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PREFACE

The purpose of the research effort described in this report was to
investigate the scaling of the pinch-reflex ion diode, developed at the Naval
Research Laboratory (NRL) on the Gamble II generator under Defense Nuclear
Agency (DNA) auspices, to the higher power and longer pulse length of the
PITHON generator at Physics International Co. (PI). A collaborative effort
between NRL and Pl was carried out with DNA support under contract ONA 001-79-
C-0023 at PI and contract DNA Subtask TAQAXLAO14 at NRL. The DNA contract
officers were J. 1. Farber and R. L. Gullickson.

Experimental measurements on the PITHON generator were carried out in two
4-week sessions during Aug.-Sept. 1979 and April-May 1980. A total of 46
shots were fired in the first session and 41 shots in the second session.
Analysis of the data accumulated from these shots has continued up to the
present time.

The extensive set up of diagnostics on the experiment and the detailed
data analysis has involved the support of the following personnel. Lead
technician H. J. Kishi at PI designed and directed hardware construction and
assembled the diode hardware on each shot in the first pulsing session.
During the second session T. Robinson of NRL was responsibie for the diode
assembly. B, Hartneck of Pl supported operation of the laser holographic
system. The transfer of data to NRL and the development of software routines
for data analysis was carried out by D. Bacon and D. Hinshelwood of NRL,
Finally, the support and encouragement of Pl management including
A. J. Toepfer, S. Putnum and K. Childers in carrying out this collaborative
effort is gratefully acknowledged.
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PRODUCTION OF INTENSE LIGHT ION BEAMS
FROM A SUPERPOWER GENERATOR

I. INTRODUCTION
Recent technological advances in the production and focusing of intense
pulsed 1ight ion beams (hydrogen, deuterium, and carbon) have raised the

attainable intensities from levels of 1 A/cm2 into the MA/cm2 ragime.1'3 The
present achievements of high-power ion beams and the potential for continued

advancements in th.. field make them prime candidates as drivers for inertial

confinement fusion (ICF). Requirements of an ICF system that are met by an

4-6

ion beam driver include: (1) ions can be produced at high efficiency in

extraction geometries appropriate to ICF ignition,7‘9 and (2) beam power
density delivered on target can be significantly larger than the source
density through velocity bunching of the ions during transport,10 by
geometrical shaping of the ion source,8 or by externally magnetically focusing
the extracted ion beam.” A specific advantage of an ion beam driver for ICF )
is that the ion energy deposition profile in the target is more favorable than

those of either laser photons or relativistic electronsll,

A variety of diode configurations to produce light ion beams for ICF have
1

been discussed in the literature. In this paper, experimental investigations
into the production and ballistic focusing of proton and deuteron beams from
one such diode are presented. The pinch-reflex diode,8 developed by the Naval
Research Laboratory (NRL) on the Gamble Il accelerator, was matched to the
PITHON generator12 at Physics International Company. In addition to diode
physics studies, the coupling between a biconic magnetically insulated vacuum
transmission line and a small pinch-reflex diode at high stress (E > 2 x 108
V/cm) has been investigated.

The early motivation for this work stemmed from computational modeling of
the pinch-reflex diode toward ICF applications. The PITHON generator
parameters may satisfy requirements for a single module in a multi-ion-beam
target irradiation concept based on beam bunching during transport in Z-
p1'nchesl3

and multi-beam overiap on target. Two experimental sessions were
performed with this generator: The first studied the scaling of diode
performance and ballistic focusing at higher powers and longer pulselengths
than previously availab]e;z the second studied the detailed shape evolution of
the electrode plasma surfaces--information essential for design of a diode to
produce a high quality focused ion beam, 14

Manuscript submitted November 10, 1981.




In this paper we present the results of these studies. The generator and
diode are discussed in Sec. I[I. The beam diagnostics employed to evaluate ion
species, current density profile and history, time-integrated beam geometry,
and anode plasma surface evolution are described in Sec. III. The principal
results of the two experimental sessions are presented and discussed in
Sec. IV. Conclusions of this work are presented in Sec. V.

II. EXPERIMENTAL APPARATUS
A. Accelerator

The PITHON accelerator, shown schematically in Fig. 1, is a water
dielectric multi-stage coaxial transmission line driven by a 40-stage, 1.5-MJ,
oil-insulated, twin Marx generator. The 2.3 i intermediate storage capacitor
is charged to a voltage above the open circuit Marx potential (through
ringup), then discharged via a single-site, self-breaking water switch into a
1.3-u pulse forming line (PFL). Multi-site water output switches provide a
low-inductance energy transfer from the PFL to a tapered 1.0 u first
transformer in a pulse of about half the PFL voltage and twice the duration.

A common problem in pulsed power accelerators is a low-voltage, long-
duration "prepulse" loading the diode prior to the main high voltage pulse.
This phenomenon is due to capacitive coupling between sequential inner
conductor stages of the accelerator and can often lead to diode shorting and
nonreproducibility. This coupling is reduced in PITHON by a low permittivity
epoxy "prepulse slab" between the first and second transformers (see Fig. 1).
For a shot yielding a 2-MV output pulse, this technique reduces the prepulse
level at the vacuum interface from over 300 kV to below 10 kV thus allowing
the use of a wide variety of field-emission-diode loads.

Multi-site, gas-insulated switches connecting the transformers through
the prepulse slab close on the leading edge of the high voltage pulse. There
are two interchangeable second transformers which connect this slab to the
water-vacuum interface with characteristic impedances of 0.75 and 1.0 @. Both
interfaces allow penetration of a "transit time isolator" cable shield through
the water from the high-voltage vacuum cathode to the grounded outer shell,
Through this isolator the ion-beam diagnostic signals, floating at the 2- to
2.5-MV cathode potential, can be extracted with less than 50-mV noise.
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The vacuum feed connecting the second transformer to the diode is shown
in Fig. 2. The shaded area is the water-dielectric transmission line, which
carries the electromagnetic wave. The line bends radially inward and flares
to reduce the electric field stress on a graded axially-stacked epoxy
interface separating water from vacuum. Interface voltage and current
diagnostics (VT and I1) are located at the flare in several azimuthal
locations. On the vacuum side of this interface, the energy pulse is carried
by an electromagnetic wave and by electrons. The total current can be
measured on the anode and is monitored at the vacuum interface (Io) and at the
diode (Ip). The total inductance between these monitors is about 30 nH. A
dielectric surface flashover switch interrupts the cathode side of the feed to
further reduce the prepulse on the diode to about 5 kV.

B. Diode Structures

Two independent cathode and anode configurations were tested in these
experiments. The diode structures used in the first run are shown in Fig. 3.
Following the vacuum feed from the flashover switch toward the axis, a sudden
transition is made from a radial biconic to a coaxial feed. The center
conductor is the cathode shank, a 0.6-cm-thick wall stainless-steel
cylinder. The outer coax anode shell is aluminum and can be adjusted for
concentricity and axial spacing. This coax section terminates in the pinch-
reflex diode: a thin hollow cathode tip opposite a grounded planar or
spherical anode.

A planar pinch-reflex diode is shown in Fig. 3a. The anode assembly is a
disk of 0.012-cm-thick polyethylene (CH,) held 5 mm from a carbon backing
plate by an outer insulating annulus and a central carbon button. When this
foil flashes early in the electrical pulse, an anode plasma spreads across the
foil and expands into the anode-cathode gap. lons are accelerated toward the
cathode from the low-density front of this moving plasma and are deflected
radially inward by their self-magnetic field toward a time-varying collection
of foci. The ion beam current (Iion) is measured by a Rogowski coil sheltered
behind the cathode tip. The ions entering the cathode pass through a 1,.8-um-
thick polycarbonate (Kimfol*) foil pressure window and propagate current- and
charge-neutralized in a 1-Torr-nitrogen drift chamber.

*available from Kimberly Clark Corp., Lee, MA, 01238
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Fig. 3 — Pinch-reflex diode assemblies for the first experimental
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The focusing configuration of the pinch-reflex diode in the first
experimental session is shown in Fig. 3b. Anode foils of 0.025-cm-thick poly-
vinyl -acetate (PVA), deformed into a spherical section with a 12.7-cm radius-
of-curvature, were mounted onto similarly machined carbon backing plates to
maintain a 5-mm foil-plate separation (see Fig. 3b). An extended tip cathode

was used to define the 100-cm2

diode area for pinch-reflex electron operation
with a 3- to 4-mm anode-cathode gap. The initial ion velocity is directed
toward a geometric focus located substantially inside the planar-diode focal
length. The intent of this design is to create a high-current-density ion-
beam focus which is less sensitive to self-deflection varia.ions during the

14

pulse-” and from shot to shot.

The diode structures used in the second session were somewhat different
from those shown in Fig. 3 and are displayed in Fig. 4. The coax gap was
increased to form a higher inductance but constant characteristic impedance
5-q transition from the biconic into the coaxial feed. This design represents
an attempt to improve the vacuum power flow into the diode structure. The
thick stainless-steel cathode shank was severely distorted after a few PITHON
shots in the first run and has been replaced with disposable spun aluminum
cylinders in this design. By sealing the inner cathode volume with Kimfol
glued to the tip of the ion Rogowski assembly, the inside of the cathode is
pressurized to 1-Torr nitrogen while the surrounding volume is at ambient 10°°
Torr pressure. Variation of cathode radius was engineered by spinning a

2

smooth taper on the cathode tip. Figure 4a shows a 100-cm“ cathode bore,

2

while Fig. 4b shows a smaller 30-cm® area diode.

The coax length was extended to allow access for direct viewing across
the diode gap with a ruby laser holographic system. Planar diodes were used
and disposable anode backing plates were fabricated of spun aluminum in which
an array of viewing slots were machined. The slots were made as symmetric as
possible consistent with direct viewing to avoid return current asymmetries.
Finally, a 7.6-cm-diam central carbon insert was pressed into the backing
plate to minimize bremsstrahlung and to reduce aluminum buildup on the
reusable diode hardware.
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ITI. DIAGNOSTICS

In this section the generator, beam, and plasma diagnostics will be
described and data reduction procedures will be discussed. These include:
generator voltage and current detectors distributed in the vacuum feed;
bremsstrahlung diagnostics for the electron-beam pinch history and time-
integrated x-ray profile; a Rogowski coil to measure the ion-beam current; a
"shadow box" diagnostic for spatial-profiling of the ion beam; nuclear-

reaction diagnostics for ion-beam duration and fluence; and interferometric
laser holography for evolution of the anode and cathode plasmas.

A. Electrical Measurements

The accelerator diagnostics for voltage and various currents are shown in
Fig. 2. The injected voltage is measured by balanced capacitive dividers (VT)
at several azimuthal locations in the water, displayed separately to evaluate
wave symmetry, and averaged to calculate impedance, power and energy. The
injected current is monitored both in the water adjacent to the voltage probes
(I1) and in the vacuum (Iy) at the entrance to the radial biconic transmission
line with dB/dt and segmented Rogowski probes, respectively. The difference
between these measurements affords insight into water or vacuum arcs in the
interface and transition regions. The total diode current (XD) is measured
with a self-integrating Rogowski coi1l® as is the ion current (see Figs. 3 and i
4). These current monitors have risetimes of less than 5 ns and integration
times greater than 3.4 us . Several designs are employed to shield the epoxy
encapsulated coils from particle bombardment and UV irradiation while
minimizing the monitor inductance. On most shots, valid ion current
measurements are obtained from power onset to peak. All current monitors are
bench tested and cross-calibrated in short circuit shots. The data are
monitored through a 200-MHz bandwidth 7912R transient digitizer system
controlled by a PDP 11/40 computer and are reduced numerically.

B. X Rays

The ion power and energy on each shot are qualitatively correlated with
the yield of bremsstrahlung radiation and the symmetry and size of the
electron pinch as evidenced by its x-ray image. Because the bremsstrahlung
yield scales with diode potential, a large x-ray signal with a large FWHM (40-
60 ns) indicates a high-voltage, long-impedance-lifetime shot.
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The time-resolved x-ray output from the electron pinch is monitored with
an optical photodiode (PDX) coupled to a plastic scintillator. The unit is
rigidly mounted outside the vacuum chamber at 180° to the diode axis.
Similarly mounted is an x-ray pinhole camera to record hard photons (E > 30
keV) from the diode region through a 0.05-cm-diam 20° tapered pinhole. This
camera images the diode onto a stack of Kodak No-Screen, XR5, and Polaroid
Type 52 films coupled to a variety of intensifier screens. This wide range of
film sensitivities to x rays affords good contrast over the variation of
bremsstrahlung intensity across the diode image. Lithium fluoride
thermoluminescent detector (TLD) capsules monitor the time-integrated
bremsstrahlung dose at the photodiode from the entire anode. Serious current
losses in the vacuum feed were correlated with the photographic, TLD, and PDX
data as well as with visual damage following a shot,

C. lon Imaging

The location of the ion-beam focus was determined by using ballistic
reconstruction of ion trajectories from the edges of ion-induced melt damage
patterns recorded on the rear witness plate of a shadowbox? (see Fig. 5). The
interpretation of this data is based on several key assumptions. These are:
the ions are accelerated from a planar anode plasma with initial velocity
vectors .arallel to the axis; as they cross the anode-cathode gap each ion is
magnetically deflected by the field of a calculated ion-current-density
profile.16 Upon crossing the cathode foil and entering the 1-Torr-nitrogen
drift chamber, the ions are assumed to be charge and current neutralized and
hence execute straight-line orbits through a focal region and expand into the |
shadowbox. The current neutrality premise has been verified by measurements
of the net-current fraction in the gas (Inet/lion) of less than 2% on both
Gamble Il (Ref. 2) and PITHON. The damage patterns on the witness plate of
the shadowbox are projections of the ion beam through the front apertures (see

Fig. 5). The patterns, which are time-integrated records, often form teardrop
or oval shapes. The radial variation is attributed to the change in focal

length during the pulse due to time-varying diode fields. The azimuthal width
of the damage is due to the divergence of the ion beam from the anode plasma,
asymmetries in the source, and scattering through the transmission foil. The
computer reconstruction, shown in Fig. 5, traces the recorded damage areas
back through the front-plate apertures, through the focus, and onto the anode

10
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surface. The large damage patterns at the smallest radii on the witness plate
are due to the time-varying focal spot moving through the shadowbox location
and are not useful in planar geometry reconstructions.

D. Nuclear Diagnostics

The intensity and duration of proton or deuteron currents were also
monitored by nuclear-reaction techniques. For proton beams, a prompt
Y-ray diagnostic17 was employed utilizing the 19F(p,a¥)160 reaction. Teflon
(CFZ) targets were placed in the ion-beam path, and 6-MeV prompt y rays were
measured with a fast scintillator (NE-111) and photomultiplier (XP-2020)
detector housed in a 3.2-cm-thick lead enclosure located 4 m from the ion
diode at 95° to the diode axis behind a one meter-thick concrete shielding
wall. This wall differentially shields the diode bremsstrahlung and improves
the y-ray-to-bremsstrahlung ratio. Measured and calculated signals for this
detector on a shot with a CHZ anode and Teflon target are compared in Fig. 6.
This detector could not be calibrated absolutely as the attenuation of the

prompt-y signal by the concrete shielding wall is difficult to estimate.

The total yield of deuteron beams was determined by measuring neutrons
from the D(d,n)3He and 12C(d,n)13N reactions, Deuteron beams, produced by
using CD, coated PVA foil anodes, were directed onto thick CD, targets to
produce these reactions., Because the ion beam was directed into the generator
in these experiments, neutron measurements were confined to recoil angles
greater than 90°. Total neutron yields were measured with two rhodium
activation detectors!8 located 17 m from the diode at 175° to the diode
axis. These detectors viewed the diode through a 30-cm-diam hole in a
concrete shielding wall located 8.3 m from the diode. This geometry minimized
the number of room-scattered neutrons which reached the detectors and allowed
the intensity of the direct collimated neutron beam to be scaled inversely
with the square of the source-to-detector distance, even at 17 m. These
rhodium activation detectors were calibrated with a 2°2Cf neutron source as
described in Ref, 18, Deuteron intensities were inferred from measured
neutron intensities hy using D(d,n)3He and 12C(d,n)13N reaction yields.
Thick-target yields for these reactions were calculated from measured cross
sections19:20 ang published stopping powers21 and are presented in
Fig. 7. Above 1 MeV, the 12C(d,n)13N reaction contributes significantly to
the neutron yield.

12
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The neutron time-of-flight (TOF) technique was used with the D(d,n)3He
reaction to determine neutron energies and to monitor the duration of the
deuteron beam. Neutron energies were determined with a TOF detector located
16.8 m from the diode in the same geometry as the rhodium activation
detectors. This detector consisted of a fast scintillator (NE-111) quenched
with 5% piperidine22 and photomultiplier (XP-2020) mounted within a 7.6-cm-
thick lead shield. To operate this detector in the linear range, the light
incident on the photomultiplier was attenuated with an ND-1 filter. The time
history of the deuteron beam was determined using a TOF detector with a
relatively short flight path as described in Ref. 23. For this purpose, a
detector was located 3.2 m from the diode at 160° to the diode axis. This
detector consisted of a similar fast quenched scintillator (NE-111), an ND-2
filter, and a photomultiplier (XP-2020) mounted within a 10-cm-thick lead
shield, Typical traces from these two TOF detectors are shown in Fig. 8 along
with calculated neutron pulse shapes for these detector locations. For the
detector at 16.8 m, the time interval from the peak of the bremsstrahlung to
the peak of the neutron signal was used to determine the neutron energy. An
energy of 1.9 + 0.2 MeV, consistent with the diode voltage, was determined
from this trace after correcting for the x-ray flight time. For the detector
at 3.2 m, the duration of the neutron signal gives a measure of the duration
of the deuteron beam. The width (FWHM) of this neutron pulse is 60 ns, which
compares favorably with the duration of the ion pulse based on the measured
diode voltage and ion-current traces for this shot.

E. Interferometric Holography

The final diagnostic to be described is the interferometric holography

24 used to monitor the anode and cathode plasma motions in the

system
interelectrode gap. The system configuration is schematically illustrated in
Fig. 9. The system employs a 6-ns ruby laser pulse, which is split into four
beams. These are delayed by path length into 10-ns increments to form a train

of four laser pulses over a 30-ns interval. Each of these four beams is split

into a scene and reference beam. Each scene beam passes through the pinch-
reflex diode and then through lenses and mirrors to form a real image of the

diode on a glass holographic film plate. The reference beams are directed to
the film without passing through the diode, overlapping their respective scene
beams to produce an array of four holograms on the film plane. Two such sets

15
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of holograms are superposed: one made before the shot and the other during

the shot. The two sets of interference patterns overlap to form four Moire

patterns. The differences between a superposed pair of holograms are due to
optical-path-length variations in the scene beam where it passes through the
dinde plasma.

By shining light through a developed interferometric hologram, hoth an
‘ image of the diode and series of fringes can be seen. As an éid to data
interpretation, a uniformly changing optical-path-length difference between
the two hologram sets is introduced by slightly tilting one of the wirrors .n
the system after the first set is exposed. This produces a reference array of
uniformly spaced straight fringes on the image where no nlasma is present.
Additional changes in the optical path length caused by plasma result in
bending of the fringes: the bending of a fringe over the distance of one
reference fringe spacing corresponds to an additional wave length of path

1 difference due to the nlasma. The corresponding nlasma density can be
estimated by the relation:

ng aX = 3.2 x 1017 /cn?/fringe shift

where AX is the total jath length through a uniform plasma of density Nas The §
largest plasma line density measurable by this technique is that for which the

index of refraction equals zero (i.e. 2.3 «x 1021/cn?).  The maximum density

observable in this experiment is estimated to be between 1019 and 1020 due to

ray-tracing effects: large-angle refraction of the laser beam by higher- §
density pnlasmas reduces the light intensity entaring the optical system and
the exposure level on the film,

Unfolding the detailed radial-density profile is not possible with this
technique. Figure 10a shows the diode area with the laser-viewing slots . f
machined out of the anode: the shaded area is the laser-beam cross section, i
and the clear holes are the observable diode regions. It is important to note
that the view through a hole pair is a chord across a disk system which may
not be axially symmetric: a thin plasma ripple in an orientation other than
the laser axis will appear to be a large-area plasma motion. Further, anode
plasma which crosses the visual anode-cathode gap inside the cathode inner
radius does not necessarily contact the cathode plasma 1ifting off the hollow

|
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emission ring., Despite these limitations, the system presents new information
about the plasma surface evolution which is important for the design of high-

focus-quality diodes. 25

IV. EXPERIMENTAL RESULTS

A variety of experimental goals were addressed in the two pulsing
sessions, The first session extended scaling of the pinch-reflex ion diode to
the higher power and longer pulselergth of the PITHON generator. Both planar
and spherical anode foils were tested. The second session utilized modified
accelerator impedance and vacuum feed hardware. Emphasis was placed on
determining the electrode plasma evolution in the diode, the scaling of diode
parameters with cathode radius, and the consequences of diode modifications.

A. Planar Diode Experiments

The important scaling parameters studied in these experiments were the
ion efficiency, the ion turn-on time, and the diode-impedance lifetime. The
PITHON generator was chosen for these scaling studies for its similarity to
Gamble II in minimal prepulse, similar impedance (1.0 versus 1.5 )} and
voltage risetime, yet larger peak voltage and pulsewidth. These similarities
suggested the physics of the pinch-reflex diode would be the same and detailed
comparisons could be made between equivalent power PITHON and Gamble II
shots. These comparisons, performed during the first session, confirmed the
baseline similarity between the accelerators. The scaling variables are then
the 70% larger and 30% longer FWHM power pulses available on PITHON.
Theoretical calculations® based on the generator open-circuit-voltage
; waveforms predicted a doubling of the Gamble II ion currents to about 1.0 MA

of protons from a pinch-reflex diode on PITHON.

A typical waveform data set from the first experimental session (Shot
1662) is shown in Fig., 11. The injected voltage and current measured at the

a
water-vacuum interface (see Fig. 2) have 2.1-MV (V;) and 2.0-MA (Io) peak
values at a mean impedance of 1.2 Q. These signals indicate a 4-TW power
pulse of 88-ns FWHM containing 340 kJ is injected into the vacuum feed
structure. The voltage impressed on the diode (VD) is less than the injected
voltage by the L(dI/dt) inductive drop due to the wave passing through the
20
o - -
2 - e .
- “ . A&, - e - . ——— e




su‘3IWIL
oot

™~

3ov

43IMOd
4H3LNI

ML ¥ 7€ 99T 10US 10] SWIOJoARM PIInsea| — 1T “S1q

su‘IWIL WAL
00t oot
_ 0 T 0
A - oot
. |
»
> -
3 o g
S i ] -
X V3 00Z
2 »
> 2
d 2
g JONVAIdWI P
! - 3Qoia ] ~ B
< /
ADH3IN]
a3493rN!
i A, | — oov
A i
0oL 00l
: 0 T 0
| INIYHND N
NOI
/
v
3 1, e N 39V110A 4.
3 g 30013 -
2 1N3YEND P
NOH12313 A
— b — A 7]
INIHYND
4/ 30010
3OV1I10A
1INIHHND 4z = in Fovayn ¢
30V4HILNI
| |

AW 'IOVII0A

M 'ADHINI

21

i
|



vacuun feed. The effective inductance is determined to be 30 nH by defining
the potential across a shorted diode to be zero. There is a current loss in
the vacuum feed shown by the difference between the interface (IO) and diode
(ID) current waveforms. The total electron current in the system (IE) is
defined as the difference between the interface (IO) and ion (Iion)

currents., Despite the losses in the vacuum feed, 2.7 TW and 230 kJ were
coupled into the diode on this shot. The ion-beam current entering the 100-
cm? cathode bore (0.9 MA at 1.7 MV) begins 22 to 26 ns after the diode
current, a delay characteristic in all these experiments. The resulting peak
jon power and energy are 1.6 TW and 125 kJ respectively. These data
correspond to an average source current density of 12 kA/cmz, which is in
agreement with numerical predictions.

The diode-impedance lifetime is an important consideration in scaling the
ion diode toward an eventual ICF application. The velocity bunching desired
for power multiplication requires carefully programmed voltage and impedance
histories. The diode impedance shown in Fig, 11 reaches a plateau near 1.1
for 40 ns then slowly falls until the end of the applied pulse. Accurate
impedance control was provided by anode-cathode gap adjustment, with shot-to-
shot variations of 0.2 @ obtained throughout the experimental sessions.

The ion Rogowski coil located inside the cathode provided timing of the
formation of an anode plasma on the cathaode side of the anode foil.
Frequently a low-level signal is seen starting with the dicde current (see
Fig. 12), due perhaps to a small anode-foil hot spot or to electrons emitted
from the ion Rogowski holder and transmission foil. Several explanations for
the 22 to 26-ns delay for ion turn-on are possible. One conjecture, based on

pinched-electron-beam-diode physics26

is that before the anode foil flashes,
forming a plasma and bringing the floating dielectric foil to ground
potential, the electron beam passes through the anode foil and pinches on the
backing plate. Previous pinched-electron-beam experiment527 on PITHON have
measured pinch areal velocities of 5 cmz/ns, or a value of 20 ns for the

2 experiments, which is consistent with the measured delay. The

present 100-cm
resulting high field stress on the foil adjacent to the central button could
then cause surface flashover. 1If this mechanism is responsible for anode-
plasma formation, the small-area (30 cmz) diodes tested should exhibit a much

smaller delay in ion turn-on time of roughly 8 ns. These results, presented

P ———




CURRENT, kA

400

300

200

100

| | | | 1
SHOT 1888
: _
)
. _
ION
] | | l |
20 40 60
TIME, ns

Fig. 12 — Early-time behavior of the diode- and ion-current traces




later, show no discernible change in the delay of ion turn-on. An alternative
explanation for the ion delay is that it represents the inherent delay of
surface flashover.28 For these large and small area diodes, the difference in
delay would be t 5 ns which is within the shot-to-shot variation.

|
w

The radiation diagnostics provide corroboration of the relative timing
and waveshape of the diode voltage, injected current, and ion current. The x-
ray photodiode signal (PDX) for Shot 1662 is shown in Fig. 11 and compared
with a calculated waveform (XE)' The theoretical sca]1‘ng29 for x-ray
production from electron beams is given by Xp = IE(VD)Z'B, which is a
sensitive measure of voltage waveshape. The calculated waveform was
normalized in magnitude and shifted in time for the comparison, and the shapes
of the two signals agree reasonably well. This agreement provides an
independent check on how well the measured voltage and electron current pulse
shapes represent the actual wave shapes at the diode. Similarly, the
- agreement between the measured and calculated prompt-y nuclear radiation

17

signals*’, shown in Fig. 6, indicates that the diode voltage and ion current

pulse shapes are correctly timed and are of reasonable proportion.

The ratio of the ion current to the diode current provides a direct
measure of the pinch-reflex-diode efficiency for ion production. At maximum
power the efficiency on Shot 1662 is 60% for an ion current of 900 kA.
Bremsstrahlung measurements, as described in the next paragraph, indicate that
A the electron beam formed a well-centered pinch with good coupling of the

injected energy to the diode on this shot.

Bremsstrahlung diagnostics were used to study the symmetry of power flow
and current loss in the vacuum feed and diode regions. Measurements for two
different classes of shots are compared in Fig. 13. A well-centered pinch
with bremsstrahlung from only the central 2 cm of the 12-cm-diam anode is
observed in the x-ray pinhole photograph in Fig. 13a. For this shot, the x-
ray photodiode signal (PDX) is substantial for the entire diode pulse
duration, and the energy at the vacuum interface (ET) shows good coupling of
the injected power to the diode. A second class of shots is shown in Fig. 13b
where the power flow is asymmetric and the electron pinch is not well
centered. The x-ray pinhole image shows flutes extending onto the aluminum
backing plate, and bremsstrahlung from the coax feed at 9-cm radius is seen.
Intense bremsstrahlung emission from aluminum and stainless steel, relative to

24
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carbon, allows electron losses in the vacuum feed at low current density to
have intensities comparable to the intense central pinch on carbon. On this
shot the PDX trace is smaller in amplitude and narrower in pulsewidth,
indicating a reduction in diode voltage. Also, a significant fraction of the
injected energy is reflected off the load. Visual damage to the feed hardware
was consistent with the origins of x rays indicated in Fig. 13 on these two
shots.

The shadowbox diagnostic was used to determine the time-averaged location
and size of the focus as indicated previously in Fig. 5. A model developed to

predict the best focus locationl?

yielded a minimum spot size at about 18 cm
from the anode foil for the voltage and current values of a typical 3-TW

shot. The ballistic reconstruction shown in Fig. 5 gives a best focus at 20
cm, in good agreement with this prediction. Witness plate targets of 6.4-mm-
thick aluminum (6061-T6) placed at this location showed centered front surface

damage and backspalls about 1 cm in diameter (see Fig. 14).
B. Focusing Diode Experiments

Experiments investigating geometric focusing of high power ion beams from
a pinch-reflex 1on diode, which were first performed at NRL on Gamble II (Ref.
8), were extended to higher power in the present experiments on PITHON. It is
important to note that the voltage, current, and impedance characteristics of
the focusing diodes are essentially the same as those of the planar diodes.
The ions are magnetically deflected in passage across the anode-cathode gap,
then drift ballistically in the 1-Torr gas to an actual focus at about 9 cm
from the anode foil, inside the geometric focus located at 12.7 cm. This
magnetic bending is demonstrated by shadowbox reconstructions shown in
Fig. 15. The damage patterns extrapolate back through the focus to cover the
entire anode plane. The focal spot is seen to be within a 3-cm-diam circle,
corresponding to an areal beam reduction from the anode source of 14. A
preliminary estimate of the focused current density can be made by assuming
the entire measured ion current is uniformly distributed over this disk of
least confusion. The calculation yields an ion current density of 150 kA/cm2

2

over the 7-cm“ spot. Peak focused current densities could be significantly

larger. Witness-plate targets located at the focus exhibit multiple layered
backspalls through plates of 6.4-mm-thick aluminum (6061-T6), consistent with
higher focused current densities than found in the planar-geometry shots.




T U U O S T O B I

0 10
cm

Fig. 14 — Witness plate damage on Shot 1663 for a 6.4-mm-thick aluminum
(6061-T6) plate located at the approximate proton self-focus of a planar
pinch-reflex diode
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C. Results from Neutron Measurements

The energy of neutrons from the D(d,n)3He reaction was determined by the
TOF technigue. However, this measurement could not be used to determine the
deuteron energy (i.e., diode voltage) because the neutron energy is
insensitive to the deuteron energy for the d-d reaction at the 175°
measurement angle. Furthermore, the focusing of deuterons in the diode
introdu;es an uncertainty in the neutron emission angle. Neutron energy
determinations are consistent with deuteron energies given by the diode
voltage. The measured ion current and diode voltage were used to calculate
neutron responses as shown in Fig. 8 (Ref. 23). The shapes of the measured
and calculated responses are in good agreement. The low energy tail on the
trace at 3.2 m is attributed to scattered neutrons.

For both the planar and focusing diode experiments the measured neutron
yields are about 1/3 of yields calculated using the measured ion current and
diode voltage corrected for energy loss in the Kimfol. For the planar-diode
geometry, the calculated yields are based on the combined thick-target yields
for the D(d,n)3He and 12c(d,n)I3N reactions at 175° as shown in Fig. 7. For
the focusing-diode geometry, a broad range of neutron emission angles (140°-
180°) exists due to the angular spread of the deuterons incident on the o,
target. In this case the calculated yield is based on thick-target yields at
different angles weighted by an ion-current-density profile16 determined from
numerical simulations. The difference between the measured and calculated
neutron yields may be attributed to several factors: 1) The measured ion
current may include significant proton or carbon-ion components which
contribute very little to the neutron output; 2) lon energy losses in the

30 which have not been taken into

region from the anode to the CD, target,
account in the neutron-yield calculation, may reduce the ion energy on target
and hence the neutron yield; and 3) Enhanced deuteron stopping31 in the hot

dense plasma target may lead to a reduced neutron output, particularly in the
focusing diode geometry. A quantitative assessment of the importance of these

factors in the present experiments is not possible.

The largest neutron yield at 175° was obtained with the planar-diode
geometry because the d-d neutron yield peaks at 180°. For this diode, neutron
yields of up to 4.5 x lolllsr were measured. At the diode voltage of 1.7 MeV
corresponding to this yield, approximately 50% of these neutrons are from the

29




D(d,n) reaction (see Fig. 7). The corresponding total neutron yield into
4 =, corrected for the anisotropy of neutron emission, is 3.7 x 1012 with 50%
from the D(d,n) reaction.

With the focusing-diode geometry, time-integrated neutron yields were
used to determine focused current density by comparing neutron yields from
different area CD, targets. For this purpose, the measured neutron output was
scaled to the current measured by the ion Rogowski coil. The fraction of
deuterons incident on targets as small as 0.75 cm? was determined by comparing
the neutron yield with the yield measured on 100-cm2 area targets. On the
0.75 cm? area target, the neutron yield was still about 50% greater than that
observed without any CDZ target. To correct for variations in neutron output
in these measurements due to shot-to-shot variations in voltage and current,
the measured yields were scaled to yields calculated from the measured diode
voltages and ion currents. A deuteron current density of 150 kA/cm2 at peak
ion voltage was determined from these measurements. If the ion current is
only 1/3 deuterons, as suggested by comparisons between measured and
calculated neutron yields, then the total ion current density may be 2 to 3
times larger than this value.

D. Power Flow Studies

Problems in power flow from the PITHON accelerator to the pinch-reflex
ion diode occurred in the magnetically insulated vacuum transmission line
where a vacuum flow of electrons crossed the feed, reaching the anode before
entering the diode. To inhibit electron leakage, the vacuum biconic and coax
sections were designed with a characteristic impedance gradually decreasing to
a value several times larger than the ion-diode impedance. A parapotential
(Brillouin) flow ana]ysis32 for this configuration predicts that the entire
electromagnetic-wave energy is transported as boundary current in the
electrodes, with no vacuum electron flow possible. This analysis was found to
be inadequate in these experiments. The diode impedance early in the pulse is
independent of the dielectric anode foil, and is that of a simple pinched-beam
diode with an interelectrode spacing of 8.5 mm, or an impedance of 5 w. This
value is very close to the vacuum-feed-coax impedance of 6.5 @, and the
Brillouin flow analysis breaks down. Several shots with larger diode gaps
(hence with diode impedance greater than the feed impedance) lead to large-
area current loss in the vacuum feed section and no appreciable power reached

30
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the diode. Analysis of hardware damage for the first experimes.al
configuration indicated that serious electron losses were occurring near the
abrupt transition between radial and coax lines. A number of polishing,
cleaning, and coating techniques were tried with little improvement to power
flow,

The second experimental session required an extended coax section for
diagnostic access, so an increased electrode spacing was designed to enhance
the magnetic insulation in the coax region. The transition junction from
biconic to coax was designed to be a constant characteristic impedance
of 9.2 w . Even so, current loss was again observed beginning 37 t 11 ns
after current turn-on; a similar delay as in the first session, although the
fractional loss was larger in the second session.

Several vacuum-feed modifications were studied in an attempt to increase
power flow to the diode. These include a "bump" behind the anode foil,
Aerodag versus oil on the coax cathode shank, a smooth conductive covering of
the radial-line anode discontinuities, a smooth shorting of the diode current
monitor, a Krylon coating on the anode side of the vacuum feed, and
enhancement of the cathode tip. The "bump" is a grounded aluminum annulus
typically l-cm wide mounted behind the plastic anode foil on the backing plate
opposite the cathode tip (see Fig. 4). 1Its purpose is to lower the early time
Langmuir-Child electron diode impedance and trap the vacuum flow of electrons
emitted in the feed. A sequence of shots taken without the bump, ranging from
2 to 3.5 TW, all showed an early-time current loss between injected (IO) and
diode (Ip) current monitors (see Fig. 16a). Shots with a smoothly curved
cathode, as in Fig. 4, produced poor pinches without the bump. Shots taken
with a bump did not show the early-time current loss (see Fig. 16b). All low-
power shots taken with the large-area (100 cmz) cathode and the bump produced
excellent pinches.

At the 4.5-TW level, the bump was not sufficient to ensure good
pinches. Smoothly covering the anode discontinuities with copper tape in the
radial feed and with stainless-steel tubing in the coax feed (bypassing ID)
produced better pinches and larger PDX signals of greater FWHM. No shots
without this modification produced good pinches at higher power, while 7 out
of 11 shots were excellent with the anode discontinuities covered.
Unfortunately, these modifications eliminated the diode-current measurement,
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Fig. 16 — Comparison of the injected current and diode current (a) on a

shot without the bump (No. 1859) and (b) a shot with the bump (No.
1860). Without the bump, the current loss in the vacuum feed is larger.
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hence the inductive voltage correction and an upper bound on ion power and
energy were unattainable on these shots.

The first experimental session utilized a cathode shank which tapered
abruptly from the coax vacuum feed to an extended enhanced cathode tip.
Early-time current losses were observed, but the deviations between injected
and coupled currents were less than for the hardware shown in Fig. 4. A shot
was performed in the second session at 5-TW matched-load power to evaluate
cathode-tip-enhancement effects on power flow. A l-cm-long, 5-mm-wide
enhanced 1ip was welded to the hollow taper cathode, a standard bump was
employed, and the diode current monitor engaged. Power loss was again
observeu, but the pinch was quite good, indicating that this configuration
compensates at least in part for the anode-discontinuity effect at high power.

Observations from this study indicate that the modifications to the
hardware designed to alleviate the power-flow problem were not effective,
suggesting that the geometric transition from radial to coax feed is dominant
in power flow over a variation of characteristic impedance. Further,
electrode surface is not important, while a well-designed cathode emission tip
and a low early-time diode impedance are essential for coupling power from the
generator to the diode.

E. Small-Area Diodes

A modification to the diode design was tested to evaluate the performance
of smaller-radius diodes with larger ion-current source densities. The hollow
taper cathode, shown in Fig. 4, was configured to vary in radius. Shots were

2

taken at 100 cmz, reported above, and at 30-cm“ area (see Fig. 4b).

Several small-area diode shots were taken at anode-cathode spacings from
2.6 to 5.6 mm. The small anode-cathode spacings shorted early in the pulse
while the large spacings caused the power to dissipate in the lower-impedance
vacuum feed. An intermediate spacing of 3.5 mm lead to efficient coupling of
the injected energy into the diode without shorting or power loss in the
structure, In this case, the diode impedance history was 1. « for 50 ns
before collapsing (see Fig. 17). A source-area-averaged ion current density
of 20 kA/cm2 at peak power was obtained. The ion-current onset times for this
small-area diode were slightly earlier than for the large-area diode as
presented in Sec IV A.
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F. Holographic Interferometry

Plasma evolution in the pinch-reflex ion diode was investigated with the
holographic interferometry system during the second experimental session.
Exposures were made through slots cut in the current return housing of the
anode (Fig. 10) to allow a side view of the cathode and anode. The left side
of each rectangular slot is defined by the cathode tip, and the right side by
the anode foil.

Holograms measured on three different shots are presented in Figs. 18 and
19 and must be compared only in a general way. One can see in fig. 18 that
early in time the plasma density is too small to produce observable fringe
shifting. As peak power is approached, significant fringe bending is
noticeable near the anode, with smaller effects near the cathode., The
greatest effect is near the axis of the diode. One can see in Fig. 19 that
later in time significant plasma motion has occurred. The first two holograms
(exposures D and E) are for the same shot. For these exposures, optically
opaque plasmas have advanced from the electrodes, narrowing the slit through
which the laser Tight can pass to the point that Fraunhofer single-slit
diffraction of the light becomes important. Light is clearly visible far
outside the borders of the rectangular viewing slits cut in the diode
housing. In the slot viewing the diode axis, the plasma has become opagque to
the laser light incident during the shot by the time the power pulse has
dropped to 40% of its peak value. The adjacent holes have narrowed
substantially. A hologram taken after the total collapse of power on another
shot, exposure F, shows total opacity everywhere between the electrodes.

Holographic measurements were made on the large-area diode (100 cmz) for
four similar shots at interval- spanning most of the power pulse. The timing
of the laser-pulse exposures on these shots is shown in Fig, 20. A tracing of
each of the four holograms on these shots was made to show the contour
corresponding to a line density of 3.2 «x 1017/cm2, or one fringe shift, These
tracings are shown in Fig. 21. The accuracy of the contours is estimated to
be + 0.5 mm of the 3.5 mm anode-cathode gap. Contours for greater fringe
shifts were in most cases impossible to extract because large density
gradients caused the fringes to run together.

It is clear from the single-fringe-shift reconstructions in Fig. 21 that
the plasma fronts expanding from the anode foil and cathode tip are fairly
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reguiar with gentle surface fluctuations and are not, in general,
cylindrically symmetric. The absence of sharp plasma protrusions argues for a
reasonable beam emittence, although a smoother and more regular plasma surface
is required for high-focus-quality beam development. The important points to
notice are that the plasmas expand from the boundary surface as the power
pulse approaches its peak, that they are reasonably uniform and approach one
another at increasing velocities, and that the center velocity appears greater
than the larger-radius plasma motions.

The contours of Shot 1885 (Fig. 21d), showing the plasma behavior during
the power collapse, indicate a considerable change between the first and
second frames, both of which were taken near peak power. The plasma closure
velocity implied on axis is 27 cm/us; off axis at a radius of 3 cm the
velocity is 7 cm/us between frames A and B, and 10 cm/us between frames B and
C. The line density off axis is seen to decrease in the last frame, allowing
light to again pass through holes that were formerly opaque. This phenomenon
may be due to the anode plasma being compressed by magnetic pressure.
Alternatively, the anode and cathode plasmas may never have met in the earlier
frames, but the opacity there may have been caused by surface fluctuations or
ripples that blocked the laser line-of-sight.

The plausibility of the magnetic-pressure mechanism can be determined by
calculating the time required for the plasma pressure to be overcome by the
rising magnetic pressure in the diode gap. Energy is deposited into the anode
plasma continuously throughout the pulse, increasing the particle kinetic
energy. The decreasing diode impedance means that early in time the current
(and hence magnetic field) is low so nkT >> BZ/Zu . Later the impedance
decreases and the magnetic pressure increases more quickly than the plasma
thermal energy. Rough parameters appropriate to the diode at the time of
impedance collapse could be 2 MA flowing within a 3-cm radius, a plasma
density of about 1018/cm3 of CH, components, and a temperature of 5 eV. The
magnetic pressure for these values is 67 MPa while the thermal pressure is
0.75 MPa, clearly much smaller. These yield an acceleration of 120 cm/us2
and a time of 16 ns for anode and cathode plasmas to each move 1.5 mm. This

value is comparable to the observed 10-ns time scale of plasma motion across
the diode. While plasma surface fluctuations cannot be ruled out as the
source of diode opacity after peak power, the most likely explanation is the




ejection of plasma from the diode into the hollow cathode cavity and back to
the anode Tocation by magnetic pressure from the diode short circuit.

In addition to the 3-TW, 100-cn? diode shots, several shots at 2 to 2.5-
TW diode power with a small-area (30 cmz) diode were holographically monitored
(Fig. 22). On Shot 1886 (Fig. 22a) interferograms of the diode during the
ascent to peak power were recorded, indicating little plasma motion before
peak power and with noticeable motion within a radius of 3 cm during the last

two frames at peak power. The closure velocity on axis between the last two
frames is 21 c¢cm/ps.

On two other small-diameter shots, arcs occurred in different parts of
the feed early in time. On Shot 1879, the arc formed well upstream from the
diode in the coaxial vacuum feed, A perturbation in the reference fringes on
one side of the diode is the only indication of the event (Fig. 22b). On Shot
1380, the arc was in the diode, resulting from too small an electrode
s separation. Tne diode was opaque to laser light even in the first hologram
i and hence density contour mapping was not possible.

V. SUMMARY OF RESULTS

In this paper, we have presented recent technological advances in intense
1 pulsed ion-beam development. The pinch-reflex diode has been successfully
scaled up to multiterawatt operation on the PITHON accelerator. Pulsed proton
and deuteron beams have been produced in both planar and spherically focusing
geometries with 1.0-MA of 1.8-MeV light ions measured at a peak power of 1.8
TW yielding a 130-kJ light ion beam in 100 ns,

Focusing of intense ion beams by electrode shaping and by self-magnetic
field deflection has been shown at large radii to follow simple theoretical

' modeling with several corroborating diagnostics. Spherical electrode shaping
served to compress the ion beam from an 11-cm-diam anode surface to a 3-cm-
diam focal spot located, due to magnetic bending, inside the geometric

focus. Small-area diode tests at lower power demonstrated that impedance
lifetime is not a problem at higher source-current-density levels. Further,
these results suggest that a smaller-area pinch-reflex diode of higher power
density may be suitable for injection into a plasma transport channel,

The most serious problem encountered in these experiments was independent
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of the pinch-reflex diode but concerned the coupling of power from the
accelerator interface through the vacuum feed structure to the diode. These
losses were found to be geometric, that is, independent of electrode surface,
and occurred principally between the biconic-to-coax transition and the
diode. Reducing the early-time diode impedance, smoothing the vacuum feed of
resonant grooves, and enhancing the cathode emission tip all served to
increase the power flow to the diode.

Beam diagnostics were developed to survive the harsh bremsstrahlung and
impulse environment of a 3-TW pinch-reflex diode. Measurements of nuclear-
reaction products provided total ion yields and pulse-shape evaluations.
Total beam Rogowski coil monitors were developed to perform through the time
of peak power. The shadowbox technique provided beam-focus location and
local-beam divergence.

A first study of the spatial evolution of the anode and cathode plasmas
in a 3-TW pinch-reflex diode was performed on multiple shots spanning the
power pulse. Surfaces at constant line density (3 x 1017/cm2) are observed to
expand from the electrodes at times approaching peak power in fairly uniform
though nonsymmetric profiles and accelerate toward one another. After peak
power, significant anode-plasma surface fluctuations and a high velocity (up
to 30 ecm/us) axial plume were observed. During the power pulse collapse a
high density (n > 1018/cm3) plasma bridges the anode-cathode gap over the
central 7.5-cm diameter. On some shots the high density plasma is later seen
to open suggesting magnetic plasma confinement. The knowledge of the anode
and cathode shapes at peak power suggests that further research into the
formation of more uniform plasmas is necessary for development of a highly
focused ion diode. The measured evolution of the shapes of the anode and
cathode plasmas is the information required to design a first iteration
modification to the simple spherically focusing anode.
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