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Abstract

Pulsed power driven flash x-ray radiography is a valuable diagnostic for subcritical ex-
periments at the Nevada Test Site. The existing dual-axis Cygnus system produces images
using a 2.25 MV electron beam diode to produce intense x-rays from a small source. Future
hydrodynamic experiments will likely use objects with higher areal mass, requiring increased
x-ray dose and higher voltages while maintaining small source spot size. A linear transformer
driver (LTD) is a compact pulsed power technology with applications ranging from pulsed
power flash x-ray radiography to high current Z-pinch accelerators. This report describes the
design of a 7-MV dual-axis system that occupies the same lab space as the Cygnus accel-
erators. The work builds on a design proposed in a previous report [1]. This new design
provides increased diode voltage from a lower impedance accelerator to improve coupling to
low impedance diodes such as the self magnetic pinch (SMP) diode. The design also improves
the predicted reliability by operating at a lower charge voltage and removing components that
have proven vulnerable to failure. Simulations of the new design and experimental results of
the 1-MV prototype are presented.
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1 Introduction

Pulsed power accelerators designed to drive flash radiography diodes are typically quite large.
Older machines at the Atomic Weapons Establishment (AWE) in England are based on marx gener-
ator capacitive energy storage and Blumlein pulse compression. Modern radiography accelerators
such as RITS [2], Mercury [3], and Hydrus [4, 5] use inductive voltage adder (IVA) technology [6].
Inductive voltage adders consist of multiple series IVA cells coupled to a single stalk forming a
magnetically insulated transmission line (MITL) which is coupled at the high voltage end to an
electron beam diode. The primary energy storage for an IVA system is typically a marx generator
capacitor bank. The output pulse of the marx generator is much too slow to produce the desired
50-ns radiation pulse. The output pulse of the marx generator must be compressed in time by
charging pulse forming lines (PFL) which narrow the pulse before driving the IVA cells. Includ-
ing the energy storage and pulse compression stages, the total accelerator footprint becomes quite
large. The six stage RITS-6 accelerator is approximately 12 m by 8 m and the design of the ten
stage Hydrus accelerator is 25 m by 11 m.

A linear transformer driver (LTD) is a type of IVA where the primary energy storage is packed
inside the IVA cells. Inside each cell, or cavity, the energy storage capacitors are arranged as par-
allel single-stage marx generators. Each single-stage generator contains two capacitors discharged
through a spark gap switch in a low inductance geometry commonly referred to as an LTD brick,
shown in Figure 1. The primary energy storage discharge circuit inductance is sufficiently low to
provide the desired 50-100-ns electrical output pulse without the use of pulse compression stages.
The pulse shape is determined primarily by the inductance and capacitance of the individual bricks
in a cavity. The impedance of the cavity is determined by the number of parallel bricks.

CC

switch

Transformer
Cores

Vacuum Insulator

CL

Figure 1. The LTD brick contains two capacitors separated by a
spark gap switch. When the switch closes, a voltage is seen across
the vacuum insulator and the transformer cores isolate the pulse
from the ground return along the cavity housing during the pulse.
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The LTD architecture discussed in this report was developed at the Institute of High Current
Electronics (HCEI) in Tomsk, Russia. Individual LTD cavities have been tested with 10 [7, 8],
16 [9, 10], 20 [11], and 40 [12, 13] parallel bricks. Repetitive testing of a single, high current,
20-brick cavity has been performed at Sandia to investigate lifetime of the LTD components. The
system proved to be very reliable during the 13,500 shots. A LTD adder for radiography has also
been tested at Sandia into an electron beam diode load. The LTD adder consists of seven series
cavities containing 10 parallel bricks each [14, 15, 8]. A high current adder was recently tested at
HCEI with five series cavities with 40 parallel bricks each [13]. This high current system is being
upgraded to 10 series cavities and will be tested at Sandia beginning next year.

Pulsed power flash x-ray radiography is an important diagnostic for down-hole sub-critical
experiments at the Nevada Test Site (NTS). The Cygnus accelerators [16] have provided dual-axis
x-ray imaging for recent experiments by using a 2.25 MV electron beam diode. It is expected
that future experiments will require higher voltage accelerators which will not fit in the existing
tunnel space if based on the existing IVA technology. The LTD architecture is uniquely suited to
solving this challenge. The natural shape of a LTD accelerator for radiography applications is long
and narrow. Accelerators based on the existing LTD technology are compact enough to provide
dual-axis imaging up to about 7 MV in the same space as the dual-axis 2.25 MV Cygnus system.

This report details the conceptual design of a 7-MV dual-axis pulsed power radiography system
based on LTD technology. The accelerator design is part of an effort to anticipate future require-
ments for increased radiographic capability at NTS. In the absence of programmatic requirements,
we have analyzed the largest LTD based accelerator that could be installed in the U1a facility
where Cygnus is currently fielded. The design in this report assumes no significant improvements
in pulsed power or radiographic diode technology. As these technologies advance, the design could
be revised to provide higher voltage and improved radiographic capability.

A previous report described the design of a 6.5-MV, 50-Ω LTD consisting of 48 series LTD
cavities with 12 bricks in each cavity [1]. This previous design presented the smallest LTD that
could be used to produce a 6.5-MV output pulse with existing LTD technology. The new design
presented here is physically larger, has reduced electrical stresses, and should have improved reli-
ability. The Cygnus accelerator was required to have less than one failure in 200 shots including
prefires, no-fires, and breakdowns [16]. We do not have sufficient experimental data to perform a
detailed statistical analysis of the reliability of the LTD system. However, two modifications have
been made to the new design that should improve reliability. This previous design relied on the
use of peaking capacitors connected across the output of each cavity to increase the peak output
voltage and narrow the radiation pulse. The peaking capacitors are subjected to any voltage re-
versal or oscillations in the cavity voltage that might arise from impedance mismatches or circuit
faults. Peaking capacitors are not included in the new design discussed in this report to reduce the
number of fault modes. The new design also assumes a lower charge voltage of 90 kV opposed to
100 kV to improve reliability of the components and of the accelerator as a whole. If future testing
shows the reliability to be sufficient, these features could be added to the new design to increase
the output voltage capability. Simulations of the accelerator are presented. Experimental results of
the 1-MV prototype LTD accelerator will also be discussed.
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2 Physical Description

A 7-MV LTD accelerator has been designed that is suitable for a dual-axis down-hole radiogra-
phy facility. The two accelerators would occupy approximately the same footprint as the existing
Cygnus accelerators shown in Figure 2. The U1a facility that houses the Cygnus accelerators is a
6.7 m wide tunnel with an arched ceiling that is 5.18 m at its peak. A minimum 1.2 m clearance
must be maintained on one side for access to the experiment room. The machines must also leave
room to walk around and between the two. Given these constraints, the LTD cavities can be no
more than 1.75 m diameter each.

Figure 2. This drawing shows the dual-axis Cygnus radiography
system as fielded in the U1a tunnels at the Nevada Test Site.

Experiments on the RITS-6 accelerator with a high impedance, 80-Ω, MITL and a low impedance,
40-Ω, MITL have shown that low impedance diodes such as the Self-Magnetic-Pinch (SMP) per-
form best when coupled to a low impedance MITL [17]. For this reason, The 7-MV LTD accel-
erator has been designed with a 40-Ω MITL compared to the 50-Ω MITL in the previous 6.5-MV
LTD design [1]. The limitation of the cavity diameter discussed above sets the lower limit on the
single cavity impedance by limiting the number of parallel bricks in a cavity. The LTD cavities
must be matched to the MITL impedance to produce the desired output pulse shape. The acceler-
ator is designed with a 40-Ω MITL to couple well with low impedance diodes. These impedance
matching requirements provide an upper limit on the number of series cavities, and thus the peak
attainable voltage. If the design were modified to couple to a higher impedance MITL, then more
cavities could be added, increasing the peak diode voltage.
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The existing LTD cavity design developed at HCEI is used as a baseline for this design [18, 7].
The cavities in this design have a 1.75 m outer diameter, a 0.56 m bore diameter, and are 0.22 m
thick, see Table 1. When stacked in series, the cavities are compressed in groups of eight or 16
to provide a vacuum seal for the MITL. Numbering the cavities starting with the furthest from the
diode, additional space is left after cavities 8, 24, 40, and 56 to accommodate the compression
mechanism and to leave space for additional vacuum pumps as needed, see Figure 3. After the last
cavity, number 72, the MITL extends an additional 2-3 m and is bent toward the center line between
the machines. The machines sit parallel to one another, but the x-ray sources both point toward the
object to be imaged, similar to the bent vacuum output lines on the Cygnus accelerators. The bent
output line on the Cygnus accelerators are design to operate with no electron sheath current. Bent
coaxial MITLs have been used successfully in the past, such as in the Aurora accelerator [19]. The
total length of the LTD accelerators including these additional spaces is 23 m.

Table 1. LTD System Description

Number of series Cavities 72
Number of parallel Bricks per Cavity 18

Cavity Diameter 1.75 m
Cavity Length 0.22 m

Total Accelerator length 23m

Figure 3. This drawing shows the dual-axis 7-MV LTD as it
would look in the U1a facility in place of the Cygnus accelerators.

The MITL is designed to approximately match the impedance of the LTD cavities along its
length. An ideal MITL would have stepped diameter transitions at each cavity so that the operating
impedance of the MITL would match the impedance of the sum of the cavities up to that point
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in the accelerator. A MITL with 72 different impedance steps or a continuous taper would be
very complicated and expensive to manufacture. LSP simulations discussed in section 4 are being
used to design the MITL and investigate its performance with impedance transitions in 8-cavity
intervals, or in 4.4-Ω increments as shown in Table 2. A mechanical design of this particular
MITL has not been done at this time. A mechanical stress analysis was performed for the 48-
cavity design reported previously [1]. In addition, the MITL is about the same length as the MITL
designed for the Hydrus accelerators but will be larger in diameter than the 80-Ω Hydrus MITL.
Based on these two designs, an acceptable mechanical design should be achievable and will be
completed in future work on this system.

Table 2. MITL Dimensions and Impedances

Cavities Length Diameter Vacuum Operating
(m) (m) Impedance (Ω) Impedance (Ω)

1 - 8 2.25 0.245 8.0 4.4
9 - 16 2.25 0.222 13.8 8.9

17 - 24 2.25 0.203 19.2 13.3
25 - 32 2.25 0.186 24.4 17.8
33 - 40 2.25 0.171 29.5 22.2
41 - 48 2.25 0.157 34.6 26.7
49 - 56 2.25 0.144 39.6 31.1
57 - 64 2.25 0.133 44.6 35.6
65 - 72 2.25 0.122 49.5 40

After 72 3 0.122 49.5 40
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3 Circuit Simulations

Circuit simulations have been carried out using the Bertha transmission line circuit code [20]. The
circuit model of the 7-MV LTD is an extension of a model developed to describe the seven cavity
1-MV LTD [14]. The model approximates each cavity as a single brick element whose values are
equal to the parallel combination of the 18 bricks in the cavity as shown in Figure 4. This greatly
reduces the number of circuit elements in the simulation and thus reduces the simulation run time.
This lumped circuit method of modeling an LTD cavity has proven to produce very accurate results
when compared to single cavity and seven cavity experimental results [14].

Each cavity is modeled separately. This allows us to investigate the effect of cavity timing
as well as the effect of driving different MITL impedances. This is important since the MITL is
designed with impedance transitions in approximately 1-MV increments. Ideally the MITL center
stalk diameter would decrease after each cavity to maintain an ideal impedance matching of the
LTD cavities to the MITL.
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Figure 4. Circuit diagram of a single cavity. “Stub” elements
in the circuit diagram are used to facilitate connection of various
circuit elements and do not effect the simulation.

The circuit model approximates each section of the MITL as an ideal transmission line with
impedance equal to the predicted operating impedance of the MITL after electron sheath flow is
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Figure 5. Circuit simulations predict a peak forward going volt-
age of about 7.7 MV into a 40-Ω MITL.

established. The exact behavior of the electron flow and the MITL impedance is too complex to
capture in a simple 1-D circuit element. The circuit simulations using the MITL flow impedance
are adequate for determining the forward going voltage pulse into a matched load. Electron sheath
flow is established early in the pulse and so the operating impedance of the line is a reasonable
approximation for determining the forward going voltage. This model predicts that the LTD circuit
will produce a peak forward going voltage on the MITL of 7.7 MV, as shown in Figure 5. A small
amplitude, short duration pre-pulse will occur before electron sheath flow is established on the
MITL and thus the MITL will run at approximately the vacuum impedance. The simulations using
the operating impedance of the MITL will somewhat underestimate the amplitude of this pre-pulse.
However, simulations of the pre-pulse using the vacuum impedance of the line show only a few
percent increase in the pre-pulse amplitude.

When coupled to a low impedance diode, such as the SMP or negative polarity rod-pinch
(NPRP), the diode pulls significantly more current than the bound current in the cathode stalk of
the MITL. As a result, much of the sheath current must be retrapped at the penalty of decreasing
the diode voltage [21, 22]. Both the amplitude and velocity of the retrapping wave depend on
the severity of the impedance mismatch between the MITL and the diode. The 1-D circuit model
with ideal transmission line representation of the MITL cannot accurately predict the effect of
the retrapping wave generated by coupling the MITL to a low impedance diode. As discussed in
Section 7 of this report, future studies will use 2-D particle-in-cell (PIC) simulations using the LSP

suite [23] to determine the diode voltage for the given MITL geometry when coupled to a low
impedance load. The diode voltage can also be predicted analytically as described in the 6.5-MV
LTD design paper [1].
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One significant change from the previous 6.5-MV LTD design is the removal of peaking ca-
pacitors. The peaking capacitors are subjected to extreme voltage reversal when faults such as a
vacuum insulator flashover occur. This was seen as a significant limitation on the reliability of
the system that could be eliminated. The peaking capacitors produce an oscillation on the out-
put pulse with a frequency designed to produce a peak that coincides with the natural peak of the
pulse. The resulting pulse has a higher voltage peak and a narrower radiation pulse. To achieve the
narrower radiation pulse without peaking capacitors, the circuit must either have lower inductance
or use lower capacitance per brick. Lower inductance switches are being developed using Lab
Directed Research and Development (LDRD) funds at Sandia [24]. However, for this design, we
have chosen to use existing switch technology. Thus we have reduced the capacitance from 20 nF
per capacitor to 12 nF as listed in Table 3. This results in a radiation pulse that is approximately
50 ns, see Figure 12 and Table 3.

Table 3. Electrical characteristics and circuit simulation results

Capacitors 12 nF
Total inductance of one brick 250 nH

Forward going voltage 7.7 MV
Diode Impedance (bound current) 40 Ω

Diode Voltage 6.7 MV
Estimated Radiation Pulse Width (FWHM) 53 ns

Another significant change from the previous 6.5-MV LTD is the decision to assume that the
system will be charged to only 90 kV instead of 100 kV. The distances between components and
material thicknesses have not changed, but by reducing the expected charge voltage, the system
reliability should increase significantly. If reliability is found to be adequate, then the charge
voltage could be increased as high as 100 kV, increasing the load voltage by about 11 %. The new
forward going voltage wave would be approximately 8.6 MV with approximately the same MITL
operating impedance.
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4 Particle-in-Cell Simulations

The proposed transmission line geometry with 72 cavities was modeled using the fully-relativistic
particle-in-cell code LSP[25]. The purpose of these studies is first to develop a timing scheme
for firing the individual cavities in order to achieve a 50-ns pulse width and second to predict
power flow along the transmission line. For the first goal, simulations were run using either the
Bertha [26] transmission line algorithms that have been imported into LSP or the Bertha-generated
single-circuit waveform as the injected pulse from each cavity. For the second goal, space-charge-
limited electron emission is modeled along the entire length of the cathode.

Details of the simulation geometry are shown in Figure 6. Simulations were performed in 2D
(r,z) with resolution of 0.5–1 mm in r and 1 mm in z. The spacing between each cavity is 22 cm
with a 1-m spacing between 16-cavity groupings. This results in a total length of the voltage-
addition section of approximately 20 m. The impedance transitions listed in Table 2 occur in
20-cm long tapered sections positioned just before the subsequent set of 8 cavities. The simulation
geometry was limited to just the voltage-addition section with an open boundary replacing the
load.

Figure 6. Simulation geometry of the 72-cavity LTD transmis-
sion line from LSP.

The cavity inlets were reduced from 2.2 cm to 4 mm for each cavity in the 72-cavity simulation
to produce the desired cavity impedance. This reduced the simulation run-time at the expense
of identifying when and where free electrons which have crossed the anode-cathode gap may
penetrate the cavities.

The voltage output from a single-cavity simulation using the Bertha circuit algorithms in LSP
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is shown in Figure 7. The cavity voltage is recorded at both the Bertha circuit connection to the
LSP grid and across the cavity inlet port in the grid. These voltages show very slight impedance
differences between the circuit and grid, but compare well to the waveform generated by a stand-
alone Bertha circuit simulation.
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Figure 7. The cavity voltages from a Bertha/LSP simulation
recorded at both the output of the Bertha circuit and the inlet port
of the cavity on the LSP grid. The waveform from a stand-alone
Bertha circuit simulation is shown in blue for comparison.

The waveform from the stand-alone Bertha circuit simulation replaces the full circuit in the 72-
cavity simulations. The waveform is injected as a time-varying potential across the inlet boundary
which defines each cavity in Figure 6. The timings of the injection of this wave in the cavities
were varied in order that the voltages may add more ideally in the transmission line. To achieve
this, the voltage injection in the downstream cavities is delayed to coincide with the arrival of the
forward-going wave delivered by the upstream cavities. To simplify the timing arrangement, the
same timing is applied to every cavity in the 16-cavity groupings shown in Figure 6, and timing is
only changed between the groupings.

The two sets of cavity-timings listed in Table 4 were simulated for comparison. Voltage results
for the “6.6-ns delay” are shown in Figure 8. The voltage across the cavity vacuum insulators,
recorded at r = 33 cm in the simulations, show that the upstream cavities are seeing the trans-
mission line vacuum impedance instead of the operating impedance. The forward-going wave in
Figure 8b has a peak voltage of 7.5 MV and FWHM of approximately 80 ns and a 10-90% risetime
of about 40 ns.

Voltage results for the “13.2-ns delay” are shown in Figure 9. The timing is closer to the
ideal set and the voltage across various cavity inlets show that the upstream cavities are seeing the
operating impedance. The forward-going wave in Figure 9b has a peak voltage of 7.8 MV and
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Cavity “6.6-ns delay” “13.2-ns delay”
firing time [ns] firing time [ns]

1–8 0.0 0.0
9–24 6.6 13.2

25–40 13.2 26.4
41–56 19.8 39.6
57–72 26.4 52.8

Table 4. The timing delay applied to each cavity grouping.

FWHM of approximately 75 ns and a 10-90% risetime of about 30 ns.

The electron power flow changes dramatically as the delay between cavity firings is increased.
For delays shorter than 6.6 ns, the flow is magnetically insulated upon emission. For the “6.6-ns
delay”, most of the 115-kA sheath is insulated, however an almost continuous 5-kA current crosses
the anode-cathode gap between cavities 9–24. The “13.2-ns delay” has 118 kA in the sheath after
the last cavity, with roughly 10 kA of sheath current continuously crossing the anode-cathode gap.
The particle snapshots in Figure 10 illustrate the particle loss in this region. The snapshots are
from 50 ns into the simulations for both timings. The “13.2-ns delay” simulation still has evolving
flow at this time and the apparent gap closures at z = −8 and -13 m last approximately 10 ns.
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Figure 8. Cavity and line voltages for the “6.6-ns delay” cavity
firing timings listed in Table 4. Plot a) shows the voltage drop
across several of the cavity inlets recorded at r = 33 cm in Figure 6.
Plot b) shows the magnetically insulated transmission line (MITL)
voltages downstream from various cavities.
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Figure 9. Cavity and line voltages for the “13.2-ns delay” cavity
firing timings listed in Table 4. Plot a) shows the voltage drop
across several of the cavity inlets recorded at r = 33 cm in Figure 6.
Plot b) shows the magnetically insulated transmission line (MITL)
voltages downstream from various cavities.
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Figure 10. Particle snapshot at 50 ns into the 72-cavity simula-
tions. Electron macroparticles are shown in blue. Plot a) is for
the “6.6-ns delay” cavity timings and b) is for the “13.2-ns delay”
timings.
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5 Predicted Radiographic Capability

The radiographic capability of the LTD system depends on which diode is selected as the load.
A radiographic source figure of merit (FOM) has been developed to facilitate comparison of the
various radiographic sources. The FOM of a diode is defined as the x-ray dose in Rads measured
1 m from the source divided by the square of the source spot size in mm

FOM =
dose
spot2

(
rad

mm2

)
. (1)

Diodes with a higher figure of merit are considered to be brighter x-ray sources and have superior
resolving power.

The “Low Impedance” configuration of the RITS-6 accelerator produces a 7–8-MV drive pulse
on a 40-Ω MITL, which is very close to the design parameters of the LTD in this report, as shown
in Figure 11. The SMP diode has produced the highest figure of merit in experiments on the RITS-
6 accelerator. The total measured x-ray dose from these experiments is greater than 350 Rads@1m
with a source spot size of 2.5-3 mm when the Marx generator is charged to 78 kV. This gives
a FOM of about 50 Rads@1m/mm2 [17]. The peak voltage of the LTD is very similar to the
peak voltage on RITS-6. As a result, the radiographic capability of the LTD system is expected
to be similar to that demonstrated on RITS-6. As discussed in section 3, the LTD cavities were
originally designed for operation at 100 kV charge, but for increased reliability, all voltage in this
design report assume a charge voltage of 90 kV. If reliability at 100 kV operation is acceptable, the
LTD would generate 11% higher voltage and 25-30% higher x-ray dose.

The x-ray dose production of radiographic diodes can be approximated using the radiographers
equation for a given diode. The radiographers equations are approximations of the x-ray dose rate
based on experimental data and radiation transport simulations. The x-ray dose rate for the SMP
diode is given by

dD
dt

= Ie
(−2.952V +2.349V 2 −0.06934V 3) , (2)

where Ie is the electron current and V is the diode voltage in MV. Figure 12 shows the normalized
dose rate calculated using the LTD forward going voltage wave in the MITL and the above SMP
diode radiographers equation. The FWHM of the x-ray pulse is 53 ns, see Table 3. The x-ray dose
rate will depend on the diode voltage and not the MITL voltage. Future PIC simulations will be
used to predict the diode voltage when coupled to a SMP diode.
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Figure 12. This plot shows the predicted x-ray dose rate calcu-
lated using the SMP diode radiographers equation. The x-ray pulse
has a FWHM of 53 ns.
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6 Testing of a 1-MV Prototype

A 1-MV LTD voltage adder was built at the High Current Electronics Institute in Tomsk, Russia
and tested at Sandia National Laboratories [7, 15, 8]. The LTD adder is composed of seven LTD
cavities stacked in series. Each LTD cavity contains 10 parallel bricks, as shown in Figure 13.
Each brick has 2 capacitors, each 20 nF, connected in series through a multigap spark gap switch.
A single cathode stalk is threaded through the centers of the seven series cavities forming a coaxial
vacuum insulated transmission line. The LTD adder is designed to supply 125 kA in a 100-ns
FWHM voltage pulse without the optional peaking capacitors. The vacuum line is terminated
with a large area electron beam diode. Electrons are emitted from the surface of the aluminum
cathode, accelerated across a vacuum gap (referred to as the anode-cathode or AK gap), and strike
the carbon anode producing an approximately 75-ns FWHM x-ray pulse. The impedance of the
electron beam diode is determined by the voltage, length of the AK gap, and the area of electron
emission.

6.1 Single Cavity Tests

Individual cavities are tested with a resistive load installed in the center of the cavity. Tests of
individual cavities are used to verify that all of the components are functioning properly and also
to evaluate the performance of a cavity with different load impedances. The resistor can be filled
with different liquid solutions to vary the load resistance. A total of over 1000 shots have been
fired with single cavities into a resistive load.

Figure 13. Photograph of a single LTD cavity with the side cover
removed to show the layout of internal components.
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Figure 14. This plot shows the output voltage of a single LTD
cavity when tested with different load resistance values. A circuit
simulation with a 1-Ω load approximately matches the peak volt-
age from the experimental results.

A single cavity was tested with different load impedances ranging from 0.7 Ω to 2.5 Ω as
shown if Figure 14. The LTD cavity was charged to ±80 kV for this series of shots. A matched
RLC circuit should produce a peak voltage of about one half of the total charge voltage, or 80 kV
for this experiment. Figure 14 shows that the circuit is approximately matched when the load
resistance is in the range 0.7-1.0 Ω.

Circuit simulations of a single cavity were performed using the Bertha circuit code. The circuit
model for the individual cavity tests is similar to the model of the 18-brick cavity shown in Figure 4.
An example of the circuit simulation results with a 1-Ω load is shown in Figure 14. The circuit
simulation predicts a 5% higher peak voltage than the experimental measurement with the same
load. The voltage pulse width from the simulation is closer to the experimental pulse width with
a 2-Ω load. Future experiments with the seven cavity LTD will include careful calibrations and
the addition of a current measurement at the load. This will improve the understanding of the
experimental results and help improve the circuit model.

6.2 Full System Tests with Large Area Diode

The seven cavities are stacked in series to form a voltage adder and compressed to form a vacuum
seal. A constant diameter cylindrical metal stalk is threaded through the centers of the cavities to
form a coaxial vacuum line. The outer conductor diameter is 29 cm and the center stalk diameter
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Figure 15. Load voltage vs. time for the LTD adder for 15 con-
secutive shots into a LAD load. The output pulse of the LTD is
very repeatable.

is 21.5 cm, giving a vacuum line impedance of 18 Ω. The coaxial line is terminated with a large
area electron beam diode (LAD). The anode is a 1.3-cm thick carbon target mounted to a 1.9-cm
thick aluminum plate.

Over 400 full system shots have been fired into electron beam loads with different AK gaps.
The individual cavity one-sigma jitters during these tests range from 1.4-2.7 ns. The jitter of the
series cavities adds in quadrature, so the total load jitter is similar to the average individual cavity
jitter. Over the series of 15 consecutive shots plotted in Figure 15, the one-sigma load jitter is
1.9 ns. The jitter is reported here from a small series of shots because we typically only fire about
15 consecutive shots in any one configuration before changing the charge voltage or the diode
AK gap. Over a series of 75 shots with varying voltage and diode configurations the one-sigma
load jitter is 7.7 ns. As shown in Figure 15, the timing, peak voltage, and pulse shape are very
repeatable.

Large area electron beam diodes have relatively constant impedance through the duration of the
pulse compared to a radiographic diode load. However, at the start of the pulse, the electric fields in
the diode must exceed the electron emission threshold before current is established. This results in
a high impedance phase at the start of the pulse. After current is established, the impedance drops
to a relatively constant steady state impedance. The diode impedance remains constant through
the pulse as long as the current density on the target is not sufficient to heat the target beyond the
threshold for ion emission. If ions are emitted from the anode, the diode impedance will decrease
and the beam will begin to pinch. As the beam pinches, the current density increases, which can
increase ion production. In extreme cases, the ion production is sufficient to short circuit the AK
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Figure 16. Voltage vs. time comparison of the output voltage of
a single cavity when tested as part of the seven cavity adder into
a dynamic LAD load and when tested with a constant impedance
resistive load.

gap. The diode used in the testing of the seven cavity LTD is designed to deposit the electron
current over a sufficiently large area to prevent significant ion production.

Testing a multi-cavity system with a dynamic impedance load is essential for predicting how
a large accelerator will perform. The LTD output pulse when tested with a resistor load, has the
shape of a simple RLC circuit, as shown in Figure 16. When tested with a dynamic impedance
which is a near open circuit for the first few nanoseconds, the load voltage briefly spikes up higher
than when tested with a constant load impedance. The spike at the beginning of the pulse is very
noticeable in the load voltage shown in Figure 15. After the diode impedance reaches a steady state
value, the load voltage more closely resembles the simple RLC pulse shape. The output voltages
of the individual cavities also have a spike at the beginning of the pulse, followed by an oscillation
that is slowly damped as the pulse continues. The difference between a cavity tested with a load
resistor and when tested in the voltage adder configuration with a LAD load is shown in Figure 14.
The cavity output voltage oscillations are different for each cavity and are determined by the cavity
position in the adder, as shown in Figure 17. The large cavity oscillations vary in amplitude and
shape and so the superposition of these voltages results in only a small voltage oscillation at the
load, as shown in Figure 15.

A previous paper analyzed the effects of various faults on the components in an LTD cavity [1].
The cavity oscillations do not pose a significant problem for the components in the cavity. Even
the largest oscillations seen in this system, do not cause the cavity voltage to reverse, which could
increase the probability of insulator flashover. Based on circuit simulations, these oscillations have
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Figure 17. This plot shows the differences in cavity output volt-
ages when tested as a full system into a LAD load. The sum of
these seven voltages produces a plot similar to Figure 15.

very little effect on the voltage across the capacitors. A large capacitor voltage reversal could
reduce the capacitor life. The peak voltage on the oscillations briefly raises the electric field stress
on the vacuum insulators and results in a marginal increase in the probability of insulator flashover.
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7 Future Research

Research in the coming years will continue to advance the state of the art LTD systems for ra-
diographic applications. Reliability tests have been carried out as part of the high current LTD
experiments. Lifetime testing of a single LTD brick with one multigap spark gap switch has op-
erated for 37,000 shots at the HCEI. In a separate experiment at Sandia, a single cavity with 20
parallel bricks has operated reliably for 13,500 shots. Testing of the 1-MV radiography LTD will
continue to gather reliability data in a voltage adder configuration. A second voltage adder will be
assembled and tested at Sandia over the next year with 10 series cavities to produce 1-MV, 1-MA
pulses into a resistive load. The continued collaboration of these parallel programs will improve
the overall reliability of future LTD systems.

A single 10-brick cavity has been designed which incorporates several improvements based on
lessons learned through LTD testing at Sandia. When built, this will be the first cavity manufac-
tured entirely in the U.S.A. The cavity will mate to the seven radiography LTD cavities and give
an increase in the peak voltage.

Technical risks of building a 7-MV LTD could be greatly reduced by building additional cavi-
ties and by expanding and upgrading the existing 1-MV prototype radiography LTD. An accelerator
operating at 2-3 MV would produce fully developed MITL electron flow current. The system could
then be used to evaluate the effect of MITL flow on the vacuum insulators in the LTD. The vacuum
insulators are much closer to the outer conductor of the MITL than in a typical IVA system like
RITS-6. A 2-3-MV accelerator could be used to conduct radiographic diode research and better
evaluate the LTD when coupled to a high voltage MITL and loads very similar to the full 7-MV
system. Changes to the radiography prototype could also be used to closer match the design pre-
sented in this report. Changing the capacitors from 20 nF to 12 nF would narrow the output pulse
to match this design. This could be done within the existing 10-brick cavity or in a new 18-brick
cavity.

PIC simulations were used in section 4 to evaluate the performance of a MITL with 72 cavities
and only 9 impedance transition steps. The input voltage for each cavity in the PIC simulation was
modeled as a voltage source and an impedance approximately equal to the cavity impedance. The
voltage waveform was provided by circuit simulations. Additional PIC simulations will be used to
couple a cavity circuit model directly to the MITL to study the effect of the dynamic impedance of
the MITL on the cavity circuit. PIC simulations will also be used to estimate the electron current
deposition on the vacuum insulators. Simulations could help with a redesign of the insulator if
required. Simulations with a dynamic diode impedance will more accurately predict the diode
voltage.

Tests of a single high current LTD cavity indicate that the current state of the art is very reli-
able. Circuit simulations of possible faults indicate that most faults would have little effect on the
lifetime of the accelerator as a whole or on the shape and amplitude of the output pulse. Lifetime
degradation is predicted to be confined to the cavity where the original fault occurs. Simulated
fault experiments will be conducted in the next year on a single radiography cavity with addi-
tional voltage and current diagnostics. Faults will be simulated by manually shorting components
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and disconnecting charge or trigger cables. Resulting voltage and current measurements will be
compared to circuit simulations.

Reducing the inductance of the LTD circuit opens the door to several possible design improve-
ments. Sandia LDRD funds are being used to investigate several low inductance switch geometries
that could replace the existing switches [24]. A new lower inductance LTD geometry has been de-
veloped at HCEI with a single capacitor in each brick and a switch made of several series and
parallel spherical electrodes. Reduced circuit inductance reduces the circuit impedance and allows
for several design modifications. The existing design with 18 bricks per cavity could be expanded
by adding additional cavities while maintaining the same load impedance and thus launching a
higher forward going voltage into the same diode impedance. Another design option would be to
reduce the number of bricks in each cavity to reduce the accelerator diameter and keep the same
number of cavities.

Two different schemes have been proposed for producing two pulses separated by 100s of
nanoseconds to several microseconds. We plan to test both schemes with a single LTD cavity to
verify the feasibility. If a single LTD adder can be used to produce two pulses, then two x-ray
images could be generated on the same axis. The LTD system in this report could then provide
four images from the dual-axis system. Or project costs could be reduced by fielding only one
accelerator to obtain two images.
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