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Abstract—A series of simulations and experiments to resolve
questions about the operation of arrays of closely spaced small
aspect ratio rod pinches has been performed. Design and post-
shot analysis of the experimental results are supported by 3D
particle-in-cell simulations. Both simulations and experiments
support these conclusions. Penetration of current to the interior
of the array appears to be efficient, as the current on the center
rods is essentially equal to the current on the outer rods. Current
loss in the feed due to the formation of magnetic nulls was
avoided in these experiments by design of the feed surface of the
cathode and control of the gap to keep the electric fields on the
cathode below the emission threshold. Some asymmetry in the
electron flow to the rod was observed, but the flow appeared to
symmetrize as it reached the end of the rod. Interaction between
the rod pinches can be controlled to allow the stable and
consistent operation of arrays of rod pinches.

Index Terms—rod pinch

. INTRODUCTION

T he rod pinch diode [1] is used for high-brightness x-ray
radiography by many pulsed-power accelerators [2]. It is
composed of an anode rod that is attached to a planar anode
and extends through a washer-shaped cathode plate. An
electron beam is initiated by field emission from the edges of
the cathode hole. The cathode plasma formed at the emission
points spreads over the cathode surface, so the electron beam
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flows from a plasma cathode covering the cathode surface.
The current is space-charge-limited and forms a weak pinch
under the influence of the magnetic field generated by the
electron flow. This beam heats the anode rod and creates a
surface plasma. Plasma ions are drawn out of this plasma and
counterstream toward the cathode creating a bipolar flow. The
space-charge of the ions partially neutralizes that of the
electrons which increases the current density and enables the
beam to become tightly pinched. The impedance behavior of
this flow has been well characterized [3][Em1] for radiography
rod pinches operated at impedances of 10-50 ohms or higher.

Rod pinches have many desirable operational
characteristics, including simplicity of fabrication, stable
operation, and high areal current density. This work is
directed toward applying these desirable characteristics to
diodes for low impedance pulsed power drivers. The plasma-
filled rod pinch has previously been investigated as a method
of obtaining low impedance operation [4][EM2]. Another
method for obtaining the desired low impedance is to operate
multiple rod pinches in parallel, as well as operating those rod
pinches at small aspect ratio [5]. To maintain the high areal
current density, the rod pinches should be closely spaced. This
type of diode geometry for a low impedance driver has not
been previously investigated.

This work describes simulations and experiments to
evaluate the effectiveness of a technique to mitigate concerns
about coupling between multiple closely coupled small aspect
ratio rod pinches. These experiments use a 3 Q Linear
Transformer Driver (LTD) based on part of the flash
radiography research source URSA Minor [5].

A. Concerns for closely-coupled rod pinches

There are several concerns for multiple closely spaced rod
pinches. These include penetration of the current to the
interior of the rod pinch array, loss of magnetic insulation in
the feed, and asymmetry in the rod pinch flow.

The concern about penetration of the current to the interior
of the array is related to the concept of skin depth, and is
based on the higher path resistance and inductance to the
diodes in the interior of the array. This higher path inductance
reduces the voltage on the inner diodes, so the outer diodes
should begin conducting before the inner diodes. Once they
begin to conduct, the impedance of the array drops, further
reducing the voltage available to start conduction on the inner
diodes. It is possible that as a result the inner diodes would
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just never start conducting.
The concern about loss of magnetic insulation in the feed is

related to concerns for post-hole convolutes in vacuum
magnetically-insulated transmission lines [6], although in rod
pinches electron flow across the gap near the rod is
intentional. Coupling of the magnetic fields from the multiple
rods can result in magnetic nulls in the feed gap as shown in
Fig. 1, which can result in current losses in the feed gap if
electrons are in the gap and can reach the magnetic field nulls.
Although the precise geometry of the magnetic field null
depends on the details of the configuration, any closely spaced
multiple rod pinch geometry will have magnetic field nulls
somewhere between the rods.
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Figure 1 Magnetic field intensity in the feed gap for a multiple
rod pinch configuration.

The concern about asymmetry in the electron flow is
illustrated in Fig. 2, which shows the magnetic field at peak
power based on simulations of a three rod geometry. The
figure shows that there is considerable asymmetry in the
magnetic field around the rod, particularly in the feed gap
between the anode base plate and the cathode plate, which
could perturb the electron flow and negatively affect the rod
pinch operation.
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Figure 2 Magnetic field at peak power for a three rod

configuration.

Initial evaluation of these concerns identified the following

2

path forward. For the concern of current penetration to the
interior of the diode array, the expectation was that, for a
relatively long rise time source such as is used in these
experiments, the issue would not arise. However, simulations
and experiments with a diode array consisting of ten closely
spaced small aspect ratio rod pinches were planned to allow
verification that this issue was not significant. For the
concerns about magnetic nulls in the feed and flow asymmetry
about the rod, two mitigation approaches were identified.
First, the rods can be partially isolated by surrounding each
with a conducting hollow cylinder connected to the cathode
plate, to reduce the magnetic field from adjacent rods in the
vicinity of the rod. This approach was first successfully tested
using simulations. Second, the cathode plate can be shaped to
suppress field emission in the feed gap. These approaches
were implemented and characterized in the ten rod pinch
experiment, and supporting simulations using the experiment
geometry were performed.

Il. SIMULATIONS
All simulations were performed using the LSP code [7],
which was used in a 3D, fully electromagnetic, fully kinetic,
PIC mode.

A. Initial simulations

To evaluate the potential effects of magnetic field coupling
between rod pinches on the electron flow, initial simulations
were performed using the geometry of Fig. 3. This uses the
simplest rod pinch geometry, in which the cathode is just a

plate.
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Figure 3 Geometry of initial simulations to evaluate magnetic

field coupling effects in rod pinch diode arrays. 60 degree
segment of hex lattice (rod on axis) with 6-fold symmetry.

First, an LSP simulation with no particles and resistive
loads at the diodes showed substantial magnetic field
asymmetry about the outer rods. The magnitude of the
magnetic field just above the anode base plate is shown in
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Fig. 4. The ratio of the magnetic field away from the axis to
the field toward the axis on the outer rods is 2 to 3 for the
outer ring of rods, and larger for the inner ring. The magnetic
field in the feed gap between the rod and the axis is quite low,
so electrons emitted in the A-K gap may not be fully confined
by the magnetic field, and could flow into that gap.
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Figure 4 Magnetic field magnitude 1 mm above the anode
baseplate for the rod pinch array geometry of Fig. 3.

This is illustrated in Fig. 5, which shows a simulation using
the same geometry in which electron and ion emission were
allowed. A realistic power pulse was used to drive the
simulation. Classic rod pinch behavior of the ions and
electrons is observed on the rod surface facing away from the
axis, with the particles primarily present in the A-K gap and
along the rod above the cathode plane. However, on the rod
surface at small radius, electrons and ions stream into a region
of low magnetic field in the feed gap between the rod and the
axis.
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Figure 5 Electron and ion positions at peak power in the rod
geometry of Fig. 3, viewed in the z-x plane with axis to the left.

One method of mitigating the effect of the weak magnetic
field in the feed gap between the axis and the off-axis rod is to
place a conducting cylinder around the rod, extending both
above and below the cathode plate, that localizes and hence
increases the magnetic field near the electron flow across the
A-K gap. This would prevent streaming of electrons and ions
from the A-K gap into the feed gap. The effect of such a
conducting cylinder is shown in Fig. 6. This shows the results
of a simulation using the same parameters as were used for
Fig. 5, except that conducting cylinders extending to 2 cm
above the anode baseplate were added around each rod. With
these added cylinders, classic rod pinch behavior is observed
on the on-axis and off-axis rods, and electrons and ions do not
stream into the feed gap.



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 4

number/cm3(log
12.00

11.40

10.80

+410.20

F19.600

=

9.C00

F18.400

17.800
7.200

8.600

6.000

5 15

10
R (cm)

Figure 6 Electron and ion positions at peak power in the rod
pinch geometry of Fig. 3, with partial conducting cylinders added
around each rod.

B. Experiment simulation description

Asimulation of the 10-rod diode fielded on URSA Minor
was built in Cartesian coordinates (X, y, z) which spans
approximately 15 cm in the x- and y-directions and 40 cm in
the z-direction. The simulation grid is comprised of nearly 7
million cells that range from 1 mm to 1.25 mm in the x- and y-
directions and from 1 mm to 3 mm in the z-direction. The
forward traveling voltage pulse used to drive the simulations
reaches roughly 700 kV in approximately 90 ns as seen in
Fig.7.
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Figure 7 Drive voltage pulse assumed in simulations.

The solid tungsten anode rods are 1.2 cm in diameter, 7.5
cm in length, and are modeled within LSP using a Monte
Carlo transport algorithm[8], [9]. Each rod and corresponding
cathode hole has an AK gap of approximately 7 mm. Table 1
summarizes key dimensions for these simulations.

Table 1 Nominal geometric dimensions for simulation.

Variable | Description Nominal Value

Jak Rod AK gap 0.7cm

Zyt Power flow gap 3.3cm

Zwindow Gap between rod tips and 22.8cm
polycarbonate window

drog Rod diameter 1.2cm

Fig. 8 shows a cut-away view of the simulation geometry in
the top frame and a 2D view of the y-z plane marked with
relevant dimensions in the bottom frame. Anode structures are
in blue with tungsten rods in light blue, cathode structures are
in red, and the polycarbonate window is in yellow.

tlem)

Figure 8 a) 3D simulation geometry shows one quarter of a 10-
rod configuration. b) 2D view of the y-z plane at x=0.

Fig. 9 shows an x-y plane view of the anode rods and AK
gaps in the center of the cathode plate. This view shows the
stairstep structure of the holes and rods as well as the
numbering scheme used to identify individual rods in both
experiments and simulations. Note that the simulated diode
encompasses a 90 degree segment of the full geometry and
uses symmetry boundaries.
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Figure 9 A view of the x-y axis in the center of the cathode plate
(red) showing the positions and designated numbers for each rod
(blue) in the simulation.

The cathode plate is designed in such a way that the cathode
extends for roughly 4 cm along the length of each rod to
provide the current path isolation discussed above.

Four different particle creation models were used in these
simulations. Space charge limited electron emission was
enabled for all cathode surfaces with an electric field stress
greater than 250 kV/cm [10]. Electrons heat anode surfaces
when they strike and deposit energy. This heating due to
electron bombardment, along with Ohmic heating of the anode
conductor, and can result in plasma formation and ion
emission. This effect is included in the simulation model by
allowing ion emission from anode surfaces that undergo a 400
K temperature increase [11]. Photons and electrons emitted
from the tungsten rods are created based on electrons striking
the rod. Fig. 10 shows the regions where each creation model
is enabled in the simulation. Red outlines areas where anode
ion emission can occur. Blue outlines areas where secondary
electron and bremsstrahlung emission from the tungsten rods
can occur. Green outlines areas where cathode electron
emission can occur.

Figure 10 Two dimensional, y-z plane at x=0 of simulation space
indicating particle creation regions.

Although the model includes electron and ion emission, it
does not include the formation of dense electrode plasmas on
the cathode and anode surfaces, which can then expand into

the A-K gap, resulting in time-dependent closure of the gap
and a consequent impedance collapse [12], [13].

C. Experiment simulation results

The simulated current as a function of time is shown in Fig.
11, which shows the current on rod 2, and the total 10-rod
current, which is calculated by taking the average of the four
rod currents in the simulation and multiplying by 10. The
currents are not perfectly symmetric, since the peak current on
rod 2 is about 13 kA, while the total current is 140 kA, so the
outer rod carries a little less than one-tenth of the current.
However, there is little variation in the currents among the 10
rods.
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Figure 11 Current time history from simulation.

The simulated voltage as a function of time for the 4 rods is
shown in Fig. 12. The voltage on rod 1, at the largest radius,
rises fastest, and the voltage on rod 4, at the smallest radius,
rises slowest, but the differences are small, and through most
of the pulse the voltages on the 4 rods are very similar.
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Figure 12 Rod voltage time histories.

Contours of the magnetic field are shown in Fig. 13 near the
feed edge of the cathode plate at z=3.4 cm on the left and at
the midplane of the cathode plate at z=5.3 cm on the right.
Note the large asymmetry in magnetic field along each of the
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rods near the end of the cathode plate. This asymmetry is
largely eliminated by the midplane of the cathode as the fields
from the currents on the other rod are largely shielded by the
conducting cylinder along the rod provided by the shaping of
the cathode plate.

1%53cm

Figure 13 Magnetic fields at two locations in the diode show the
nonuniform magnetic field along the rod.

The diode impedance calculated from these currents and
voltages is shown in Fig. 14. Note that it reaches a minimum
value of about 1.2 ohms and then increases later in time. It
does not show a collapse in impedance late in time as the
electrode plasmas close the A-K gap in the experiment.
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Figure 14 Diode impedance from simulations.

Electron and ion positions at t=150 ns are shown in Fig. 15.
Note that the electron density is higher on the axis-facing
surface of the outer rod. Electron emission from the corners of
the cathode extensions is minimal and ion emission from the
base of the rods is nonexistent. These results are consistent
with the preliminary simulations shown in Fig. 6.

2o 2

Figure 15 Electron density (left) and ion particle positions (right)
at 150 ns.

Energy deposition along the rod was calculated from the
electron deposition and is shown in Fig. 16. A dark band near
the cathode is visible indicating an area of high electron
bombardment of the rod. As is clear from both the electron
densities in Fig. 15 and the energy deposition in Fig. 16, the
pinch does not move strongly along the rod, and the bulk of
the flow is in and near the A-K gap.
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Figure 16 Simulated energy deposition along rod 4. This figure
shows half the rod. The viewing angle is about 10 degrees from
the system axis, and is similar to that in Fig. 22.

I1l. EXPERIMENTS

A. Experiment description

URSA Minor was operated in positive polarity with a
shortened anode stalk, with five LTD cavities. The cavities
were charged to 75 kV. The anode stalk diameter was 21.5
cm, and the inside diameter of the cathode line was 29 cm. A
pattern of 10 tungsten rods, with radius 0.635 cm, in a
hexagonal closely packed configuration was mounted on the
end of the anode stalk. The radius of the cathode holes was
1.27 cm, and the width of the cathode rings was 1 cm. Fig. 17
is a sketch of this configuration.

The design feed gap between the edge of the Rogowski coil
holder at the base of each rod and the closest point on the
cathode plate was 1.3 cm. In the first set of experiments, that
gap was set at 0.4 cm. After the first few shots, the gap was
increased to 1.4 cm.

The rods protruded 3 cm beyond the cathode plate. A
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vacuum region extended axially 21 cm beyond the cathode
plate, with an inside diameter of 21.3 cm. At the end of the
vacuum region, a 2.73 cm thick polycarbonate window with
the same diameter as the vacuum region allowed optical
inspection of the alignment of the anode to the cathode hole.

Two PIN diodes were fielded on axis 33 ¢cm from the
outside of the window to measure the radiation pulse shape.
CaF,:Mn thermoluminescent dosimeters (TLD) 0.9 mm thick
equilibrated by 0.25 mm of aluminum were used to
characterize the radiation environment produced by the rod
pinch. A pattern of nine TLDs, with one on axis, four at 3 cm
radius, and four at 6 cm radius was fielded on the outside of
the window.

Figure 17 Cutaway sketch of diode region for 10 rod
experiments.

Calibrated current diagnostics were mounted in the machine
at 5 axial locations along the cathode and anode. At each
position, either 2 or 4 B-dot probes or Rogowski coils were
mounted to measure the current. The current measurement
position closest to the diode load was just at the end of the
anode stalk. Self-integrating Rogowski coils on the base of the
anode rods labeled RODROG provided an additional measure
of rod current. The Rogowski coils were nominally identical
in construction. However, when they were individually
calibrated prior to the series, there was significant scatter in
the calibrations. The diagnostic positions closest to the diode
are shown in Fig. 17.

In addition, capacitive V-dot probes were located on the
inner and outer lines at the D and E positions, labeled IDV90
and 1EV90, respectively. The V-dot probes used these
experiments were calibrated in position using reference
resistive voltage monitors. These voltage signals were
inductively corrected to the rod position using the IEBO (the
B-dot on the inner line at the E position close to the end of the
anode stalk) current signal and the calculated inductance from
the current monitor to the outer radius of the rod pattern.

Figure 18 Diagnostic positions for rod pinch experiments

A pinhole camera with a 0.7 mm pinhole and an image plate
was used to collect time-integrated images of the radiation
pulses. The geometry of the pinhole imaging is shown in Fig.
19.

inhole Camera

Figure 19 Pinhole camera geometry

B. Rod alignment

In these experiments, the designed radial diode gap on each
rod was 0.635 cm. An initial concentricity check verified that
on 9 of thel0 rods, the minimum radial gap was 0.55 cm, and
one rod had a minimum gap of 0.47 cm. The pinhole camera
images and rod damage were approximately symmetric, so
this degree of misalignment does not appear to have
significantly affected the experiment.

IV. EXPERIMENTAL RESULTS

A. Electrical signals

The measured current for the 10 rod geometry described
above, driven by this pulsed power configuration, is shown in
Fig. 20. The current reaches a maximum value of about 145
KA at about 120 ns. The plotted current is the integral of the
B-dot signal from location IE in Fig. 18. The plotted voltage is
the inductively-corrected voltage from the V-dot at location IE
in Fig. 18.
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Figure 20 Current and voltage waveform for 10 rods with
0.635 cm radial A-K gap.

Inspection of the waveforms shows that the voltage initially
rises steeply. The voltage has an initial peak about 20 ns after
the start of the voltage pulse, and then drops for about 10 ns,
after which it rises again, to peak about 45 ns after the start.

The current begins to flow when the voltage reaches about
60 kV, about 8 ns after the start of the voltage pulse. The rise
time of the current is approximately 90 ns, and the fall time is
similar.

The resulting impedance waveform is shown in Fig. 21.
The impedance drops rapidly until about 70 ns, at which time
it drops more slowly until the end of the pulse.

-2
radiation

Zor PIN

0 50 100 150 200 250
ns

Figure 21 Impedance and radiation waveforms for 10 rods with
0.625 cm radial A-K gap.

B. Current division among the 10 rods

A first look at the current division among the 10 rods is
provided by the x-ray pinhole image in Fig. 22. The rods are
quite uniform in brightness, showing that the current division
among the 10 rods was at least approximately symmetric.

8

Figure 22 Time-integrated x-ray pinhole image of the 10 rod
array.

To evaluate the symmetry of current distribution through
the 10 rod array, the current waveform measured by the rod
Rogowski at each position can be compared to the total
current measured by the B-dot located at position IE.
Unfortunately, the Rogowki coil on the upper of the two
center rods evidently was not functioning correctly, giving a
current amplitude and pulse shape very different from that
measured by the other center rod Rogowski and all the other
current monitors, even though x-ray pinhole images and
damage to the rod indicated that the current to that rod was
very similar to that on the other rods. The current measured
by the Rogowski on the other center rod was consistently
0.095-0.011 of the total current. Within the accuracy of the
measurement, and neglecting the clearly anomalous reading of
the other center rod Rogowski, the center rods carry the same
current as the outer rods.

C. Current loss in the feed gap

The error in the initial setup of the feed gap, where it was
set to 0.4 cm instead of 1.3 c¢cm, provided an overtest of the
design electric field in the gap. Fig. 23 shows the anode rod
array after 8 shots. Note the white spot on the edge of each of
the Rogowski coil holders, oriented toward the center of the
array. This indicates the locations of current loss with this
small feed gap machine configuration. The holders were not
damaged, and were cleaned after the shot. When the feed gap
was increased to 1.4 c¢cm, these spots no longer appeared, and
the loss across the gap to these locations appears to have
stopped. Note also that there are no other spots on the anode,
so no other regions of localized current loss are apparent.
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Flgu re 23 Anode feed plate and rods after 8 shots.

D. Effect of changing rod number

The primary objective of this simulation and experimental
program was to identify power loss and performance issues
with large arrays of rod pinches, represented by the 10 rod
array. However, other symmetric arrays of 8, 6, 4 and 2 rods,
obtained by removing rods from the 10 rod array, were also
tested.

Fig. 24 shows the PIN radiation signal for different rod
numbers. The values for 10 and 8 rods are quite similar, rising
later than for the other rod numbers, with the signal for 8 rods
peaking substantially higher than for 10 rods. The signal for 6
rods rises earlier and more rapidly, and continues to rise until
120 ns, peaking with the largest signal of any rod number. The
signals for 4 rods rise similarly to 6 rods until about 100 ns, at
which time they plateau, beginning to drop at 120 ns. The
signal for 2 rods rises much earlier and more steeply than for
the larger rod numbers, but peaks early, at 70 ns, and then
drops more rapidly.
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Figure 24 PIN signal vs. rod number.

Fig. 25 shows the coupled power computed from the
voltage and current waveforms for different rod numbers. The
values for 10 and 8 rods are very similar, while when the rod
number decreases to 6 the coupled power increases by about
30%. As the rod number is decreased to 4, the coupled power
increases another 10 to 20%. As the rod number drops to 2
the coupled power begins to drop. Note that the radiation
signal recorded by the PIN does not track the coupled power

very closely. This is likely because of the geometric
complexity of the radiation source region, which includes the
sides of the anode rods under the cathode and the end of the
rod. The location of the radiation source within this geometry
probably changes during the pulse, moving from the area
under the cathode early in the pulse toward the end of the rod
later in the pulse.
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Figure 25 Coupled power vs. rod number.

Fig 26 shows pinhole x-ray images of the 8 rod, 6 rod, 4 rod
in, and 4 rod out configurations. In all cases the power
division among the rods appears to be very even, and the
pinches as slightly biased towards the center of the array, as in
the 10 rod case. Inspection of the feed gap during this set of
shots showed no indications of current loss to the rod
Rogowskis or other points in the feed gap. Even at the peak
voltage of greater than 500 kV observed in the 2 rod
configuration, no feed losses were observed.
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8 rod 6 rod
-, «)
- ®
4 rodin 4 rod out

Figure 26 Time-integrated pinhole images of rod pinch arrays
containing eight, six, and two configurations of four rods.
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V. DISCUSSION

Overall generally good agreement was observed between
the simulations and experiments for this geometry.

A. Current and voltage behavior

The current and voltage in Fig. 20 can be compared with the
simulated current in Fig. 11 and the simulated voltage in Fig
12.  The currents differ substantially, with the measured
current peaking at about 150 kA while the simulated current
reached 300 kA. At the same time, the simulated and
measured voltages are more similar, with the simulated
voltage peaking at about 170 kV while the measured voltage
has an early peak of 250 kV, and is about 150 kV near the
peak current. In addition, the measured current rise time of
about 90 ns is much longer than the simulated rise time of
about 50 ns. These effects might be attributed to impedance
mismatch between the LTD driver and the load.

In previous single rod experiments using the same pulsed
power driver, a single rod with a small A-K gap was a 3 ohm
load, and the measured current and voltage waveforms are
shown in Fig. 27. This behavior is roughly similar to that
observed with the 10 rod array in Fig. 20, with a peak power
of 3 x 10 W at about 100 ns, compared to a measured 2.2 x
10" W at 120 ns for the array. These can be contrasted with a
simulated 5.1 x 10 W at 90 ns for the array. Evidently the
driver cannot supply the full current for this undermatched
load.

4.E+05
3.E405 I ~'~",‘,
¥4 LY
\ "/‘ VA |
< [ M ‘Il v
|
5 2.E+05 (1 o "\
> | .\ { |
‘."J."'
|
1.E+05 | i ‘l“
o ) |
‘».' f A
/ W™
0.E400 :
0 50 100 150 200 250

ns

Figure 27 Current and voltage waveforms for a single tungsten
anode, radius 1.27 cm with a 1.6 cm cathode radius.

B. Impedance behavior

Measured and fitted impedance waveforms for the 10 rod
array are shown in Fig. 28. The falling impedance is fitted
using a gap closure velocity of 0.5 cm/ps. This can be
contrasted with the calculated diode impedance in Fig. 14,
which does not include gap closure effects. As noted in the
simulation discussion before Fig. 16, pinching effects are
expected to be weak, and the bulk of the flow is near the
anode-cathode gap.
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Figure 28 Measured and fitted impedance waveforms for the 10
rod array. The fit assumes no ions in the gap and a cathode
plasma gap closure velocity of 0.5 cm/ps.

C. Coupling to the LTD driver

The power coupled from the driver to the rod pinch array is
maximized for the 4 rod configurations, as shown in Fig. 25.
These configurations operate at 3 to 3.5 ohms impedance
during the impedance plateau between 70 and 200 ns.
Coupled power is reduced for arrays with larger numbers of
rods. Comparison with the simulations shows this is largely
because the driver cannot supply the current to these low
impedance loads. Coupled power is also reduced for the 2 rod
load, which operates at about 8 ohms. As expected, efficient
power coupling to a load consisting of an array of rod pinches
requires that the driver impedance be matched to the load.

D. Asymmetry in the rod pinch flow

Simulations clearly show that in a closely coupled array of
small aspect ratio rod pinch diodes, the flow in the A-K gap is
asymmetric, with smaller magnetic fields on the side facing
the center of the array, as seen in Fig. 13. This effect can also
be seen in x-ray images of the array, such as Fig. 22, with
darker spots indicating higher current density on the side of
the rods facing the center of the array. However, as seen in
the x-ray image, the asymmetry in the flow is not large, and
impedance calculations neglecting this asymmetry give good
agreement with experiments, as in Fig. 28.

E. Comparison of experimental results with simulation
results

It is worth noting that the rod voltages as seen in Fig. 12 are
in excellent agreement with one another despite the stair-step
nature of the conductor surfaces in the rod-hole regions. The
electric fields in the simulation are comparable from rod to rod
suggesting that the simulation model is acceptable in cases
where the rods are not perfectly centered on axis.

For the simulation shown in Fig. 15, no electron deposition
or ion emission was found on or near the Rogowski coil
holders. This finding agrees with experimental results that
show no damage to those hardware components. Note that
little electron emission occurs from the upstream side of the
cathode cans, emission points that previous simulations show
are the largest sources of electrons that strike the anode rod
holders. The Rogowski coil housings do not undergo high
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enough levels of Ohmic heating to result in ion emission
without the added energy of electrons striking their surfaces.
The 3 mm rod AK gap setting successfully eliminates
undesirable ion emission from the Rogowski coil holders.

A comparison of simulated energy deposition on anode rod
4 as shown in Fig. 16 and the experimental x-ray image in Fig.
22 shows good agreement. In both cases a dark band near the
cathode is visible indicating an area of high current density,
and a weaker band is visible around the edge of the end of the
rod.

The early-time, high-voltage (approximately 240 kV)
feature seen in the experimental data in Fig. 20 was seen in
earlier simulations that had larger AK gaps of approximately 7
mm. However, once the AK gaps were set to match
experimental settings and the drive voltage set accordingly,
this early-time feature was lost. The fact that this early time
high voltage feature was present in the large gap simulation
but absent in the small gap simulation, suggests that it may
result from delayed turn on of the diode in the weaker electric
field in the large gap simulation. The fact that this feature is
present in the experiments therefore suggests that the initial
electric field in the experiments was too low to promptly turn
on the cathode emission. Careful attention to getting high
enough fields to promptly turn on cathode emission in these
large parallel rod pinch arrays is required.

VI. CONCLUSION

Large arrays of rod pinches may be useful loads for low
impedance pulsed power drivers. However, coupling of the
load to the interior of the array, power losses due to magnetic
nulls in the feeds, and asymmetry in the rod pinch flow in the
presence of the overall magnetic field of the array are
concerns for the performance of these rod pinch arrays.

Experiments with a closely coupled, small aspect ratio ten
rod pinch array, and simulations which are in good agreement
with experiment, show that coupling of the power to the
interior of the array does not appear to be a problem. The
central rods appear to carry almost exactly the same current as
the rods on the periphery of the array. Power losses in the
feed are observed with very small feed gaps, but control of the
feed gap electric field allows operation without these losses.
Asymmetry in the rod pinch power flow is observed, but does
not appear to have deleterious effects on the operation of the
array.

Two areas of particular concern are design of the feed gap
geometry to avoid electron emission from the cathode plate
away from the rod gaps, and design of the cathode at the rod
gap to insure prompt initiation of electron flow in the rod gap.
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