular probe is very
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consistent, but there is about a + 50% variation
with axial and azimuthal position. This is prob-
ably due to the relatively coarse nature of the
plasma anode which affects plasma closure rates
locally. Witness plates indicate variations of en-
ergy deposition on a scale size corresponding to
the capacitive division' of the plasma anode.
Even so, to achieve this degree of uniformity re-
quired some effort. The anode (consisting of 0.3-
cm-thick polyethylene punctured by flush pins in
line with the slots with about 1-cm azimuthal
spacing) was divided into over 2000 capacitive
elements. Fortunately, such anodes survive over
200 shots even with considerable postpulse ener-
gy. The average of a large number of shots
showed that with a 7-kG magnetic field in the
anode-cathode gap, the current density is con-
sistent with the Child-Langmuir proton predic-
tion if the effective gap spacing is taken as 0.43
cm at 50 nsec and 0.25 cm at 100 nsec. This is
in good agreement with predictions of the effec-
tive spacing from the time history of diode per-
veance. Ion current densities were found to in-
crease by about a factor of 2 going from a diode
voltage of 200 to 300 kV. As an example of max-
imum parameters, by using the half-length anode
(1100 cm') at B/B"=2-3, total currents exceed-
ing 100 kA were obtained at 100 nsec with a diode
voltage of about 200 kV. The total ion current
could be estimated by averaging the probe sig-
nals and extrapolating over the diode area. Be-
tween 50 and 100 nsec in the pulse, the efficiency
(I,/I, ) was fou. nd to be 0.60+0.15, consistent with
the perveance measurement.

Knowing the diode current density, the propa-
gation characteristics of the beam can be pre-
dicted if three quantities are known: b n„the
axial-divergence half-angle; ~e„,the radial-
divergence half-angle; and, e, the magnetic de-
flection of the protons crossing the acceleration
gap. The axial divergence was found to be ha,
=3.2+0.4' from inspection of the beam expansion
as it emerged from a slot with use of grazing-
angle witness plates. The ability to trace indica-
tions of the slot pattern almost to the axis indi-
cates that the space-charge imbalance must be
less than 3%. It should be noted that the propa-
gation region is at high vacuum (less than 5x10 '
Torr) so the negative space charge must be sup-
plied by cold electrons extracted from the cath-
ode surfaces. The predicted variation of the ax-
ial distribution with radius is shown in Fig. 3(a).
The deflection from the normal of a proton cross-
ing the magnetically insulated gap is given by e
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FIG. 8. Beam propagation in cathode plenum. All
data are plotted on the same scale. (a) Axial distribu-
tion of protons as a function of radius for ~cy =3 .
(b) Actual witness plate, displayed with predicted time-
integrated energy-deposition profile for ~o.„=6'.

=1 7(m, /m. ~)' 'B/B* The n. umerical factor is
due to an enhancement brought about by field
lines diffusing into the surface of the exclusion
cathode. Figure 3(b) shows the pattern of damage
produced by a shot on an aluminum plate located
on a diameter of the system. The maximum-
damage location agreed well with the predicted
proton deflection (typically about 5'). For a giv-
en radial-divergence angle, with knowledge of
n, and under the assumption that ions are emit-
ted uniformly in the azimuth, it is possible to
predict the energy-deposition profile on the wit-
ness plate. This is plotted in Fig. 3(b) for a
choice of 4n„=6'. The radial-divergence angle
can be measured quantitatively by locating a de-
tector of known acceptance angle (+45 in this
case) near the focus as shown, recording the ef-
fective current density, and using the known di-
ode current density with the axial variation shown
in Fig. 3(a). If this is done, b, n„is found to be
6.2 +1.2'. The maximum current density meas-
ured in this way was approximately 320 A/cm',
giving a radial-compression factor of 10. Detec-
tors located at intermediate radii (3.3 and 7.7 cm)
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gave signals that were within 15% of the predic-
tion made using the axial behavior of Fig. 3(a)
and a R, jr law for the current density. The rath-
er poor divergence angles obtained in this experi-
ment are probably due to the coarse plasma sur-
face on the anode. With the geometry in question,
it would be expected that the radial divergence
would be greater than the axial divergence.

The major result of these initial investigations
is that intense ion beams can be controlled geo-
metrically and that propagation in a high vacuum,
field free region to a first-order focus is gov-
erned by single particle trajectories with no evi-
dence of space charge effects. Although the fo-
cused current density was not as high as we had
hoped, the problems involved appear amenable
to solution. We plan to optimize the system with
the following modifications:

(a) Plasma sources localized over the slots
will be used to maximize the total system effi-
ciency to keep the diode voltage up while extract-
ing a large number of protons into the propaga-
tion volume. (b) The capacitive division of the
plasma anode in azimuth will be considerably in-
creased, reducing the radial divergence angle.
(c) Experiments will be performed using a weak
negative bias magnetic field inside the propaga-
tion volume. If the total flux inside the anode is
zero, all protons, independent of the diode volt-
age, will arrive at the axis in the absence of ra-
dial divergence. In this case, neutralizing elec-
trons will be supplied axially along field lines,

as in previous work. ' "
This work was supported by Sandia Laboratories
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We have performed experiments on explosive instability of space-charge waves of the
helical electron beam due to nonlinear wave-particle interaction. The fast and slow
beam modes interact nonlinearly with the helical electron beam and grow simultaneously.

Explosive instability is one of the most interest-
ing phenomena in nonlinear plasma theory, "but
experimental results supporting such theory have
been lacking. ' Further, an experimental study on
explosive instability due to nonlinear wave-parti-
cle interaction (nonlinear Landau damping) has
yet to be reported, although the experimental in-
vestigations of the nonlinear Landau damping of
nonexplosive type have been given by many auth-
ors. ' ' In this Letter, we report the experimen-

tal observation of the explosive instability due to
the nonlinear Landau damping.

For an electron beam-plasma system in a mag-
netic field, the resonant condition for nonlinear
wave-particle interaction of two waves with the
electron beam is given by'~

2 (ksr k&2)"a=mrs„

where ~~ is the velocity of the beam, ~, the elec-
tron cyclotron frequency, m an integer, and the




