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1 Abstract

Plasma jets with high density and velocity have a number of important applications in fusion energy
and elsewhere, including plasma refueling, disruption mitigation in tokamaks, magnetized target
fusion, injection of momentum into centrifugally confined mirrors, plasma thrusters, and high energy
density plasmas (HEDP). In Magneto-Inertial Fusion (MIF), for example, an imploding material
liner is used to compress a magnetized plasma to fusion conditions and to confine the resulting
burning plasma inertially to obtain the necessary energy gain. The imploding shell may be solid,
liquid, gaseous, or a combination of these states. The presence of the magnetic field in the target
plasma suppresses thermal transport to the plasma shell, thus lowering the imploding power needed
to compress the target to fusion conditions. This allows the required imploding momentum flux to
be generated electromagnetically using off-the-shelf pulsed power technology. Practical schemes for
standoff delivery of the imploding momentum flux are required and are open topics for research.
One approach for accomplishing this, called plasma jet driven magneto-inertial fusion (PJMIF), uses
a spherical array of pulsed plasma guns to create a spherically imploding shell of very high velocity,
high momentum flux plasma. This approach requires development of plasma jet accelerators capable
of achieving velocities of 50-200 km /s with very precise timing and density profiles, and with high
total mass and density. Low-Z plasma jets would require the higher velocities, whereas very dense
high-Z plasma shells could achieve the goal at velocities of only 50-100 km//s.

In this report, we describe our work to develop the pulsed plasma gun technology needed for
an experimental scientific exploration of the PJMIF concept, and also for the other applications
mentioned earlier. The initial goal of a few hundred of hydrogen at 200 km/s was eventually
replaced with accelerating 8000 pg of argon or xenon to 50 km/s for the Plasma Liner Experiment
(PLX) at Los Alamos National Laboratory (LANL).

Initial work used existing computational and analytical tools to develop and refine a specific
plasma gun concept having a novel tapered coaxial electromagnetic accelerator contour with an
array of symmetric ablative plasma injectors. The profile is designed to suppress the main barrier
to success in coaxial guns, namely the blow-by instability in which the arc slips past and outruns the
bulk of the plasma mass. Efforts to begin developing a set of annular non-ablative plasma injectors
for the coaxial gun, in order to accelerate pure gases, resulted in development of linear parallel-plate
MiniRailguns that turned out to work well as plasma guns in their own right and we subsequently
chose them for an initial plasma liner experiment on the PLX facility at LANL. This choice was
mainly driven by cost and schedule for that particular experiment, while longer term goals still
projected use of coaxial guns for reactor-relevant applications for reasons of better symmetry, lower
impurities, more compact plasma jet formation, and higher gun efficiency.

Our efforts have focused mainly on 1) developing various plasma injection systems for both coax
and linear railguns and ensuring they work reliably with the accelerator section, 2) developing a
suite of plasma and gun diagnostics, 3) performing computational modeling to design and refine the
plasma guns, 4) establishing a research facility dedicated to plasma gun development, and finally,
5) developing plasma guns and associated pulse power systems capable of achieving these goals and
installing and testing the first two gun sets on the PLX facility at LANL.

During the second funding cycle for this program, HyperV joined in a collaborative effort with
LANL, the University of Alabama at Huntsville, and the University of New Mexico to perform a
plasma liner experiment (PLX) to investigate the physics and technology of forming spherically
imploding plasma liners. HyperV’s tasks focused on developing the plasma guns and associated
pulse power systems required for the 30 gun experiment at LANL. Unfortunately, funding for the
entire PLX collaborative project was terminated after only two years of the four year project due to
program funding realignments which necessitated recompeting the project in midstream. Despite
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the loss of funding, HyperV installed two Markl guns and pulsed power systems on PLX, and jet
characterization and merging experiments were subsequently successfully performed at LANL by
the PLX Team. In parallel with those PLX experiments, HyperV continued its efforts to develop a
plasma gun capable of meeting the PLX goal of 8 mg of argon at 50 km/s. HyperV was ultimately
successful in this effort, demonstrating 10.8 mg at 52.8 km/s and 7.5 mg at 62.4 km/s with the
Mark2 MiniRailgun.
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2 Overview of Program

2.1 Background

Plasma jets with high density and velocity have a number of important applications in fusion
energy and elsewhere, including plasma refueling, disruption mitigation in tokamaks, magnetized
target fusion, injection of momentum into centrifugally confined mirrors, plasma thrusters, and high
energy density plasmas (HEDP).

In Magneto-Inertial Fusion (MIF) [1, 2, 3,
4, 5|, for example, an imploding material liner
is used to compress a magnetized plasma to
fusion conditions and to confine the resulting
burning plasma inertially to obtain the neces-
sary energy gain. The imploding shell may be
solid, liquid, gaseous, or a combination of these
states. The presence of the magnetic field in
the target plasma suppresses thermal transport
to the plasma shell, thus lowering the implod-
ing power needed to compress the target to fu-
sion conditions. This allows the required implod-
ing momentum flux to be generated electromag-
netically using off-the-shelf pulsed power tech-
nology. Practical schemes for standoff delivery

Figure 1 The original conceptual Plasma Liner Ex-

of the imploding momentum flux are required
and are open topics for research. One approach
for accomplishing this, called plasma jet driven

ploratory Experiment (PLX) consisted of 12 merging
plasma jets launched by 12 coazial plasma guns. From
Reference [1].

magneto-inertial fusion (PJMIF), uses a spheri-

cal array of pulsed plasma guns to create a spherically imploding shell of very high velocity, high
momentum flux plasma [6]. This approach requires development of plasma jet accelerators capable
of achieving velocities of 50-200 km /s with very precise timing and density profiles, and with high
total mass and density. Low-Z plasma jets would require the higher velocities, whereas some cal-
culations |7, 10, 11, 12| have indicated the possibility of using high-Z plasma shells at velocities of
only 50-100 km/s.

Thio et al. [1, 6] recognized that coaxial railgun accelerators were potentially capable of meet-
ing this challenge, noting that spheromaks and field reversed configurations had already achieved
velocities in excess of 200 km /s, albeit with lower densities and total mass. They projected that it
would be possible to accelerate 200 — 400 pg of plasma to ~ 200 km/s in a plasma gun with a length
of no more than 1 m and a muzzle diameter of less than 0.2 m, with timing precision of better than
100 ns. Given these parameters, the density of the plasma jets would need to be approximately
1017 cm 3.

We describe our work to develop the pulsed plasma gun technology needed for an experimental
exploration of the PJMIF concept, and also for the other applications mentioned earlier. The
parameters in the previous paragraph were taken as initial experimental goals, but which were
later updated to accelerating 8000 ug to 50 km /s for the Plasma Liner Experiment (PLX) [13] to be
described in Section 2.3 further below. Initial work used existing computational and analytical tools
to develop and refine a specific plasma gun concept having a novel tapered coaxial electromagnetic
accelerator profile (originally suggested by Thio [14]) with an array of symmetric ablative plasma
injectors. The profile is designed to suppress the main barrier to success in coaxial guns, namely the
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blow-by instability in which the arc slips past and outruns the bulk of the plasma mass [15, 16, 17].
The first generation half-scale prototype gun is illustrated schematically in Figure 2.

Clamping Bolt

Clamping Ring Fiberglass

Polycarbonate Clamping Ring

Aluminum

Discharge Nozzl
UHMW Poly

i

Figure 2 Cutaway view of a first-generation half-scale prototype plasma jet accelerator module which uses
tailored electrode profiles to suppress the occurrence of the blow-by instability. Two separate high voltage
circuits power the electrothermal injectors and the main electromagnetic accelerator.

Initial efforts to begin developing a set of annular non-ablative plasma injectors for the coaxial
gun resulted in development of linear parallel-plate MiniRailguns that turned out to work so well
that we chose them for an initial plasma liner experiment on the PLX facility at Los Alamos National
Laboratory [13].

Our efforts have focused mainly on 1) developing various plasma injection systems for both coax
and linear railguns and ensuring they work reliably with the accelerator section, 2) developing a
suite of plasma and gun diagnostics, 3) performing computational modeling to design and refine the
plasma guns, 4) establishing a research facility dedicated to plasma gun development, and finally,
5) developing plasma guns and associated pulse power systems capable of achieving these goals and
installing and testing the first two gun sets on the PLX facility at Los Alamos National Laboratory.

In the following report, we first describe the development and testing of the coaxial guns. The
bulk of the report then details the development and testing of the parallel-plate linear MiniRailguns
and associated subsystems that were eventually partially deployed on the PLX experiment at Los
Alamos National Laboratory. After two of the Minirailguns (Mark1) were deployed on PLX, HyperV
continued its development efforts to successfully demonstrate a gun (Mark2) meeting the full PLX
requirements of 8000 pg at 50 km/s.

2.2 Coax Gun Background

Pulsed coaxial plasma accelerators (or “guns”) [18, 19] have been researched since the 1950’s for
various applications. Except for the work during the 1950°s and 1960’s when the research was
associated with applications to fusion, most of the research on these accelerators in the last four
decades has been associated with applications to space propulsion. During the 1980’s and 1990’s,
plasma accelerators were encountered in several other applications, including dense plasma focus
and the acceleration of relatively large compact toroids (MARAUDER of the Air Force Research
Laboratory [20], RACE of Lawrence Livermore Laboratory [21], CTIX of UC-Davis [22]) for fusion
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and x-ray generation, and in accelerating solid projectiles to hypervelocity for impact fusion and a
variety of defense applications.

For space propulsion, these accelerators are called pulsed plasma thrusters (PPTs). Small PPT
devices have been successfully fielded on orbiting satellites for station keeping purposes. In these
devices, and in the larger plasma guns studied in the 1950’s and 1960’s, the plasma densities are
typically low (< 10 em™3) and collisionless. Their development was in part inspired by the
1954 paper of Rosenbluth [23] which provided the theoretical underpinning for the collisionless
acceleration in these guns. Coaxial versions of these guns typically consist of a pair of concentric
straight cylindrical conducting pipes serving as the electrodes. Before a shot, the bore of the gun
(the region between the electrodes) is first pre-filled with the desired propellant gas. By closing a
switch that connects a capacitor bank to the electrodes, a current sheet is then initiated near the
breech, usually with the help of one or more sparks. This current sheet is essentially a collisionless
magnetoplasmadynamic shock. The collisionless shock then propagates down the bore of the gun.
The scheme relies on the shock ionizing the cold pre-filled gas, and on the advancing magnetic field
sweeping up the resulting ions and electrons. This is known as the snow-plow mode [18, 24| of
acceleration.

Although there has been some notable success with this approach, culminating in the flying
of some devices in practical satellites, the performance of PPTs has been found to be limited by
the complexity of the physical phenomena. The complexity arises from the particle kinetic effects
coupled to the magnetoplasmadynamic (MPD) shocks, and their interactions with neutral particles.
An example of the effects that can lead to detrimental performance is the leakage of the particles
past the current sheet. These leaked particles lead to low utilization of the propellant, resulting
in low mean plasma velocity and efficiency. Further, they are a source of restrike behind the main
current sheet, causing further detriment to the performance by drawing drive current from the main
current sheet.

2.3 The Plasma Liner Experiment (PLX) Background

Imploding plasma liners are an innovative, potentially high-payoff research area of HEDLP and
particularly MIF [7]. The key idea is to create HED-relevant plasma conditions (~ 0.1 Mbar) in a
unique new way. We proposed to use an array of 30 plasma guns mounted on a spherical vacuum
chamber to shoot dense (~ 10'7 em™3), high Mach number (10-35) plasma jets in a spherically
convergent geometry. The jets would merge at an intermediate merging radius r,,, forming an
imploding spherical plasma shell or “liner,” which would subsequently reach high ram pressure
(pv?/2) before stagnating at the center of the vacuum chamber. The overall concept and the vacuum
chamber are shown in Figure 3. We can also vary the situation by placing a hard spherical “target”
or a “balloon” of hydrogen gas in the center of the chamber. Three-dimensional hydrodynamic
simulations in support of this project indicate that the imploding plasma liner can reach peak
pressures = 0.1 Mbar based on 1.5 MJ of total initial stored energy and plasma gun performance
expected within the program. The plan was to study scientific issues of jet propagation/merging and
liner formation /implosion at lower energy levels (~ 150-300 kJ) before proceeding to high pressure
(~ 0.1 Mbar) implosion experiments (requiring ~ 1.5 MJ). If the liner formation, implosion,
and pressure amplification are successfully demonstrated, then the approach could be scaled up to
> 1 Mbar in follow-on work using more guns and higher power. It is of interest to mention two
related recent research efforts within the past decade. First, the operation of a cylindrical array of 24
plasma guns [8] at up to 1 MJ of total energy has shown via fast photography that the separate gun
discharges combine into a single, symmetric, cylindrically converging discharge with neutron yields
up to 6 x 107 in pure deuterium experiments. Second, imploding solid aluminum liner experiments



“Formation of Imploding Plasma Liners
HyperV Technologies Corp. for HEDP and MIF Applications” Final Report

[9] have compressed a dense unmagnetized H plasma to Mbar pressures, as inferred from radiographs
showing the radius versus time history of the target surface. Our work uses plasma guns to form
imploding plasma liners in spherical geometry and focus on the physics of liner formation and
implosion via detailed experimental measurements and theoretical /computational analysis.

Capacitor

)

Vacuum Chamber

Figure 3 Illustration of the envisioned imploding plasma liner experiment with 30 guns (and their capac-
itors) mounted on a 9 ft. (2.74 m) spherical vacuum chamber. Also shown are a moment in time when all
the jets have reached the merging radius, and a later moment in time when the liner stagnates at the center
of the chamber. (For the highest energy shots, four capacitors per gun will be needed, and the capacitors will
be mounted in frames next to the chamber.)

The project is motivated by two key future applications of importance to the HEDLP program.
First, as a nearer-term goal (5-10 years), this approach scaled up to 1-10 Mbar can lead to a unique
low-cost HEDLP science facility well-suited for fundamental HEDP studies. Each shot would cost
hundreds of dollars rather than tens-to-hundreds of thousands of dollars on laser and large pulsed-
power facilities. The cm-scale and ps-scale plasmas that this technique creates would be much easier
to diagnose, which could allow for rapid scientific progress in developing fundamental understanding
of HED plasmas and phenomena. Such a facility could focus on clarifying the basic plasma physics
of equilibrium, stability, and transport in an HED plasma, with or without magnetic fields. In
addition, co-location of the facility with a short-pulse laser (such as Trident at LANL) could lead
to unprecedented abilities to study laser-plasma interactions, which are important to the mainline
ICF program. Finally, such a facility could also be utilized for exciting laboratory astrophysics
experiments and high pressure material property studies, which would both be of tremendous value
for connecting HEDLP to other scientific disciplines.

Secondly and even more importantly, our primary longer-term (10-20 years) goal is to enable an
attractive path toward inertial fusion energy (IFE) via MIF, with an imploding plasma liner serving
as an elegant standoff driver to compress magnetized target plasmas to fusion conditions without
any hardware destruction (see Figure 3) [1, 6]. MIF is an approach to IFE that makes use of a
magnetic field in the fusion fuel to reduce thermal losses and enhance a-particle energy deposition
within the fusing fuel. The MIF parameter space in terms of density and implosion velocity is

10
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quite large, ranging from n ~ 102°-10%2 cm~3 and 10-100 km/s, respectively, for magnetized target
fusion (MTF) [e.g., [5] to n ~ 10%% cm™ and ~ 350 km/s for magnetized ICF [26]. Plasma liners
may significantly improve the attractiveness of the MTF approach by directly addressing two issues
for MTF. First, plasma liners solve the “standoff problem,” i.e., the implosion driver sources can
be positioned far enough away from the location of fusion burn such that they survive each shot.
Second, the use of plasma liners facilitates amplifying the fusion energy gain by a factor of 2 or
more by either re-fueling the fusing target or surrounding the target with additional cold fuel.
Over the next 5 years, if the ongoing solid liner MIF program (AFRL/LANL collaboration) [27] can
demonstrate favorable results with regards to compressional heating of magnetized target plasmas to
fusion conditions, and if over the next 10 years, we can make significant progress in creating suitable
imploding plasma liners up to 50 Mbar, then MIF could claim a legitimate pathway toward attractive
IFE. A scientific workshop on plasma jets [Hsu, 2008] emphasizing MIF applications was held at
LANL in January, 2008. with ~ 35 participants from around the country. Since then, the concept
of plasma liner driven MIF has received renewed interest with several groups around the country
engaged in evaluating the concept. There are uncertainties associated with plasma liner implosion
dynamics in the theoretical models [6, 28] used for estimating the fusion energy gain of plasma liner
driven MIF; this project is timely and necessary for helping to address these uncertainties. The
workshop and subsequent interactions among interested researchers helped crystallize the ideas and
team subsequently formed for PLX. There are also other related ideas for plasma liner driven MIF,
e.g. Ryutov [29] that warrant further study. However, the most urgent scientific questions relate
to the formation of imploding plasma liners, what limits their peak pressures at stagnation, and
hydrodynamic efficiencies of magnetized target compression. Resolving the first two scientific issues
through coordinated experiments and theory is the primary focus of the PLX effort.

2.4 Report Structure

In the following report, we first describe the contour-gap coaxial and then parallel-plate railguns we
have developed over the period of this project. Along the way, we describe the supporting systems,
such as controls, diagnostics, fast gas valves, pulse forming networks, and high current switches.
We then briefly describe our input to the PLX experiment and the Mark 1 guns that were installed
there. The experiments with those guns are briefly described along with a description of multi-gun
merging experiments at HYPERV. We then conclude with a description of the successful work to
develop the Mark2 gun at HYPERV, which achieved the performance goal of 8000 pg at 50 km/s
needed for a full up PLX experiment. The appendix contains a description of the ballistic pendulum
diagnostic.

11
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3 Contoured-Gap Coaxial Plasma Accelerators

3.1 Dense Injected Plasma Armatures

Consideration of the shortcomings of existing coaxial pulsed plasma thrusters led Thio et al. [25]
to propose an innovative new approach to the plasma dynamics in these accelerators. The main
features of their proposed approach were:

(1) No pre-fill is used. The plasma to be accelerated is preformed and injected impulsively at
high density and nearly fully ionized with an initially high electrical conductivity.

(2) The main body of the plasma is sufficiently collisional that the plasma behaves more like a
fluid, in order to suppress undesirable particle kinetic effects.

They essentially laid out a new microphysics approach and basis for plasma accelerators, where
microphysics refers here mainly to localized particle effects. The new approach traded the micro-
physics problems of conventional PPT’s with the engineering challenge of creating the new pulsed
plasma feeds (injectors) that would be needed to inject the dense plasmas that meet the require-
ments of the new microphysics proposed. One of the objectives of our research is to demonstrate
the potential of this new microphysics approach to plasma acceleration.

However, having a plausible microphysics approach is only half the challenge. The microphysics
also needs to be implemented in a practical macrodynamic scheme, where macrodynamic refers
mainly to bulk MHD fluid type behavior and the associated flow geometries. Several challenges
remain to be overcome once this highly collisional, no pre-fill, microphysics approach is adopted.
Firstly, the approach requires new plasma injectors to be developed that can deliver the dense
plasma that meets the microphysics specifications. Secondly, in the main plasma accelerator, the
notable MHD instabilities and the issues of restrike, skin friction, and electrode ablation and erosion
will need to be addressed and overcome.

Thio et al. [1] proposed an accelerator concept as a possible implementation of this new ap-
proach. The accelerator consisted of a pair of coaxial electrodes, both electrodes having a gradual
conical taper and an electromagnetic focusing section much like a plasma focus device. The coni-
cal taper induces a small component of radially inward velocity at the muzzle exit which tends to
focus the jet for a short distance before collisional effects cause subsequent rebound and expansion
further downstream. Whether the focusing provides a net gain in the performance of the jet during
its flight to the target remains to be determined, since the induced compressional heating may take
back whatever gains were made by focusing.

The acceleration chamber would be thoroughly flushed with helium and evacuated (i.e. no gas
pre-fill). The two electrodes are electrically connected to the two terminals of a capacitor bank or
pulse forming network (PFN). Before a shot, the capacitor bank (or PFN) is charged to the desired
voltage, which appears simultaneously on the electrodes. The required plasma mass is introduced
into the acceleration chamber by a set of extremely low-jitter (< 10 ns) pulsed plasma injector feeds
arranged annularly near the breech. The plasma is then launched in the form of a plasma “fan” (or
“plume”) radially inwards toward the axis of the inner electrode. The plasma fans join to form a
dense plasma sheet that closes the external circuit and initiates the main current pulse to accelerate
the plasma sheet down the accelerator. A somewhat similar technique was used by Kohno et al. in
a plasma opening switch experiment [30].

The requisite amount of plasma is injected into the accelerator using pulsed electrothermal
capillary discharges with ablative polyethylene walls. Ablative capillaries have been used successfully
for large electrothermal guns [31], injectors to high energy railguns [32], plasma thrusters [33], and
in experiments involving laser propagation through long plasma channels [34, 35, 36, 37|, to name
just a few applications. Ultimately the ablative walls will be replaced with nonablative refractory

12
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Figure 4 Original coazial accelerator proposed by Thio et al.[1] Our approach uses this concept as a baseline
and makes important modifications to suppress the blowby instability and improve axisymmetry of the plasma
injection.

ceramics, as has been accomplished for pulsed soft x-ray sources |38, 39, 40, 41] and for high energy
pulsed thermal spray devices [42]. This will allow clean and repetitive operation. The Hy or Dy (or
other, higher-Z gases) in this case are introduced by other means.

3.2 The Blow-by Instability

Plasma acceleration techniques which depend on Lorentz J x B forces are generally susceptible
to MHD instabilities that can deteriorate the plasma jet acceleration process significantly, induce
restriking and secondary arcs, and even terminate plasma jets. Therefore, it is crucial to understand
the MHD instabilities and optimize the design of the accelerator to avoid them in order to achieve
the desired plasma jet acceleration. The major instabilities include the blow-by and Rayleigh-
Taylor instabilities. The Rayleigh-Taylor instability encompasses filamentation and interchange
instabilities.

The main macrodynamic problem in coaxial plasma jet acceleration is the blow-by instability
that develops during the acceleration phase. The blow-by instability has its origin in the r~2 radial
dependence of the magnetic pressure. If the plasma has an initially uniform density and thickness
(uniform mass distribution), its acceleration will be higher along the inner electrode than along the
outer one. The faster movement along the inner electrode produces a “backward canting” of the
current-carrying plasma. The canting current sheet then develops a large axial component which
produces a Lorentz force with a radial outward component. This radial acceleration causes a runaway
effect in which increasingly more plasma mass is removed from the high velocity region, making the
imbalance of the magnetic field pressure against the adverse density profile more severe. As can be
seen in Figure 5, the blow-by instability accelerates a small piece of plasma to a disproportionately
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high velocity, while leaning most of the plasma mass against the outer electrode where it eventually
exits at much lower velocity.

Outer Electrode
Lorentz Force
Strongest Near Axis,

—|:‘ 1 to Current

Inner Electrode

Cool, High Density Hot, Low Density
Plasma Lags Plasma Races Ahead
Behind Along Inner Electrode

Outer Electrode

Figure 5 Illustration of blow-by in a straight coax accelerator driven by a high voltage capacitor. The
larger magnetic field and higher current density at smaller radii causes an imbalance in the nominally azially
directed Lorentz force, resulting in a faster acceleration of plasma near the inner electrode, which runs away
from the bulk of the plasma.

Blow-by was previously investigated by Baker et al. [15, 16]. More recently, Cassibry [43]
performed a detailed computational study of the blow-by instability in straight coax accelerators
and found that for straight coax guns, the principal acceleration phase must be limited to no more
than about 1 us and the electrode radius ratio should be no more than about 2:1. These constraints
are too severe to achieve the goals of this project, but Thio and Cassibry [43] also began investigating
the possibility of combining pulsed injection along with shaping of the electrode profiles as a means
to suppress the blowby instability and thus achieve higher performance.

3.3 Coaxial Accelerators with Tailored Electrode Geometries

Cassibry and Thio [43] had looked at a curved-profile coaxial configuration, which showed some
promise but was not investigated experimentally. Our approach to addressing the blow-by prob-
lem uses a novel shaping of the electrodes originally suggested by Thio [14]. This is basically a
further evolution of his straight conical tapered gun mentioned in the last section and the curved
profile investigated by Cassibry. Our initial modeling effort focused on analyzing this approach
and identifying geometries and parameters which would avoid the blow-by. Although some minor
modifications to Thio’s original suggestion were found to be necessary, the simulations supported
the basic concept.

We thus adopt Thio’s microphysics approach that uses highly collisional plasma in a shaped
coaxial plasma gun, along with plasma sources that impulsively inject a dense fast-moving preformed
plasma armature into a coaxial gun having no initial pre-fill. Ideally, no external switch would be
required, letting the injected plasma itself act as a closing switch, but in practice one may be
required.

Assuming an impulsively injected plasma armature, we now consider the physics issues and
challenges of controlling the macrodynamics of the plasma slab so that the global characteristics of
the plasma acceleration can be achieved.

The Injection and Transition Regions Figure 6 shows the baseline geometry for the accelerator

based on Thio’s earlier suggestion. This electrode geometry provides for a breech section (between
A and B) that is orthogonal to the gun axis. It was later found to be necessary to change this
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to an oblique angle, but the following discussion remains essentially unchanged. In this section
of the gun, the injected plasma initially flows radially inward towards the gun axis. The initial
discharge, initiated by the injected plasma, is axial between the electrodes (and mostly so for the
angled injector case), thus forming a fat z-pinch that rapidly accelerates the plasma radially inwards
in the region between A and B to supersonic speeds. As the plasma enters the transitional region
between B and C, its leading edge is at the outer electrode. Having the leading edge of the plasma
at the outer electrode is the preferred inclination for the plasma to counter the blow-by instability.
Thio and Cassibry call this the “forward canting” of the plasma sheet. Furthermore, the plasma
sees a convex curvature at the outer electrode, versus a concave curvature at the inner electrode.
The convex curvature produces an expanding fan of the Mach lines (characteristics) for the flow at
the outer electrode, giving rise to an expansion of the flow at the outer electrode.

0.6 G Outer
Cylindrical
Electrode
05

04 -

Inner
Electrode

Ring of Electrothermal Injectors
1 1 1 1 1

020 -015 -010 -005 000 005 010 015 0.20
Radius, m

Figure 6 Baseline plasma jet accelerator geometry for simulations. The right angle turn in this drawing
turns out to be too large, and an angle closer to 45 degrees is much better. See Figs. 7 and 12 for examples
of simulated plasma flow in this geometry.
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The flow expansion helps accelerate the plasma along the outer electrode, reducing the density
of the plasma near the outer electrode. On the other hand, the concave curvature relative to
the flow at the inner electrode produces convergence of the Mach lines for the flow at the inner
electrode between B and C, making the flow bend into itself, giving rise to compression of the flow
at the inner electrode. The increased plasma density near the inner electrode tends to reduce the
acceleration produced by the greater Lorentz force there. A favorable density profile, monotonic
with respect to the magnetic pressure, is thus created by the way the plasma is injected and by the
chosen curvatures of the entry and transition regions. These features help to suppress (or at least
delay) the occurrence of the blow-by. The electrode profiles are chosen so that the bends produce
smooth transitions in the flow, making the compression or expansion as isentropic (shockless) as
possible. Our studies showed that the right angle turn is too sharp, while 45 degrees is about right,
as discussed later in Sec. 3.5.

In the above discussion, we have borrowed fluid dynamics concepts established for steady flow,
even though the flow in our accelerator is unsteady. However, just as is common experience in
similar cases, the qualitative descriptions remain essentially correct, while the deviations from the
steady-flow results lie in the quantitative details. The 2-D MHD modeling validated this expectation
and the qualitative behavior of the flow as described above is observed in the simulations.

The Intermediate Acceleration Stage The section of the accelerator between C and D is called
the intermediate acceleration stage. As the plasma enters this stage, the driving current reaches its
peak, and the full Lorentz force is brought to bear on the plasma.

A taper is maintained in the outer electrode to mechanically induce a focusing of the flow towards
the axis, the idea being that after the flow exits from the accelerator, the radially inward velocity
component of the flow could help counter the thermal expansion of the jet radially, to produce a
focusing flow or at least a collimated flow over the required distance.

A gradually decreasing concave curvature is maintained along the inner electrode to continue to
reduce the risk of any blow-by instability, seeking to maintain an organized and compact acceleration
of the plasma. This is done at the expense of some constriction of the flow and thus some reduction
in the acceleration of the plasma through the constriction. This is compensated, however, by the
final acceleration stage, in which the concavity in the curvature becomes convex at point D, beyond
which the supersonic flow expands along the inner electrode.

The Final Accelerating and Focusing Stage The region indicated by points D, E, F and G
represents the final accelerating and focusing stage. The driving current is maintained as close as
possible to a flat top equaling its peak value at the point C until the plasma first reaches near the
top of the inner electrode (point F). The driving current is ultimately allowed to fall to zero after
that as the plasma reaches the point G close to the muzzle.

In addition to the Lorentz acceleration, the supersonic expansion around the inner electrode
beyond the point D contributes to the total acceleration of the flow. The convex curvature of the
inner electrode also bends the flow towards the axis. Because of the cylindrical geometry, the flow
expansion soon ceases and gives in to compression due to convergence of the flow towards the axis.
Nevertheless, further acceleration of the flow occurs due to the increasing Lorentz force.

Beyond point D, the plasma at the outer electrode makes gains on the axial position of the
plasma at the inner electrode, producing a forward tilting of the current flow. The forward tilting
of the current produces a force that accelerates the plasma towards the axis, as well as axially, thus
focusing the flow electromagnetically, similar to a dense plasma focus device. The forward tilting
of the current increases as the plasma moves towards the point G, producing a conical z-pinch
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with the tip of the inner electrode as the vertex. The radial pinching of the flow intensifies as the
vertex angle of the conical z-pinch decreases, and leads to forward electrothermal acceleration of
the plasma axially supported by the intense magnetic pressure due to the z-pinch at the top of the
inner electrode. To further enhance the nearly isentropic compression of the flow, a small concave
curvature is provided on the outer electrode in this region. The combination of the electromagnetic
and electrothermal acceleration propels the plasma forward as a relatively focused jet. The outer
electrode has an extended section at the muzzle to provide a guided drift of the accelerated plasma
jet to allow it to cool radiatively and convectively in contact with the wall. This lowers the sound
speed of the jet and increases its Mach number rapidly as it exits from the muzzle of the accelerator.
The high Mach number then maintains the collimation of the focused jet.

A series of simulations were performed to find a suitable geometrical configuration and set of
parameters that suppresses plasma blow-by and allows at least 100 ug of plasma to be accelerated
to 200 km/s. We will briefly summarize the initial modeling results in this section. The simulations
validated the basic conceptual approach with the restriction that the right angle injection needed
to be reduced.

3.4 The MHD Code

To understand the dynamics of contoured coaxial plasma guns and the effect electrode shape has
on performance, preliminary design simulations were carried out using the MACH2 code [44, 45].
MAcCH2 is a 2.5-dimensional single-fluid MHD simulation code. The code follows the non-linear
evolution of density, velocity, and magnetic field, as well as the electron and ion specific internal
energies. The code solves equations for mass continuity, fluid momentum, electron and ion specific
internal energies, radiation energy density, and magnetic induction. Quantities are solved on a 2-
dimensional Cartesian or cylindrical mesh; for the coaxial geometries studied here, a cylindrical mesh
was used. The equations are coupled through equation of state (EOS) and transport coefficients.
MACH2 features a range of EOS and transport models including table look-up that can utilize
the Los Alamos National Laboratory SESAME Equation of State database [46]. Our calculations
used the ideal gas equation of state, Spitzer resistivity, and Braginskii transport coefficients. The
magnetic induction equation can optionally include a Hall effect term in certain geometries, which
unfortunately did not include the geometry of interest here. The Hall effect is thought to have an
influence on the particle dynamics on the trailing edge of the plasma blob, which may lead, in certain
circumstances, to detachment of the current armature. Other than the possibility of detachment, it
is not expected to appreciably change the acceleration of the plasma blob. The Hall effect will be
left for future study.

A multi-block grid with arbitrary quadrilateral cells and boundary-fitted coordinates is used,
which makes possible the simulation of a large variety of complex geometries and boundary condi-
tions. Perfectly conducting walls are assumed on the electrode surfaces. Blocks are connected by
overlapping ghost cells. An insulating boundary is assumed at the breech of the gun. For cylindrical
geometry, the quantity r By is computed on the insulating surface using Ampere’s law. These com-
putations used both an LRC circuit model and a prescribed current profile of a shape that can be
generated by a PFN. At the beginning of the computation, initial plasma conditions are prescribed
on the blocks. For these simulations, an initial annular slug of constant density with an initial
velocity directed down the bore of the gun is assumed. This mimics the initial plasma produced by
capillary injection. Though these initial conditions may seem highly simplified, the initial density
profile was not found to have an appreciable effect on the outcome: during the first microsecond or
two, the plasma tends to thermally expand to fill the breech before acceleration gets underway.
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3.5 The Wasp Profile

Initial simulations used a “Wasp” profile for the center electrode (so called because of its similarity to
a wasp’s body) with 90 degree injection of the plasma, as illustrated earlier in Figure 6. After running
a number of test cases with this configuration, it was observed that this design overcorrects for blow-
by. The problem lies with the sharp right angle turn the plasma must make going around the initial
corner, where it transitions from the z-pinch into the main accelerator section. This is illustrated in
Figure 7. The momentum of the plasma causes formation of a pocket of very low density plasma just
around the corner which rapidly accelerates under both electrothermal and electromagnetic forces
up along the outer electrode. Meanwhile the main bulk of the plasma continues forward curving
around along the inner electrode, generating the very steep density gradient seen in the figure.

The current density peaks in the regions of high conductivity, i.e. where the temperature and
charge carrier density are high, as seen in the joule heating contours in Figure 8. As the plasma
accelerates around the curve, it necessarily takes the current attachment point on the outer electrode
with it. This stretches out the current channel very rapidly. The resulting J x B forces then act to
further compress the plasma radially inwards against the inner wall. The result is a “blow-by” that
occurs on the outside rather than on the inside as in a straight coax.

A set of initial conditions could not be found that circumvents this problem for this specific
injection geometry. In this particular configuration, the curvature is excessive and over-corrects,
causing the blow-by to occur on the outside. This suggests that the convexity of the outer electrode
and the concavity of the inner electrode in the transition from the z-pinch to the main acceleration
section needs to be reduced.

N |
> 1 “L \ \ I \\\
\1 \\ )
(a) 11.5 us (b) 12 us (c) 12.5 us (d) 13 ps

Figure 7 Density contours for baseline wasp profile run hyperv37. Highest density is the red contour, lowest
the outer dark blue contour. Velocity plots show the plasma rapidly accelerating around the corner, leaving
a virtual vacuum there which prevents significant current flow. We were unable to find a set of parameters
which worked with 90 degree injection as shown here.

3.6 Systematic Tuning of Profile Curvature

Based on the simulations described above, a new series of simulations were performed to test the
original Wasp electrode profile, but with an angled injector to provide the correct curvature. The
best angle seemed to be around 45 degrees, as was also indicated by another series of simulations
using simple circular arc profiles to study armature dynamics. The detailed behavior of the flow
from a well performing simulation of the Wasp electrode profile is shown in Figure 12, which shows
contours of the kinetic energy density %pv2. As can be seen from these figures, a compact, well-
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Figure 8 Joule heating contours for run hyperv37. As a result of the strong density gradients, current
density tends to follow the region of high plasma density as reflected by the joule heating profiles. A proper
armature cannot form in this case.

organized plasma slug is formed early in time. The curvature of the electrode profile continues
to maintain a compact plasma as it accelerates up the annular channel, very much as expected
theoretically and described above. A number of runs were made with a range of parameters for the
initial conditions (injection velocity, density, temperature and plasma mass). The current density
is confined primarily to the compact plasma armature for these best runs. This successful profile,
and the range of parameters determining the initial conditions, were later used as the baseline for
the design and development of the prototype plasma accelerator.

The plasma is injected at the correct angle to allow the armature to hold together as it accelerates
down bore. The J x B forces on each end of the armature are balanced so that the extra distance the
inner attach point has to travel around the convex curve of the inner electrode (region C in Figure 6)
just allows it to maintain pace with the attach point on the outer electrode. As the armature starts
to compress near the throat (region D in Figure 6), the plasma compresses and a hint of blow-by
can be seen near the outer wall, but the compressing plasma prevents it from growing. As the
plasma travels through the throat and emerges on the other side it rapidly accelerates toward the
axis where it compresses to very high density and then rapidly exits through the muzzle. The bulk
flow velocity in the muzzle region of these simulations was about 200 km/s with densities in the
range of 106 — 107 cm ™3 with total mass on the order of 200-400 jg. The bulk flow velocity is
defined as Viuir = (2Fkinetic /Mtotal)%~ The plasma jet takes on a “smoke-ring-like” structure in most
of these simulations with a low density core near the axis, as seen in Figure 12.
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Figure 9 Kinetic energy density contours for run circular06 illustrating a classic case of blowby. Plasma
the plasma mass behind.

density is pushed aside to the outer wall while current races ahead along the inner electrode, eventually leaving
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Figure 10 Kinetic energy density contours for run circular09 show that plasma armature holds together
almost long enough to reach the end, but plasma mass is still trailing out along the outer electrode.
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Figure 11 Kinetic energy density contours for run circular10. Even more curvature now provides a radial
density profile sufficient to suppress blowby and allow a compact well-formed armature to reach the end of
the accelerator. Additional runs with even higher curvature show that conditions similar to that for the 90

degree injection turn are approached and blowby begins occurring along the outer electrode with increasing
strength as the curvature is increased.
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Figure 12 Kinetic energy density contours for case extwasp31 with angled injection. An angle of about 45
degrees seems optimal. The plasma is injected at the correct angle to allow the armature to hold together as it
accelerates down bore. The J x B forces on each end of the armature are balanced just right so that the extra
distance the inner attach point has to travel around the convex curve of the inner electrode just allows it to
keep up with the attach point on the outer electrode. As the armature starts to compress near the throat, the
plasma compresses and a hint of blowby can be seen near the outer wall, but the compressing plasma prevent
it from growing. As the plasma travels through the throat and emerges on the other side it rapidly accelerates
toward the axis where it compresses to very high density and then accelerates down the bore. The velocity in
the muzzle region of these simulations was about 200 km/s with densities in the range of 1016 —10'7 and total
mass on the order of 100 p gm. The plasma jets takes on a smoke ring like appearance in these simulations,

while others have a more centered blob of plasma.
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3.7 Prototype Coax Gun Development

A cutaway view of the first-generation half-scale prototype plasma accelerator was shown earlier in
Figure 2. The design is based on the Wasp profile and MACH2 simulations described earlier, but the
half-scale conforms to the physical constraints of installation onto the MCX vacuum chamber at the
University of Maryland, where it was intended as a driver of rotations in a centrifugally confined
mirror plasma [47]. Modeling similar to that of the last section predicted the half-scale gun could
accelerate 80-100 pg of polyethylene plasma to ~90 km/s with a 9 us current pulse of ~190 kA.
The experimental results described below confirm these performance predictions.

The accelerator [48] consists of two main copper alloy electrodes with a ring of 32 equally spaced
capillary discharge injector units. The capillaries are mounted in an insulating block of Kynar so
that they float electrically with respect to the two main electrodes. The tungsten exit nozzle of
each capillary is recessed behind a polyethylene nozzle, which provides a tapered transition to the
breech of the main coaxial accelerator. The two main electrodes are held together by two stiff
ring structures using 32 insulating fiberglass studs. The Kynar ring also provides HV insulator
standoff between the inner and outer electrodes. Attempts to operate without an external switch
have been generally unsuccessful to date. Even at an ambient pressure of 10~> Torr, the structure
does not hold off more than about 6 kV after the first shot. It is currently unknown whether this
is a fundamental limitation, or whether it could be avoided with a modified design, perhaps using
a ceramic insulator instead of plastic. This will be readdressed in the future.

The main electrodes were machined from solid cylindrical "logs” of copper alloy. The inner
wall profiles were machined with numerically controlled lathes using profile data from the MHD
simulations.

3.7.1 Experimental Facility

The experimental facility is shown in Figure 13. The gun is mounted on a support stand and
connected to an octagonally shaped vacuum chamber (with an inner diameter of 18 inches) through
a so-called pinch section (corresponding to region G in Figure 6). The pinch section consists of
a copper tube that carries the final pinching current of the main discharge. Several small ports
have been drilled through the wall, which allow insertion of optical and magnetic field probes. A
turbopump assembly provides base pressures below 107> Torr.

We have developed a suite of diagnostics including magnetic and pressure probes as well as time-
resolved HeNe interferometry, optical spectroscopy, and fast imaging. There is also an assortment
of Rogowski coils and Pearson current monitors to measure the current and voltage supplied to the
capillaries and the center electrode. Two cameras were used to obtain both fast and time-integrated
signals. These diagnostics and typical results are described in detail in Sec. 3.8. We have also
constructed a fast 16 channel PMT diagnostic based on a Hamamatsu R5900U-00-L16 multichannel
photomultiplier array. Time resolution is better than 50 nanoseconds, but optical crosstalk between
channels creates a practical limit of 4 channels of well-resolved data. Those diagnostics that produce
voltage traces on experimental timescales are recorded by 24 Tektronix TDS2000-series oscilloscopes.
Each of these four-channel digitizers has a sampling rate up to 1 Gb/sec and 100 MHz bandwidth.
A screen room shields the oscilloscopes from electrical interference during the high-voltage shots.
The oscilloscopes are controlled and read by custom Python-based software.

The 20 kV, 96 pF' capacitor bank supplying the main discharge current is typically charged to
18 kV. The PFN is configured as two parallel legs of four 12 uF Maxwell capacitors in each leg as
illustrated in Figure 14. An adjustable ballast resistance of 30-60 milliohms roughly matches the
PFN to the discharge in order to reduce ringing (although it is never entirely eliminated). The
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Figure 13 Gun testing facility with the main accelerating PFN in foreground and target vacuum tank
in background. The two large bozes in the center contain the capacitors and switches for the 32 capillary
injectors.

capillaries draw current from a set of eight 40 kV, 0.15 uF capacitors. Charge and dump operations
are controlled with a set of 120 VAC drop hammers. A pair of Titan 40264 spark-gap switches
discharges the capillary capacitors. A single Beverly III Associates SG-172CM2 spark-gap switch
discharges the main PFN.

3.7.2 Plasma Injection

Plasma injection is accomplished using a large number of small capillary discharge units. Each of
the capillaries is a high-voltage coaxial unit. The output end of the capillaries provides an axial
discharge path across the ablative plastic insulation. A surface discharge across this insulation
connects the inner and outer electrodes, heating and vaporizing the polyethylene insulation. The
resulting plasma expands to fill the interior tube. Ohmic heating of the plasma combines with
magnetic forces to eject a hot, dense plume past the tungsten nozzle. Plumes from neighboring
capillaries combine to form a uniform ring of plasma connecting the inner and outer electrodes of
the main gun.

The electrical energy input to the capillaries must be split between heating, ablating, and ion-
izing the polyethylene surface. Thermal pressures dominate the resulting plasma. As a result, the
injection velocity is near Mach 1, typically 10-14 km /s for these polyethylene plasmas.

Initial designs for the capillary injectors used a series of sealing O-rings and was both expensive
and complex to assemble. Later designs moved toward press-fit and glued seals. The components are
cheaper, assembly is faster, and both vacuum and high-voltage performance are just as good as for
the original design. The center, high-voltage electrode is an off-the-shelf 1/8” (3.18 mm) diameter
tungsten welding rod. The grounded outer conductor is a brass cylinder. The nozzle electrode
is tungsten. A high-density polyethylene (HDPE) tube provides the high-voltage insulation and
ablative mass. An assembly drawing of the final design is shown in Figure 15. The capillaries can
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Figure 14 Schematic of accelerator system showing two separate high wvoltage circuits for the capillary
injectors and the main accelerator respectively.

be seen protruding from the rear of the accelerator in Figure 16, with the internal mounting details
in the annular breech of the accelerator illustrated in Figure 17.

Center electrode
Tungsten welding rod

Return current
[ Brass tube

Return electrode/nozzle
Tungsten

Insulating tube

Low surface energy Polvethvi
olyethylene

Acrylic adhesive

Figure 15 Detailed view of internal structure of capillary used in main accelerator. Except for the tungsten
nozzle which requires machining, all components are commercial-off-the-shelf items simply cut to length.
Internal vacuum seals are achieved using acrylic adhesives.

Once a capillary establishes a surface discharge, its resistance drops as the increasing capillary
current heats the plasma. Initially, this led to the concern that the capillary array would operate
unevenly, i.e. the voltage would drop too low to complete the discharge initiation of the remaining
capillaries once the first one went. This would result in a highly asymmetric injection into the main
gun. Such high asymmetry would accelerate the development of the Rayleigh-Taylor instability and
sharply limit gun performance. To avoid this situation, early designs placed a ballast resistor in
series with each capillary, but the explicit ballast resistors ultimately turned out to be unnecessary,
since the stray (inductive) impedances in the circuit were found to be sufficient to maintain balance.

We have established reliable symmetric operation of 32 capillaries (and 64 in the TwoPi device
discussed later) by connecting each capillary to the switch through a single cable. There are two
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Figure 16 Closeup view of capillary high voltage connections extending out the back of the gun from their
insulating carrier bolts. Current enters through the center tungsten electrode and returns via the coazial
brass tube. An external coazial braid (not shown) keeps the current coazial to reduce noise generation in
diagnostics and other circuitry. See also Figs. 15 and 17.

Capillary

E.M. Electrode E.M. Electrode
Inner Quter

Figure 17 The capillaries are mounted in a plastic Kynar ring with individual polyethylene nozzles.

Titan switches in parallel, each of which controls the current to 16 capillaries. Each Titan switch
gates the current from four 0.15 pF' capacitors typically charged to 35 kV. Eliminating the ballast
resistors allowed more of the capacitor energy to be used in ablation and heating of the polyethylene,
which produced higher-density and higher-temperature capillary discharges. The capillaries all fire
within about 25 ns, as shown in Figure 18. Typical capillaries currents are 3-5 kA, with a ~1.54 us
period, and a subsequent 1/e decay time of ~3.2 us.

3.7.3 Parallel Operation of Capillaries

As a general rule, it is not possible to run capillary discharges in parallel because of two main
reasons 1) instability in the I,V characteristics, and 2) HV breakdown. In the first case, a small
perturbation in the capillary parameters of one relative to the other usually leads to an instability
in which one capillary draws all of the available current and the other one extinguishes. This
results from Spitzer resistivity in that a positive perturbation in the current in a capillary leads to
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Figure 18 Left) Fast PIMAX image of capillaries firing. Gate is 25 ns wide triggered at t=0. Right) Gate
of 1 us. Capillary discharge fully established. Both images looking back up through the muzzle. Dark central
circle is the center electrode.

increased temperature, and lower resistance, which in turn leads to more current, and so on. The
reverse occurs for a negative perturbation, so that two capillaries in parallel are naturally unstable.

In the second case, it is usually not possible to get more than one capillary to even breakdown.
What happens is that as soon as one capillary breaks down, the voltage seen by the rest of the capil-
laries is suddenly very small, well below the Paschen limit in most cases, so that in general, only one
capillary can break down at all. At first glance, we thought this might require a separate capacitor
and switch for each capillary, but further analysis and experiment revealed this is fortunately not
the case at all.

We plan to run the capillaries using

the parallel circuit illustrated in Figure 19. W

In this schematic, r represents the small R< R< R< R< RS RS RS R
impedance of the capillary, while R repre- I I I

sents a larger ballast resistor placed in series
with each capillary. For sufficiently large
R/r, the circuit remains stable to small per- Figure 19 Representative parallel circuit. r is the capil-
turbations in any individual r, for much lary resistance and R the ballast resistance

longer than the time scales of interest in

these experiments. For example, for a typical value of r = 0.1 Q a ballast resistance of about
7 x r = 0.7 Q should be sufficient for a circuit with 8 parallel capillaries.

Consider the following. For a given capillary geometry, assume the voltage across the capillary
is given by vg = igr where ig is the measured current. The charging voltage for a matched pfn would
thus be 2vg. Now place a ballast resistor R in series with r of value R = 7r. In order to maintain
the same current through the capillary discharge, the pfn charging voltage needs to increase to
2(r + R)vg = 16wy, i.e. 8 times the original voltage. Place 8 such series combinations of r and R
in a parallel arrangement as shown in the figure, and the total impedance seen by the pfn is just
r and 1/8 of the total current flows in each leg. If the pfn voltage is 8vp, then the current in each
leg equals that in the original capillary by itself. Thus total current is now 8iy. The same analysis
holds true for any number of parallel circuits. The required pfn charge voltage scales linearly with
the number of capillaries placed in parallel.

This is a very attractive scaling. We already know (and our experimental testing confirms) that
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the desired capillary current is on the order of 2-4 kA, and that the capillary impedance is of order
0.1 ©2. We see the voltage drop across the capillary will be a few hundred volts. Placing 16 units in
parallel will drive the pfn charging voltage to 2 x 16 times a few hundred volts, or only about 12-13
kV. Total current through the switch would then be about 32-48 kA, well within the 65 kA limit
of the switches we have selected (described in a later section). This implies that we should be able
to easily run 16 capillaries in parallel. In principle, we could drive even more in parallel by simply
operating at higher voltage.

Operating at higher voltage has real advantages, both in the speed at which the switch operates,
and in reducing jitter in the Paschen breakdown time of each capillary [49, 50]. In fact, it may be
desirable to increase the ballast resistance even further, thus increasing the charging voltage and
hence the voltage used for initial breakdown. The initial voltage available for Paschen breakdown
in the capillary can be driven almost arbitrarily high, in principle limited only by HV breakdown
elsewhere, and the higher cost of capacitors (which scale roughly as the square of the voltage). Values
of 20-30 kV are readily achievable, but probably not necessary until we operate the accelerator at
10~7 Torr. Further experimental testing will determine what voltage level is optimal.

Now what about HV breakdown as mentioned a few paragraphs above? With the ballast resistor
in place, as soon as the first capillary breaks down, the voltage seen by the other capillaries no longer
plummets, but only drops a small amount since they will still see the voltage on the high side of
the ballast resistors, which drops only by the ratio r/R, which for 16 parallel capillaries is only a
6.25% drop. The jitter between capillary breakdowns is expected to be smaller than the switches
at the voltages we expect to operate.

The only operational price that is paid for these advantages is that most of the stored energy
in the capacitors is “wasted” in the ballast resistors. However, this is irrelevant, since the value in
absolute terms is relatively small and precision high voltage resistors are readily available that can
handle the voltage and energy dissipation for this application at modest cost |51, 52, 53].

3.7.4 Sparkgap Gun

As an alternative to the capillary injector approach, a second approach using sparkgap injectors was
also built and tested. This configuration uses a much larger number of small tungsten electrodes
mounted with their tips roughly flush with the inside surface of an annular insulator ring at the
breech of the gun. This is illustrated in Figure 20. The external HV circuit is arranged so that the
electrode tips alternate in polarity: Ground-HV-Ground-HV-Ground ... . Surface arc discharges
along the insulator, with alternating current direction, then ablate the local polyethylene surface,
ejecting plasma into the gap between the coaxial electrodes. Due to the much larger number of
plasma sources, 112 sparkgap electrodes vs. 32 capillaries, a higher degree of symmetry in the
injected plasma can be achieved. The electrodes consist of off-the-shelf tungsten welding rods with
a diameter of 1/16” (1.6 mm) by 6” (15.2 cm) long. They are carefully press fit into a slightly
undersize hole in the polyethylene, forming a tight vacuum seal that allows base pressures into the
10~% Torr range. Figure 21 shows the HV connections surrounding the gun. There are 7 switches,
each of which connects two 0.15 uF capacitors to 16 electrodes. A combined total of almost 0.7 MA
is driven through the 112 sparkgaps generating the injected plasma.
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Figure 20 Sparkgap gun configuration with 112 tungsten electrodes and a center electrode with a smooth
circular arc profile instead of the “wasp” profile of the first prototype gun shown in Figure 2.

Figure 21 Rear view of sparkgap gun with main bank disconnected to show only the 112 sparkgap injectors
firing.
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3.7.5 TwoPi Test Fixture

The “TwoPi” test fixture was built to allow development testing of large capillary arrays and their
associated HV circuitry. The initial version used a disc-shaped vacuum chamber with an inner
diameter of 19.5” (49.5 cm) and inner height of 2” (5.1 cm). Sixty-four radially inward pointing
capillaries (essentially identical to those used on the gun) are arranged uniformly around the pe-
riphery as seen in Figure 22. Large top and bottom acrylic viewing flanges allow optical probing
and imaging of the plasma as it emerges from the capillaries and propagates toward the center.

Figure 22 Left) Arrangement of the original TwoPi test fizture showing copper bus plates, ballast resistors,
capacitors, switches, and vacuum vessel. Right) Nikon open shutter photograph of a test shot in original
TwoPi test fizture.

3.8 Experimental Results

We discuss below typical characteristics for the half-scale prototype gun used on MCX. Variations
in the ballast resistances, fill pressure, and other machine parameters were observed to shift these
numbers. For example, the electron density was found to increase from 4 x 10'4em ™3 to 6 x 10 4cm =3
when the ballast resistor was decreased from 8 2 to 0. For purposes of definiteness and direct
comparisons, all measurements quoted below are made with 0 §2 ballast resistance on the capillary
plasma injectors and a 1 us delay between firing the capillaries and the main PFN. The background
pressure is less than 1075 Torr of air (i.e. no separate gas filling).

3.8.1 Gun Electrical

The main gun’s current and voltage waveforms are routinely measured. A Rogowski coil records
peak currents of about 174 kA on each shot. The first half-cycle of the current ring lasts 22.8 us,
and the reverse current is 44% of the peak current. (See Figure 23.) Voltage is obtained by a
Pearson monitor measuring current through a 1 k{2 resistor across the gun’s breech. The current
waveform varies smoothly over the course of the shot, suggesting that any restrikes or filamentation
provide only gradual changes to the gun impedance. Additional Rogowski coils measure the current
to individual capillaries. These Rogowski coils show 5 kA per capillary.

3.8.2 Visible Light Imaging

A Nikon D70s digital camera routinely gives time-integrated color pictures of the plasma discharge
from various angles. These typically show a bright blue-white plasma flowing from the gun muzzle
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Figure 23 Main accelerating current rings due to impedance mismatch.

and gradually expanding downstream as seen in Figure 24. A pink plasma fills the target chamber,
and a dimmer blue plasma rebounds off the back wall of the chamber. The interior of the gun
is filled with a bright blue plasma, and there is often evidence for distinct bright-white filaments
between the inner and outer electrodes (future work will attempt to determine when and where
these occur within the gun). Photographs of the capillary plasma plumes taken without firing the
main PFN confirm that all capillaries fire on virtually every shot (Figure 18).

Figure 24 Nikon open shutter photograph of bright jet plume in vacuum tank. One arm of the interferometer
and the interferometer probe beam are visible at the top of the image. Plasma jet travels towards the bottom
where it stagnates on one of the 8 side port windows.

A fast PIMAX camera (model 7489-0004) is used to image the gun plasma on sub-microsecond
time scales. It confirms that the capillaries fire simultaneously within 25 ns. The PIMAX shows the
gun produces a dense bright stream of plasma (Figure 25.) If the background pressure is raised to
the vicinity of 1 mTorr, the stream of plasma condenses into a discrete blob.

Photodiodes have been positioned to look across the plasma flow. These measure speeds of the
luminous front ranging up to ~ 143 km/s for some gun configurations.
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Figure 25 PIMazx image of plasma stream incident on the pressure probe. This image coincides with an
increase in the measured pressure. The bright spot at the probe tip and the dim arc upstream of it are
reproducible features of the bow shock.

3.8.3 Spectrometry

We used a compact Ocean Optics, Inc. survey spectrograph to identify interesting regions in the
plasma spectrum, time-integrated over the event. It showed spectra consistent with a 2:1 hydrogen-
to-carbon ratio, as expected for the ablative polyethylene capillaries used for plasma injection.
Interesting regions identified by the spectrograph were further examined using a 1-m stigmatic
Czerny /Turner spectrometer (Acton Model 410) with the PIMAX camera previously mentioned
used for capturing the spectra. It was coupled to the experiment by two 100 um diameter fiber-
optic cables aligned along the entrance slit, thus permitting two simultaneous views of the plasma,
e.g. axial and radial. The monochromator was equipped with an 1800 grooves/mm grating for a
nominal reciprocal linear dispersion at the exit of 0.5 nm/mm. With a pixel size of 0.011 mm at the
charge coupled device (CCD), this dispersion translates to nominally 0.006 nm/pixel at the detector
output. Hence, a detector coverage of 1024 pixels yields a wavelength span of nominally 6.1 nm at
any one wavelength setting. A spectral resolution of 6 pixels (as determined from spectral lamps)
results both from the selection of a 50-pym wide entrance slit and from a somewhat larger pixel size
(16 pm) for the image intensifier in front of the CCD.

Spectral lines from neutral hydrogen (Balmer series), as well as carbon atoms up to 3-times
ionized (C IV spectra) are recorded and analyzed. The intensity ratio of carbon-ion lines yields an
electron temperature in the slug as high as 4-5 €V, and 5-6 €V in the gun itself when viewed axially.
These are based upon calculations [54| of ionization balance (see Figure 26). Interestingly, neutral
C I emission is not observed, implying an electron temperature greater than ~ 2 V.

Doppler shift measurements along the axis of the gun indicate a mean C* velocity of 80-90 km /s,
with a lesser component exceeding 100 km /s (see Figure 27). There is also a somewhat stationary
component (arising either at the gun or at the output window) that at times distinctly shows a
portion moving with a velocity of ~ 12 km/s. For the same shots on which photodiodes measured
143 km/s, the Doppler shift of the fastest H-a component corresponds to a speed of 147 km/s. (See
Sec. 3.8.2.)

The widths of hydrogen Balmer-$ and -7 lines observed radially indicate [55] an electron density
~ 5 x 10em™3, averaged across the column (Figure 28). This is likely a slight overestimate of the
electron density after correcting for a small Doppler broadening contribution. Other configurations
have shown higher electron densities, ranging up to ~ 5 x 10'%cm™3, depending primarily on the fill
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Figure 26 Relative line intensities for carbon ions. (a)Viewed radially from the gun, implying an electron
temperature in the blob from ionization balance of kTe ~4-5 eV. (b)Viewed azially inside the gun, implying
an electron temperature internal to the gun from ionization balance of kT, ~5-6 eV, higher than in the
expanding blob.

pressure. (See also Sections 3.8.5 and 3.8.6.)

3.8.4 Ballistic Pendulum Tests

Initial measurements of the plasma slug momentum were made using a fast camera and a low mass
ballistic pendulum consisting of a plastic petri dish suspended by a tungsten wire. A PIMAX fast
camera recorded the image at multiple time delays. The pendulum mass and maximum vertical
rise give the change in its potential energy (AEp = myispgAh). From this we calculated the
pendulum initial kinetic energy (A(Fx + Ep) = 0) and momentum (pg;sp, = v2maisp Ex). If all
this momentum is transferred from the plasma, the plasma momentum pg,, is not less than the
initial momentum of the dish, pg;sp. (We equate the momenta of the dish and plasma slug rather
than using the kinetic energies. This accounts for the likelihood of an inelastic collision involving
heating and radiation.) The chamber was evacuated, so the momentum lost to drag is negligible.
In addition, the dish is wider and much more massive than the plasma, so the amount it moves
during the impact event is tiny, and it blocks the entire plasma throughout impact. We confirmed
that this momentum transfer results from the main accelerated plasma jet by firing the injector
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Figure 27 Velocity for CT ions from the Doppler shift of two C II spectral lines viewed along the axis
compared to the unshifted radial view. A shift of 0.18 nm here is equivalent to a velocity of ~82 km/s.
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Figure 28 Stark broadened H-3 Balmer line of neutral hydrogen with a Lorentzian fit at an electron density
of No=5x10"* em™3. The lack of a central dip is attributed to integration along the radial line of sight.

capillaries without the main gun. In this case, no pendulum motion was detected. Typical direct
measurements are: mg;sp, = 28.9 g, 21 degree displacement, and vy, = 90 km/s (from spectroscopy,
Sec. 3.8.3). From the measured angular displacement, the dish undergoes a vertical displacement of
9.7 mm. The measurements imply a plasma momentum of 13 g-m/s and a mass of 140 ug. Raising
the background pressure to ~ 1 mTorr has been observed to lower the momentum to 11 g-m/s.
The pendulum measures a somewhat higher total momentum (and mass) than the value estimated
from other diagnostics. (See Sections 3.8.3 and 3.8.5.) This is probably due to a “rocket” effect of
material ablated from the dish surface by the plasma.

3.8.5 Interferometry

The HyperV interferometry system is a 632nm HeNe laser quadrature heterodyne interferometer
using a single pass through an Acousto-Optic modulator at 110 MHz which serves as both the
modulation source for the reference beam and the beam splitter. The unmodulated scene beam
makes two passes through the plasma before recombining with the modulated reference beam on a
polarizing beam splitter. The scene beam makes two passes through a quarter wave plate, rotating
the direction of polarization through 90 degrees so that the scene and reference beams have orthog-
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onal polarization when recombined on the beamsplitter. The combined beam is passed through a
polarizer at 45 degrees to the polarization direction of the beams, projecting the sense of polariza-
tion onto the same axis. Detection is via a fiber coupled reverse biased PIN diode, and the signal
is demodulated using a quadrature heterodyne detection circuit. This arrangement measures the
line-integrated electron density across the output plasma blob 17 cm downstream from the muzzle.
If we estimate the path length from PIMAX photographs (10 cm at the position of the interferom-
eter), we find a typical density is 5 x 10'* ecm~3. This density is comparable to that obtained by
Stark broadening, as described above. The 90 km /s speed of the plasma and the observed duration
give an estimated plasma slug length of about 1 m. A 10 cm diameter column 1 m in length with
this electron density and an average ion mass of 5 amu will have a mass of about 33 ug. (Compare
measurements in Sections 3.8.3, 3.8.4 and 3.8.6.)

Optical spectroscopy (Sec. 3.8.3) on the spark gap gun has routinely measured Doppler-shift
velocities of 100 km/s for carbon and hydrogen lines. The HeNe interferometer shows that the
plasma is produced in multiple pulses (due to current ringing). To obtain a mass estimate, we
assume an average ion mass of 5.5 amu per free electron, and use the 100 km/s speed to convert
the time history into a spatial profile. With these assumptions, integration of the first pulse alone
gives a mass of 200 ug from the interferometer traces.

3.8.6 Pressure probe

We have constructed a fast pressure probe incorporating a commercial piezoelectric pressure sensor
from PCB Piezotronics (Model number 113A21, used in combination with a Model 480D06 bias
and amplifier unit.) The stainless-steel sensor is epoxied inside the end of a 9.5 mm outer-diameter
quartz tube and is protected from the plasma by a 0.5-mm thick polished quartz disc. Shock
tube calibrations indicate the probe has a nominal 0.8 us rise time, although there is an acoustic
resonance near 160 kHz. For pressures lasting longer than 2 us, the probe generates a signal of
about 2.3 mV /kPa.

When this probe is aligned for head-on collision with the plasma slug, it measures an increase
in pressure coincident with the arrival of the luminous plasma stream described in Sec. 3.8.2. At a
distance of 15 cm downstream from the muzzle, this signal shows a flattop pulse of ~ 150 kPa and
has a full-width, half-maximum duration near 10 ps. This is approximately the adiabatic stagnation
pressure of the plasma flow. We combine this pressure with the 90 km /s velocity from spectroscopy,
the electron density from interferometry and Stark widths, and with estimates of Z =1, T =3 eV
and v = 5/3 to estimate the mass per ion as 5.8 x 1072"kg = 3.5 amu.

We can estimate the plasma momentum density by multiplying this mass by the density and
velocity from optical diagnostics. This gives 0.26 kg-m~2s~!. If we take the diameter of the plasma
column as 10 cm and the duration as 12 us, this gives a total momentum of 2.2 g-m/s and a mass of
24 pg. Measurements taken in combination with the interferometer show that the electron density
increases by about a factor of 6 when crossing the shock structure upstream of the pressure probe.
(See Figure 25 and compare measurements in Sections 3.8.2, 3.8.3 and 3.8.5.)

3.8.7 Magnetic probes

Several passive magnetic induction probes have been constructed and inserted into the plasma
accelerator. These are protected by 3 mm diameter quartz tubes with a half-mm thick wall. The
probe heads are constructed of magnet wire, with 12-14 turns at a 1 mm nominal diameter. These
probes are placed just inside the outer electrode and are aligned to measure the azimuthal component
of dB/dt. Two probes are inserted into the main accelerator section, at about the same axial position
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as the inner electrode’s neck. Except for the earliest times, these two probes are strongly correlated
with the current. Since the sign of By /I is constant, the main current paths are downstream from
these probes during most of the shot. In particular, there is no sign of restrikes upstream of this
position. From these data, we conclude that the dominant current sheet passes the neck 2-4 us
after the switch closes. Additional magnetic induction probes have been constructed and installed
downstream of the inner electrode’s nose. These will also be just inside the outer electrode’s wall.
These have been individually calibrated in situ with a 24 us current oscillation. At that frequency,
typical sensitivities are about 1 x 10~° Volt-seconds/Tesla. These produce waveforms similar to that
of the main gun’s current (Sec. 3.8.1), but with much more structure and time-delays dependent
on their axial position. From this, we conclude that the dominant current sheet passes the neck in
about 3 us and has formed a plasma focus structure by 10 us.
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3.9 Gun Efficiency

Of particular interest is the potential efficiency of
these guns. An estimate is provided by the sim-
ulation, which outputs total plasma kinetic energy
Elinetic = f % pv2d3x, energy stored in the magnetic
field Enagnetic = | ﬁ—id‘%x, and the energy dissi-
pated as joule heating Ejoue = [ I?Rdt. We define

the overall gun efficiency as:

Ekinetic ( 1 )

=172 112
ez -tov?

where the final capacitor voltage is taken as the
peak negative voltage on the capacitor bank at the
time of current zero as it rings down. This is essen-
tially equivalent to assuming that all stored mag-
netic field energy can be recovered in the external
circuit. If we further assume an external resistance
of 1 mQ, then the gun efficiency is roughly 59%
for the case in Figure 29(a) and 75% for the case
in Figure 29(b). In all cases we looked at, the to-
tal joule heating in the plasma was small compared
to the kinetic energy or the magnetic field energy,
being typically only 10-15% of the former, and the
simulation gun efficiencies ranged between 35% and
75%. Higher efficiencies are seen for the more mas-
sive armatures at lower velocity (such as 50 km/s),
as would be expected. This is good news since just
these types of plasma jets appear to have promise
for PJMIF. These simulations have not included
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Figure 29 Mach?2 simulations show performance
capability of coax gun for (a) low mass (400 ug)
and (b) high mass (~ 8000 pg) armatures. Curves
peak and then drop off in (a) as plasma leaves com-
putational zone at muzzle exit.

various other effects (such as skin friction drag) which will tend to depress the overall efficiency,
and higher external circuit resistance which will need to be kept to 1 or 2 m€Q (skin effect in the
rails themselves however is negligible). In any case, efficiencies in the range 40-60% appear to be
possible and are consistent with reported railgun efficiencies using inductive recapture [56] and in
Pulsed Inductive Thrusters (PIT) [57]. This will require additional work to clarify.

3.10 Gas Injection

The PJMIF concept evolved towards the use of heavier plasma liners using gases such as argon or
xenon or similar. These much heavier liners allowed operating at lower velocity, typically 50-100
km /s instead of the 200 km /s originally envisioned, while still maintaining high total jet energy. In
order for the coaxial guns to accomplish this and to be more generally useful and flexible in the
types of plasma accelerated, they needed to be able to inject heavy gases such as argon, xenon, etc.
The following sections describe MiniRailgun injectors that could accomplish this.
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4 MiniRailgun Parallel Plate Plasma Accelerators

Gas rienum

ails

4.1 MiniRailguns as Plasma Injectors frsugor Section /

; R [ |
The Minirailguns were originally conceived 17 ‘7 N - ‘
as high velocity plasma injectors for the \‘
shaped coaxial gun described in [48] that D
could inject various gases instead of only (a) Initial conditions
ablative materials. After some initial ex-
perimentation and development, it was real- I — |

ized that these guns could provide a useful TT
high density plasma jet in their own right

for many applications of interest. This ulti- (b) Diaphragm bursts as a result of pulsed arc from two elec-
mately led to their use in the original PLX  trodes inside plenum (not shown here). The sudden pressure

experiment at LANL. increase bursts the diaphragm allowing gas/plasma to freely
expand down the bore.

4.2 A Heuristic Model

A heuristic model of the original basic con- 1T T ‘ | : )

cept is illustrated in Figure 30. Consider

a small plenum located at the breech of a (¢) Main plasma armature is initiated by a trigger when

small railgun pressurized with a working gas  gas/plasma fills much of bore.

(Hg, Dy, Ar, No, He, Xe, Kr, etc.) and con-

strained by an imaginary burst diaphragm - — ~ ]
. = —_

such that when the diaphragm bursts, the T 71 - )

gas is rapidly injected into the breech of the

railgun. The axial length of the plenum (d) A compact armature nears end of bore after snowplowing

is kept small and its cross section area initial gas/plasma mass.

large, so that outflow time, roughly given

by 20 pienum/ Csound, into the railgun breech is Figure 30 A heuristic model for minirailgun operation.
Original basic MiniRailgun injection scheme. A more ad-

vanced version will use a very fast gas valve to inject high-Z
gas followed by a pre-ionizer to provide sufficient conduc-
tivity to initiate armature formation.

— i

minimized. A small sparkgap located within
the plenum is connected to a switch and ca-
pacitor (not shown in the figure) and is used
to suddenly heat the gas and burst the di-
aphragm, ejecting the partially ionized plasma into the railgun, where after a short delay, another
capacitor (or pfn) is switched across the rails to form an armature which accelerates and sweeps
up the plasma in the bore. Representative plots of gas flows for hydrogen and argon are shown in
Figure 31.

The total mass of injected gas is determined by the volume of the plenum and the pre-fill
pressure. In practice, the volume can range from a small fraction of a cubic centimeter to one or
more cubic centimeters, and the pre-fill pressure can range from one atmosphere to 10 or more,
yielding anywhere from tens to thousands of micrograms of gas depending on the type of gas.

The length of the MiniRailgun is adjusted to provide a compromise between gas/plasma ex-
pansion speed down the bore and the total mass of injected gas, but in any case is expected to be
~5H-30 cm long, depending on the application. Flow dynamics will yield an essentially exponentially
decaying density profile with a scale height which is dependent on the sound speed of the gas, i.e.
the higher the sound speed the longer the scale height so that low molecular weight gases like Hy
expand quite rapidly down the bore. When the bulk gas flow has substantially filled the bore, but
not yet exited the muzzle, or when some other preselected condition is met, the railgun is triggered,
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Figure 31 Density profiles vs. time after release from 1 ¢m long plenum. Note the vastly different horizontal
and vertical scales for the Hydrogen (left) and Argon (right) cases. The time scale for flow down the gun
bore is long enough for high-Z gases that fast gas valves are feasible. Profiles from M ACH2 simulations.

resulting in formation of a plasma armature at the back end of the railgun which moves forward
under the usual J x B forces. Under the proper conditions, this plasma armature will ionize and
“sweep” up the gas ahead of it in the bore (hence the term “snowplow”) [18]. The high acceleration
of the plasma armature is sufficient to overtake the free expansion of the gas ahead of it in the bore,
hopefully arriving at the muzzle well before the expanding gas front. When configured properly, the
swept up plasma armature should then eject a compact pulse of plasma at the end of the railgun,
which can be used for various applications such as for injecting a fast moving plasma armature into
a coaxial railgun or acting as a plasma gun in its own right.

The equation of motion for the plasma armature in the snowplow approximation is given by
Jahn [18]

mi + mi = = L'T? (2)

where L' is the inductance gradient and m is the mass of the armature at time t or position x. If
we assume a constant mass density along the axis (not a good approximation!) then the armature
mass as a function of position is given by

t(x)
m(z) =mo+ d2/ p(z)idt = mg + d*pz. (3)
0
The equation of motion thus becomes
9 v o2 .9 Lo o
(mo + d pr’)JI + d p.’lf — iL I (4) 50 ass s
An interesting operating mode is one in which w0 —
the driving force is exactly counterbalanced by the 2 //
drag force and the armature maintains a constant & *[ ;
speed while sweeping up mass. This speed is de- * N /
termined by setting & equal to zero in the above /
equation, which yields 1o L
1 ......
d?pi* = ~L'T? (5) Ll
2 0 1 2 3 4 5 6 7
or time, microsec

Figure 32 Minirailgun simulation for Helium.

L'=0.85 ug, mass = 20 ug.
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1
i = S L'/ pd? (6)

For L'=0.35 uH, I = 30kA, p = 8 pug/em? (equiva-
lent to total of 20 ug), and 5 mm cross section, the
limiting speed is about 20 km/s.

Table 1 Target Railgun Parameters

. . ) ) Bore size 1-2 cm square

In. reality, -the density profile will be a decreasing Length 30-50 cm

function of distance along the bore as the gas ex- '
. . L ~ 0.5 pH/m

pands downstream, with a scale height dependent Rails Cu, W, Ta, GlidCop
on thg sound speed, and the quatlon of motion Insulator BN, SisN,
must, in general, be solved numerically. As an ex- Current 400-600 kA
ample, Figure 32 illustrates a solution for Equation Pulsewidth 10-15 ps

(3) for an exponentially decaying density profile and  pry 4 sections

a roughly square current pulse with 30 kA flat top, Capacitance 40 uF (total)
and 20 pg of total plasma mass. In this case, the Bank energy 50 kJ
current sheet continues to accelerate to the end of

. . ) Voltage up to 50 kV
the 20 cm rails and achieves almost 45 km/s. This
) T Armature mass 8000 ug of Xe
is an example of a small low performance minirail- v 1-9k
. . . injection ~1—2 km/s for xenon
gun suitable (perhaps in even smaller size) as an ~2—3 km/s for argon
injector o a coaxial gun. Vier 50 ks

HyYPERV embarked on developing variations of
this basic MiniRailgun concept to pulse feed plasma into larger coaxial plasma guns [48] and also
to directly drive plasma jets to the >50 km/s range for use in MTF.

4.3 Two Basic Configurations

The basic MiniRailgun is illustrated in Figure 33. The simple railgun [18] itself consists of two
parallel metallic rails top and bottom separated by ceramic insulators forming the side walls of the
bore. The cross section is slightly off-square to maximize L', the inductance gradient of the railgun,
since the accelerating force is %L’ I?. The effective L’ of the railgun assembly can be estimated using
the algorithm developed in [58]. It is to our advantage to maximize L’ within the other constraints
so as to reduce the peak current and total coulomb transfer required. This reduces requirements
on the pfn, the switch, and the wear and tear on the railgun itself. Typical values for L’ range
from 0.35-0.5 pH/m. Although it is possible to increase the effective railgun inductance gradient by
almost a factor of two using augmentation [59, 60|, we decided not to follow this approach in this
effort in order to minimize design complexity and reduce cost. Future systems might observe gains
by using augmentation.

The nominal parameters for a MiniRailgun for application to the Los Alamos National Labora-
tory PLX jet merging experiment are listed in Table 1. Early work used a smaller, lower energy unit
for testing. The rails and insulator assembly are contained inside a supporting structure to provide
both mechanical stiffness and vacuum sealing.

The plasma armature is injected at 1-20 km/s into the breech of the railgun by one of several
methods. Our original work had concentrated on using small plenums filled with atmospheric
pressure gas contained by a diaphragm at the entrance to the railgun. A small arc discharge in
the plenum heated and pressurized the gas bursting the diaphragm and forming a plasma which
then flows into the breech of the railgun. Switch S2 is then activated and current flows through
the rails and the plasma armature between the rails, accelerating down the bore via the J x B
force. Additional experiments have used a very thin aluminized mylar foil which initially shorts out
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Figure 33 Railgun with two versions of plasma injector - (top) ceramic capillary with fast valve gas
injection, (bottom) polyethylene ablative capillary. The dimensions of the railgun relative to the injectors
are not quite to scale here. The fast gas valve version (top) could also use other techniques for establishing
initial ionization.

the breech of the railgun and rapidly vaporizes as current rises forming a thin plasma sheet which
accelerates down the bore. It is easy to get a few hundred or even a few thousand micrograms
of plasma in this manner. However, although simple, this approach tends to cause some electrode
damage near the breech due to the low speed at arc initiation and also requires the replacement
of the diaphragm after each test firing. Since we wish to establish a gun system for plasma liner
experiments, it is highly desirable to be able to have a reasonable shot rate to generate data rapidly,
and not have to replace foils or burst diaphragms after each shot on 30 or more guns, or have to
come up to air after each shot to do so. Therefore we needed an approach which provides repetitive
operation with only occasional maintenance.

The configuration illustrated in Figure 33 shows two generic ways to accomplish this. The lower
figure uses one of our standard ablative capillary units acting as an injector. It fires a very short
(~ 1 ps) pulse of plasma into the breech of the railgun, where, after a few microseconds to give the
capillary time to empty out, a switch then closes and railgun operation commences. The bulk of
early testing used this approach since it is very simple and reliable. A very similar approach was
taken by Witherspoon et al. [61, 62, 63, 64] for injection of very large plasma masses into the bore
of megajoule level railgun experiments. This allowed quick testing of the concept and generation of
initial performance data at high velocity with the relatively low molecular weight of polyethylene.
Figure 34 shows one of these capillary injectors operating at 100 kA for a 1 us pulse and generating
a compact plasma plume with n, ~ 107em™3 and velocity of 63 km/s. For the early testing we
generally did not operate the capillary at this level, but at the lower velocity of 10-20 km /s to make
timing easier and allow the capillaries to last essentially indefinitely.

The configuration shown in the upper half of Figure 33 illustrate a better longer term approach
which provides the capability of accelerating high-Z gases such as argon and xenon for the implo-
sion experiments. In this configuration, the ablative capillary is replaced with a similar capillary
geometry but with BN ceramic insulator walls. Ring shaped electrodes at each end provide a means
of initiating the discharge, while a very fast gated valve at the rear admits a burst of high pressure
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Figure 34 Plume of 100 kA capillary test at 63 km/s and 10'7ecm™2. A reduced energy version provided a
good injector for MiniRailgun testing.

gas into the capillary volume. For the case of high-Z gases such as argon or xenon, the sound speed
of the gas is so slow (e.g. 180 m/s for xenon) that in the 100 us it takes for the valve to open and
close, the gas will move less than 2 cm downstream. Most of the gas is still within the capillary
by the time the valve closes. A very fast (sub-microsecond) current discharge then heats the gas,
forming a few eV plasma, which jets out the capillary nozzle into the railgun. By timing the firing
of the railgun switch, essentially all of the plasma mass can be captured and accelerated by the
railgun discharge. This then provides a repetitively operating high density high velocity injection
system into the breech of the railgun.

The plenum behind the valve can be at relatively high pressure (1-10 bar for instance) so that
a very large mass of xenon can be injected into the gun. At one bar pressure, xenon has a density
of about 5000 pg/cm?3, and a number density of roughly 2.5 x 101%m=3. This provides the means
by which extremely dense and massive plasmas can be injected into the railgun. We next address
the potential performance of such a railgun.

Plasma armature railguns have a well demonstrated capability to operate in the 50-70 km/s
range. Markusic [65] performed an important series of tests with a large bore railgun (5cm x 10cm
x 60cm) at currents of only 60 kA in a background fill gas of 75-400 mTorr of Ha, Dy, He, Ne, Ar,
Kr, and Xe. He measured velocities of almost 70 km/s for H and somewhat lower velocities for the
heavier gases, down to 20 km/s for Xe. His accelerating pressures were quite low, however. Using
F= %L’ I? = pA, where A = bore height h times bore width w for his experiment yields an effective
accelerating pressure of only 1.8 x 10° Pa, or 1.8 bar.

We plan to use a much higher effective pressure, in the kilobar range. We do this by operating
at 100’s kA in a 1-2 cm square bore cross-section. The parameters were summarized earlier in Table
1. We will also operate at much higher plasma armature densities, eventually above 10 ¢m™3. For
a bore size of 1 cm square, our effective pressure would then be

B L'T? 0.5 107%(300 - 103)2
C 2hw 2(0.01)2

This may be a little too much current for a 1 cm bore. A bore size of 2 cm would be 1/4 that,
or about 1.1 kbar.

The ideal performance of a parallel plate railgun is much easier to analyze than a coax gun with
curved electrodes, since L' is a constant. For a constant current drive, the velocity attained for a
railgun length x is given simply by v? = 2az, or

p 4.5 x 108 Pa = 4.5 kbar. (7)
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Figure 35 Simulation of railgun circuit with 4 section pfn at 50 kV.

In reality the pulse shape will not be a square wave but more like a sinusoid, so that the peak
current will need to go up to perhaps twice the flat top value or about 600 k. A MACH2 simulation
is shown in a later section.

4.4 Gas Fed Minirailguns Make Good Plasma Accelerators
4.5 Fast Gas Valve - Early Version

Mach2 runs investigating gas flow down the bore for an ideal burst diaphragm released case, showed
the time scales that we needed to work with. The code output is shown in Figure 31 for hydrogen and
argon initially stored in a plenum 1 cm long and pressurized to 1 atmosphere. The initial conditions
are similar in nature to that of a conventional shock tube, with a pre-filled plenum separated from
the bore by an imaginary zero mass burst diaphragm. At t=0 the diaphragm bursts, allowing the
gas to freely expand down the bore. The density is then plotted as a function of position along the
bore at various times. The background gas pressure was 1076 Torr of air. For hydrogen, it can be
seen that the gas quickly accelerates to down bore, with the front reaching about 7 km/s in rough
agreement with back of the envelope estimates. The bulk of the gas, however, flows at much lower
velocity, as expected. After 80 us, the rarefaction moving back into the plenum has propagated
about 10 cm. The front of the gas has moved about 20 cm down the bore. The velocity at the
diaphragm location maintains a sonic flow, i.e. about 2000 m/s and increases to 7000 m/s at 20 cm
downbore. The higher Z argon, however, takes much longer to propagate down bore.

A very fast opening gas valve is being adapted from existing fast valve designs to inject high-
Z gas into the breech of the MiniRailgun. Poppet valves with ~ 25 us opening times have been
employed on spheromaks as fast-high density (n ~ 10%em™=3) gas sources for plasma generation [66].
The valve shown in Figure 37 consists of a small annular gas plenum housed in a plastic body which
is fed from a rear port and stoppered by an aluminum poppet flyer plate. An O-ring spring is used
to return the poppet to the closed position. Channels cut in the rear wall of the plenum allow gas
to flow around the return spring and pressurize the plenum. At rest the vacuum of the rail gun
breech holds the poppet against an O-ring seal. The poppet is actuated by a flat solenoid. By
keeping the poppet mass <1 gram, a driving coil current of only several kiloamperes is sufficient
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Figure 36 MAcH2 simulation of argon flow after burst disk. This is the best you could do with a valve
that opens instantaneously.

to drive the valve open in order to exhaust the annular pressurized plenum into the breech of the
rail gun. An O-ring spring is used to return the poppet to the closed position. The efficiency of
gas injection will be driven by the ratio of the outer diameter of the poppet to the outer diameter
of the solenoid, and the ratio of the outer diameter of the plenum to the diameter of the outlet.
We will need to determine exact dimensions and drive currents experimentally. Similar devices at
CTIX developed by Robert Horton at CTIX open and close in less than 100 ps. Our valve just
needs to open extremely quickly and does not necessarily need to close on that time scale, although
that would provide an additional control knob for the gas injection. Our initial valve design has
been developed after several conversations with Robert Horton who has designed, constructed, and
deployed a similar device for CTIX. Our design diverges a little from his due to our unique gun
configuration, but he has been very helpful getting us started on the right track [67, 68, 69].

The previously developed lcm diameter fast gas valve ( 20-25 ps opening time) worked well,
but flow dynamic calculations and experimental data raised concerns about possible choked flow
at the valve orifice. A 2nd generation fast gas valve was designed with a 2cm diameter orifice and
testing began. However, in the initial physical testing phase of the new 2cm diameter valve, several
scientific and engineering issues were encountered and addressed.

The first issue was the theoretical determination and experimental validation of the magnetic
force required to actuate the new larger valve in 20us (100m/s peak velocity). Various capacitance
and voltages were investigated to achieved valve disk velocities in the relevant range. Final RLC
circuit tuning was performed to maximize coil performance in the short time available. Design
parameter achieved, but further development is necessary.

Next, practical design elements such as gas plenum geometry were considered and plenum de-
signed to allow for the full mass of gas (up to 8000 pg) to be released from the valve within 1mm
of physical valve disk travel. Design parameter achieved.

During initial physical testing many valves blew apart due to materials limitations. Materials
limitations were in this case overcome by redesigning the valve body, valve plenum and valve mount
to more robust flange and mount thickness. Plenum mounts required redesigning and it was advan-
tageous to move the metallic plenum mounting studs farther away from the magnetic coil. Valve
disk life is now about 50 shots before disk ruptures. A mechanically sound and relatively robust
working valve was achieved, though further development is necessary for long life operation.

The final major issue encountered in new fast valve development was corona and arcing of coil
leads inside the vacuum chamber. The final solution to this was simply to move the valve outside
the vacuum, something we had planned to do later, but dealing with it now was indicated. The
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Figure 38 A fast opening gas valve is being adapted to inject high-Z gas into the breech of a rail gun.
An aluminum poppet (mass< 1 g) is actuated by a flat solenoid to open the valve on a time scale less than
100 ps. Channels cut in the rear wall of the plenum (not shown) allow gas to flow around the return spring
and pressurize the plenum.

minirail mounting, vacuum window and valve mount were redesigned to accommodate the new valve
mounted externally to the vacuum. The necessity of mounting the gas valve externally provided a
good opportunity to begin redesigning the minirail transmission line to lower the circuit inductance.
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4.6 Performance of Gas Fed 1cm Minirailgun

Recent interferometer measurements have revealed compact plasma slugs, only 4 cm long. The
HyPERV HeNe quadrature heterodyne interferometer is broadly based on the design used by the
Compact Toroid Injection Experiment (CTIX) [70] and is described in detail in Case et al. [71]. The
optical components are mounted on an aluminum structure with two extension arms which allow
the system to straddle the vacuum chamber. The laser beam is modulated using an Acousto-Optic
Modulator (Intra-Action ATM-A1) operating at 110 MHz, which also serves as a beam splitter. The
undeflected beam is used as the scene beam, and the deflected beam (modulated at 110MHz) is the
reference beam. The scene beam passes through a polarizing beamsplitter (the beam polarization is
aligned with the beamsplitter so as to pass undeflected), makes a double pass through the plasma and
also through a quarter wave plate, rotating the angle of polarization by 7/2, so that on returning to
the beamsplitter it is deflected onto a second beamsplitter where it is recombined with the reference
beam. The combined beam is then passed through a polarizer which projects the polarization of
the two beams onto a common axis intermediate between the polarization of the two component
beams. Detection of the modulated interference signal is via a reverse biased PIN diode.

Minirail Valve and Rail Current Profile
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Figure 39 Current profiles showing timing.
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Figure 40 Typical magnetic field profile traveling from breech to muzzle.

The signal from the PIN diode is passed to a quadrature heterodyne detector where it is resolved
into two components proportional to the sine and cosine of the phase difference between the scene
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and reference beams. These signals are digitized at 25 MHz with a total record length of 2500
points, giving a time window of 100 us. Prior to analysis the raw data was filtered using an FFT
cutoff frequency of 1 MHz. All data presented here has a time resolution of 1 us.

Line Integrated Density, shot Tek3201003251002.raw, Quartz Nozzle
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Figure 41 Quartz nozzle
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Figure 42 Acrylic nozzle

For the nozzle test series only a single beam was used, so as to maximize signal to noise ratio.
The scene beam passed through the plasma 10 cm from the end of the rails of the MiniRailgun.
This means that with the 7.5 cm nozzles in place the observation volume was 2.5 cm from the end of
the nozzle. A photodiode was placed so as to observe the plasma immediately on exiting the nozzle,
and two others were placed downstream, with a separation of 10 cm between each photodiode pair.
This allows for a fairly straightforward measurement of plasmoid velocity.

The data presented here is two shots using nozzles that are as close as practicable to identical
in physical dimensions, with the only difference being the nozzle materials: Quartz and Acrylic
Polycarbonate. The results are presented in Figures 41 and 42. Despite near identical conditions
the differences between the two signals is considerable. The quartz nozzle produces a faster and
substantially more compact plasmoid, with much less plasma in the trailing plasmoids. This result
suggests that ablation of the nozzle leads to significant amounts of material in the trailing portion
of the plasmoid. The additional plasmoids trailing the main one are due to ringing of the capacitor
bank producing secondary plasmoids.
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The difference in velocities is only 10%, which is at the limit of our ability to distinguish velocities.
The difference in plasmoid length is much more striking, as the quartz nozzle produces a plasmoid
that is only 40% the length of the Acrylic nozzle plasmoid. This is almost certainly due to ablation of
the acrylic nozzle injecting material into the plasmoid, increasing drag at the plasmoid edge and thus
broadening it. The slightly greater peak density (1.1 x 107em ™2 for the acrylic vs. 1.0 x 10*7cm—3
for quartz) of the acrylic nozzle plasmoid supports this conclusion. The higher peak density and
longer plasmoid indicate that the total mass of the acrylic nozzle plasmoid is higher than that of
the quartz nozzle plasmoid by a factor of at least two. We therefore conclude that material ablated
from the acrylic nozzle is a significant fraction of total plasmoid mass.

Additional nozzle geometries have been studied using interferometry, and analysis of the data is
ongoing. Preliminary investigations show that a straight nozzle provides a substantial improvement
in plasmoid velocity and compactness compared to no nozzle at all, and quartz is a good nozzle
material from the standpoint of minimizing ablation and creating a compact plasmoid. Figure 43
shows a MACH2 simulation of a test shot in which about 1200 pg of argon was accelerated to
42 km/s.
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— Ekinetic § § § — velocity
— Emagnetic | 3
§ 5000 — Ejoule | e o A 50
= Mass
2 — Current
g 0001 __ rppmax | e TR 40
S ‘ : Q2
2 ‘ £
Q . . . . . . . -~
£ 3000F e b o e e\ 430 2
S : : : : : : : O
O : : : : : : : o
m C
2 . . . . . . . >
3 2000p o S e o L R L
ol
(] : : : =~ - :
< : : : A N :
Y 1000f A SR RRRE b Y e ARERREE SR R 10
i I T T 1
00 2 4 6 8 10 12 14 0

Time, psec

Figure 43 MAcH2 simulation of test shot in which about 1200 g of argon is accelerated to about 42 km/s
with about 150 kA peak current.

Nozzle R was a proof of principle test to demonstrate the ability to deliver a high density plasma
jet via a relatively long nozzle tube extension. In order to achieve a longer drift zone for the plasma
jet, a 10in diameter drift tube was mounted to the octagon vacuum chamber. The adapter flange
for the new drift tube had a 4in diameter opening. In order to get the total mass of the plasma jet
into the tube, using a very long tube nozzle was considered.

The tests were successful. Nozzle R produced the highest velocity jet measured during nozzle
testing at 44 km/s. Pressure of 8.8 bar was measure at 1.1 meters from the muzzle (60cm from
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the end of the nozzle). Density, n; = 2.0 x 10'6 cm™2 was measured at 6lcm from the MiniRail
Muzzle. Density, n; = 1.4 x 10'® cm ™ was measured at 8lcm from the MiniRail Muzzle. These
are exciting numbers.

A test was performed to observe propagation of the jet over a distance comparable to that to be
seen on PLX. Using the vacuum hardware at hand we set up the configuration shown in Figure 44.
The photodiode traces shown in Figure 44(g) shows the expansion of the jet length as it propagates
about one meter.

(a) 2.9cm 1D x 61cm Long Acrylic Nozzle. Nozzle pro-  (b) 1.4 meter plasma transit distance from muzzle
trudes through octagon into a 10in diameter drift tube,
extending total transit distance from muzzle to 1.4 me-

ters.
»
-

(c¢) Nikon -18 open shutter exposure. (d) Nikon f-29 open shutter expo- (e) Nikon {-29 open shutter exposure
sure. with 2 neutral density filters.

1em X 15cm Minirail 1 meter transit

1.2F | Photodiode at 0.1 meter

1.0F " Photodiode at 1 meter

0.0 ot

02 I 1 1 1 1 1 L . L
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Time (us)

(f) Nikon open shutter photo of (g) Photodiodes at 0.1 meter (red) and 1.0 meter (green) from minirail
1200 pg of argon through a straight muzzle with 3.3cm dia. x 7.5cm Quartz nozzle. Photodiode half widths
quartz nozzle impinging onto pres- are 1.2 us and 4.5 us respectively. Average velocity over 1 meter =
sure probe over 1 meter downstream. 36 km/s, corresponding to a 5cm long jet at 10cm and a 16cm long jet
Plasma jet travels from left to right. at 1 meter.

Figure 44 Various plumes from Nozzle R
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5 Pulsed Power Systems

5.1 Introduction

Both the coaxial and linear plasma railguns under development at HYPERV require high-voltage,
high current switches to accelerate plasma armatures. Present railgun driver banks can be as large
as 29 kJ to 44 kJ. These banks required low-inductance switches with at least 60 kV stand off, and
could source currents of up to 1.0 MA. A single channel, axially symmetric switch was constructed
and tested with a rail gun load at moderate power and a capillary load at high peak power. Switch
jitter time was measured to be about 550 ns, and mean time to failure was also evaluated.

5.2 High Voltage Switches for Rail Guns

HYPERV rail-gun plasma accelerators [48] can be considered two stage plasma rail guns. The first
stage, or formation stage, forms a plasma armature and injects it into a linear or coaxial railgun
electrode gap. The second stage, or acceleration stage, employs a Pulse Forming Network (PFN) to
drive a large current through the railgun electrodes and plasma armature, accelerating the armature
to high velocity. Regardless of rail geometry and armature formation method, rail gun performance
will be influenced considerably by the pulse shape and peak value of the PFN accelerator current.
Present HyperV railgun designs call for peak accelerator currents of 0.5 MA to 1.0 MA and pulse
widths as long as 15 us. As these railguns are primarily an inductive load of 100 - 200 nH, it
is necessary to minimize inductance of PFN switches and transmission lines in order to maximize
peak PFN current. In order to repeatably generate large currents from a single PFN capacitor
bank, a robust, low jitter, low inductance switch must be designed for high repeatability and high
mean-time-to-repair.

A switch can be modeled as a pair of electrodes separated by a gap filled with a controllable
dielectric medium. The choice of dielectric medium and width of the gap determine the internal
voltage stand off or self breakdown voltage of the switch. Gas dielectric switches are very common
[72, 73]. Water dielectric switches have also been constructed [74]. Solid dielectrics |75] and semi-
conductor switches [76, 77| are also possible, but can be cost prohibitive at the Mega-amp current
level. Gas filled dielectric switching was selected for simplicity of design.

When closing a gas dielectric switch, a conducting channel must be created through the gas by
means of a trigger mechanism. Several trigger mechanisms were considered: Laser [78, 79, 80, 81],
Spark|82, 83|, Field Distortion [84], Magnetic [85] and Glow Discharge [86]. Magnetic triggers
complicate arrayed switch deployments as manufacturing coils with several nanosecond uniformity
in rise time can be challenging. The glow discharge designs considered employed small orifices that
might have been damaged by high currents. Laser triggering produces low jitter times because
the laser actively ionizes a channel between the switch electrodes instead of waiting for an induced
current step leader to propagate through the dielectric medium. However, laser trigger methods
required for similar switch designs can “require a peak intensity at focus of > 10'2 W /cm? of laser
output” to close each switch [87], necessitating a laser of significant power for operation, and N
times more laser power to trigger an array of N switches. Also steps must be taken to preserve the
optics in high power laser switching. However, existing spark gap and field distortion switches can
be constructed with jitters on the order of tens of nano seconds which was deemed acceptable for
initial experimentation.
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Electrode Plates

Figure 45 A Mega Amp Field Distortion (MAF) switch was designed with the goal of switching peak
currents of up to 1 MA from banks as large as 44 kJ. The switch designed consists of a pair of hemispherical
electrodes mounted on cylindrical metal plates clamped to a plastic housing. An annular trigger plate is
suspended halfway between the electrodes.

5.3 MAF Design

To meet HyperV’s switching requirements, a Mega Amp Field Distortion (MAF) switch was designed
with the goal of switching peak currents of up to 1 MA from banks as large as 44 kJ. Shown in Figure
45, the switch designed consists of a pair of hemispherical electrodes mounted on cylindrical metal
plates clamped to a plastic housing. An annular trigger plate is suspended equidistant between the
electrodes. An internal spacer holds the trigger plate in place. The internal volume of the switch
can be pressurized with a dielectric gas to set the voltage stand off. For operation, the trigger plate
is DC biased to half the bank voltage, while the switched plate is held at ground potential by a pull
down resistor. The switch can then be triggered by applying an externally trigger voltage signal
of 10-30 kV or more to the trigger plate. This causes the voltage over the switch gap to exceed
the hold off of the gas dielectric, initiating discharge, and closing the switch. Assuming the switch
materials and components can handle the total energy dissipated in the switch for the amount of
coulombs being transferred, the three critical parameters in this switch design become the electrode
gap width, the trigger gap width, and the forces on the body.

The electrode gap width is set by the desired pressure operating range. A maximum voltage
stand-off of 60 kV was deemed necessary to achieve experimental goals, and a maximum working
pressure of 450 kPa was selected to allow the use of plastic tubing and fittings for gas distribution.
Because the current channel of the closed switch is formed in the gas dielectric by a combination of
the switch and trigger voltages, the jitter in the closing time will increase as the electrode gap width
is increased. However, the working pressure necessary to prevent self breakdown of the switch
increases as the electrode gap decreases [88, 89]. Nitrogen and argon were selected as dielectric
gases to allow operation below 450 kPa at 60 kV without requiring exotic fill gases. At 450 kPa the
dielectric strength of nitrogen is about 50 kV /cm, requiring a voltage gap of about 1.2 ¢cm to hold
off 60 kV [88]. Using argon allows lower voltage operation (5 kV to 8 kV). It may be possible to
operate these switches in between these regions with argon/nitrogen gas mixtures, but no tests of
this were performed as part of this work.

Similarly, the trigger gap width is determined by the strength of trigger voltage and the gas
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pressure. However, since the trigger plate can be DC biased to any voltage, small electrode gaps are
possible. The trigger voltage need only exceed the stand-off of the trigger gap at operating pressure.
Otherwise, as the trigger gap distance approaches the voltage gap distance, it becomes necessary
to employ trigger voltages larger than the bank voltage in order to close the switch. Other switch
designs use small diameter trigger pins to initiate the spark to close the switch [90]. While small
pins reduce the parasitic capacitance of the trigger pin, allowing faster trigger rise times, switching
currents as high as 1 MA could erode or deform small diameter trigger pins. Thus, a stainless steel
trigger plate was employed instead. The inner diameter of the trigger plate was selected such that
the distance from the edge of the trigger plate to the edge of the hemispherical electrode was 1/2
the distance of the voltage gap.

The overall height and diameter of the switch pieces will determine the inductance of the switch.
Switch inductance can be estimated by considering the switch to be a stack of rod inductors. This
not only implies the height of the switch should be minimized, as inductance of a rod grows with rod
length, but also implies that length of the voltage gap should be minimized, as this is the smallest
diameter section of the stack. The overall switch diameter contributes to the inductance as well,
as it sets the minimum distance between the arc channel and the transmission line ground return
plate. MAF switch inductance is estimated to be ~ 15 to 30 nH depending on the diameter of the
arc channel. As the switch height and radius will also limit the internal gas volume of the switch,
a trade-off exists between this switch’s inductance and peak internal gas pressure rise.

5.4 FEMM Modeling of Trigger Fields

The MAF trigger circuit, shown in Figure 46, was adapted from the Titan spark gap switch trigger
designs [90]. However, while the titan switches employ a ceramically isolated trigger pin with their
central plate to generate their spark, repeated breakage of this trigger pin and ceramic insulator
was observed to be a common fault. Hence the MAF switch employs no trigger pin, and is triggered
by the central plate directly. The base plate of the switch is attached to the high voltage plate of
the PFN capacitor bank. The switched plate is held at ground potential via a pull-down resistor.
The trigger plate of the switch is then biased to half the bank voltage via a resistor divider and
pull-down resistor, but allowed to rise with capacitively coupled trigger pulse. A R.E. Beverly and
Associates THD-001B trigger generator [91] was used to create a 35 kV trigger pulse in order to
close the switch. Trigger plate capacitance to a switch plate was calculated to be ~ 3.5 pF. Trigger
impulses can be simulated by modeling the gaps between the trigger plate and switch electrodes as
3.5 pF capacitors. Use of the trigger plate of this capacitance are acceptable, because the bandwidth
of the trigger circuit is set by the RC time constant of the 50 €2 and 440 pF, which is about 7 MHz
in this design.

The electric field of the untriggered and triggered states of the switch were simulated with
FEMM and are shown in Figure 47 [92]. The peak voltage over the trigger gap at the time of
closing is Viank/2 + Virig. Since rail guns are a spark-gap-like load, a pull-down resistor on the
switch plate is necessary to drain off any residual voltage on the switched plate after the capacitor
bank discharge. Omitting this resistor would allow the final voltage of the switched plate to become
undetermined and invites the possibility for self-break-down and misfires on the next charging cycle
as the switched plate may not have returned to ground potential.

5.5 Aster Modeling of Switch Stress

Finally, the switch body design must be constructed to house the electrodes in a gas cell, while still
holding off the working voltage in atmosphere, and survive both acoustic and magnetic concussive
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Figure 46 MAF Trigger Circuit. Trigger impulses can be simulated by modeling the gaps between the
trigger plate and switch electrodes as 3.5 pF capacitors. The bandwidth of the trigger circuit is set by the RC
time constant of the 50 Q and 440 pF, which is about 7 MHz in this design
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Figure 47 Finite Element analysis of switch trigger fields with FEMM. The inner diameter of the trigger
plate was selected so the trigger gap is 1/2 distance of the voltage gap.
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Figure 48 Finite Element analysis of stresses (Pa) on switch from magnetic forces with Code Aster.
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forces while minimizing switch inductance. Plates were originally composed of stainless steel, but
6061 aluminum was selected to lower switch resistance. Electrodes were constructed out of HD17,
a 90% tungsten alloy [93|. Delrin [94] was selected for the plastic housing because it is a strong
hydrocarbon plastic with good UV resistance. Polycarbonate was considered for the body material
because its shock resistance is about an order of magnitude better than Delrin, but exposure to
UV can degrade the material properties of polycarbonate unless special coating/resins are employed
[95, 94].

The principle dynamic forces at work on the switch during a shot are the concussion from the
heating of the internal gas volume and the J x B concussion due to PFN current flow through the
switch. The rise in gas pressure due to heating can be bounded by examining the “worst-case” effect
of dissipating all of the capacitor bank energy in the switch gas volume. For a gas cell at pressure
Py composed of a gas with molar mass M and isovolumetric specific heat ¢, experiencing a change
in energy AF, the final pressure is:

R
MVe, (9)

The internal volume of the switch allows for ~ 1000 cm?® of gas. Nitrogen gas fills of about
450 kPa are necessary to stand off bank voltages of 60 kV. If the entire 44 kJ of bank energy were
discharged in the switch gas cell, gas pressure would be expected to rise to about 18 MPa.

Magnetic forces were estimated by approximating the switch installation as a current loop com-
prised of parallel plates. The J x B force on the opposing loop segments is a function of the plate
current I, width w and separation s.

Py =Py +AE

Fmag :IQ@ (10)
w

If the switch base is assumed to be firmly rooted, at I = 1 MA the switch lid experiences an
estimated |F,| = 400 kN on the lid faces and |F,| = 200 kN on the switch knobs.

These magnetic force approximations were used to estimate the peak stresses on the switch
using the finite element Code Aster [96]. A model of the bolted switch, shown in Figure 48, was
constructed in order to simulate the effect of magnetic forces on the switch arising from 1 MA
currents. Static forces were used for the computation. Peak stresses from magnetic forces on the
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Figure 49 MAF switch installed on Capillary PFN. Transmission line is a Tri-plate stack.

body were found to be near the bolt threads and estimated to be 5 MPa. This is within the tensile
stress of Delrin of about 69 MPa [94].

5.6 Capillary Load Results

Two MAF switches were constructed using this design. External hold off voltages were tested with
a Hipotronics hi-potter to 60 kV. Switch internal self-breakdown voltages were also measured for
ultra high purity argon and nitrogen gas fills, and are shown in Figure 50. Argon gas fills were
necessary for voltages below 10 kV. Nitrogen gas fills were used for operating at 19 kV higher.
Argon/Nitrogen mixtures for intermediate voltage operation were not tested. Static gas fills were
used for experimentation. The switch gas was purged at the end of each shot with additional fill
gas fed at the operating pressure.

A MAF switch was installed on a 54 uF bank and attached to a high current ablative plasma
capillary [97, 98| via a low-inductance, parallel-plate transmission line, shown in Figure 49. Bus-
work was constructed from 1/2 in thick aluminum plate. The transmission line was constructed
with 5/8 in thick aluminum plate. Ten layers of 0.010 in thick Mylar sheets were used as insulation
between plates. A copper jumper plate connected the high voltage to the capillary. An array of 12
AWG 40 kV wires was used to create the ground return.

A total of 27 shots were taken with the high current capillary using PFN voltages ranging from
-4 kV to -40 kV. PFN current traces can be approximated by a lumped element series LC model.
This estimates system inductance to be 155 nH. The largest peak current, shown in Figure 51, was
measured to be ~ 0.995 MA 1.

5.7 Railgun Load Results

A MAF switch was installed on a 36 puF bank and attached to a high current plasma railgun via
a low inductance coaxial transmission line network, as shown in Figure 52. A second MAF switch
was mounted as a crowbar switch for damping of PFN circuit ringing. Buswork was constructed

1Shot was recorded when an air arc short circuited the capillary load
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Figure 50 Switch self-breakdown voltage Vi, for static gas fills of dry Nitrogen and Argon vs switch fill
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Figure 51 Peak current sourced by the switch was measured to ~ 0.995 MA with a capillary load.
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mounted as a crowbar switch for damping of PFN circuit ringing.

Figure 52 A MAF switch installed as the PFN switch on a 2.5 c¢cm bore plasma railgun. A transmission
line comprised of RG-8 cables connects the railgun to the switch. A second MAF switch (not shown) was
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Figure 53 A MAF switch was employed to switch the PEN current for a HyperV railgun. Peak Current
for this shot was measured to be 0.495 Mega-amps.

from aluminum plate. Ten layers of 0.010 in thick Mylar sheets were used as insulation between
plates. A ~2 m long transmission line was constructed with 30 RG-8/U cables.

A total of 126 shots were taken with a high current plasma railgun using PFN voltages ranging
from -22 kV to -38 kV. PFN current traces can be approximated by a lumped element series LC
model. This estimates system inductance to be 240 nH. The largest peak current, shown in Figure
53, was measured to be 0.495 MA. A histogram of peak currents from all shots taken with the
switches is shown in Figure 55. Variation in time between the trigger and the onset of PFN current
was measured to be 550 ns for these shots.

5.8 Coatings, Wear, and Lifetime

In an effort to reduce the over-all cost of the switch, an attempt was made at substituting 6061
aluminum electrode knobs coated with a layer of 25 pm to 38 pum hard chrome in place of the solid
tungsten alloy electrodes. An electroless nickel binder layer was employed. A pair of coated and
un-coated aluminum knobs were exposed to one 16 kJ, 550 kA peak shot. As seen in Figure 56, a
single shot was enough energy to damage the hard chrome coating layer and cause heavy pitting
to the aluminum in both the coated (B) and un-coated (A) cases. The HD-17 knobs shown (C)
perform much better, displaying mostly discoloration after about 10 shots.

The trigger plate also exhibits signs of pitting and wear. Stainless is not an ideal choice for
the trigger plate material because of erosion. However, the stainless trigger plates were often re-
manufactured and returned to service. Moving to an alternative material for the plate may reduce
wear, but could increase cost because of the size of the part.

The switch has a maintenance cycle of ~50 shots or less. After this, the switch will begin
misfiring as black conductive debris will have built up on the internal surfaces. This material is the
result of ablation of electrode, wall, trigger plate, and air supply tube-fitting materials due to PFN
current discharge and UV illumination. Lightly sanding and scrubbing the internal surfaces clean
with alcohol restores operation of the switch.
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Figure 54 Variation in time between the trigger and the onset of PFN current was measured to be 550 ns
for railgun shots taken.
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Figure 55 251 shots were taken with high current plasma railguns or capillary loads using PFN voltages
ranging from -4 kV to -40 kV.
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Figure 56 An attempt was made at substituting 5 cm diameter 6061 aluminum electrode knobs coated with
a layer of 25 pm to 88 um hard chrome in place of the solid tungsten alloy electrodes. A single 16 kJ shot
was enough energy to damage the hard chrome coating layer and cause heavy pitting to the aluminum in both

the coated (B) and un-coated (A) cases. The HD-17 knobs (C) displayed mostly discoloration after about 10
shots.
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5.9 Comments

The principle advantages of the MAF switch design are its performance and its cost. Peak current
of up to 0.995 MA were switched for banks sourcing as much as 1.4 Coulombs. with an estimated
inductance of ~ 15 to 30 nH. Switch lifetime was low at ~125 shots per switch, but each switch’s
material cost was about an order of magnitude less than existing commercial solutions for 1 MA at
the time.

The chief disadvantage of this design is its susceptibility to material fatigue. The current design
places all stresses from firing on the plastic body of the switch. While the design is strong enough
to survive high current shots, the repeated loading and unloading of forces on the body can fatigue
the Delrin plastic[99]. The impact strength of Delrin is also only about 200 kJ/m?2. After about
120 shots, cracks form in the walls of the plastic body of the switch. This is a run-away failure
mode as a crack can expose the two bolt patterns to each other. This results in the formation of
an arc channel inside the wall of the switch causing the switch to fail. Future designs will require
an insulator material with fatigue and shock resistance superior to Delrin or an alternate method
of clamping the upper and lower plates that does not load the switch body. Increasing the internal
volume of the switch would reduce the pressure rise from gas heating. The trigger plate also needs
better heat management for repeated high current operation. Repeated high current operation
of the switch causes the central plate to store heat, raising the temperature of the gas cell, and
reducing the dielectric hold-off of the switch at a given pressure. This leads to misfires until the
switch cools. Heating could be corrected in part by using higher operating pressure for the gas cell,
or by continuously flowing the gas in addition to heat sinking the trigger plate.

5.10 Linear Spark Gap Switches

For the Mark 1 gun and the Mark 2 gun we eventually transitioned to linear spark gap switches to
address the issues described above. The goal was to design linear spark gap switches that could be
easily machined, were relatively inexpensive, and could handle currents above 500 kA routinely and
reliably.

Early versions of the linear spark gap switch utilized a linear array of current conduction elec-
trodes separated by a small adjustable gap. Triggering was accomplished using a row of trigger pins
situated slightly above the midpoint of each pair. The geometry is illustrated in Figure 57. A 12
inch long version is shown in Figure 60. Construction uses off-the-shelf angle aluminum. The cen-
tral insulator body is machined from a single block of Delrin for strength and to make gas pressure
sealing easier. The top and bottom compression plates are constructed from thick G-10 sheet for
strength.

Electrical connections are made through numerous RG-8 cables all connected in a wide array
in order to reduce lead inductance. The ground return is underneath the bottom plate and not
visible in the photo. The o-ring seal allows the central cavity to be pressurized with a working gas,
typically argon or nitrogen at a couple of atmospheres, sufficient to hold off the working voltage,
but easy to trigger a brealdown. Early versions used Lexan for the central cavity, but that led to
too much residual dust after firing. Delrin (or Noryl) plastics solved that problem and was also
cheaper.

This design approach worked satisfactorily for relatively low current discharges (i.e.<<200 kA)
but had some difficulty with reliable triggering and uniform current distribution among the current
electrodes. It could not handle high current reliably without over-pressuring and blowing out cracks
in the end plates. This was solved by lengthening the cavity, increasing the number of electrodes to
distribute the coulomb transfer among a larger surface area, changing the triggering method, and
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Figure 57 Early version of linear spark gap switch.
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Figure 58 A 12 inch long version of early top trig linear spark gap switch.
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Figure 59 A 12 inch long version of early top trig linear spark gap switch.

Figure 60 A 12 inch long version of early top trig linear spark gap switch.
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Figure 61 2/ inch Linear switch with crowbar.

strengthening the supporting external structure. The trigger electrodes were moved from the central
mid-plane to integral spark plugs in the center of each electrode knob. This provided much more
reliable and uniform breakdown of the electrodes. With these changes, we were able to routinely
run at 600 kA for about 10-20 ps using 24 inch wide switches.

Because of ringing in the pfn, we decided to implement crowbar switches to cut off current to
the gun when current reverses. The purpose for this was primarily to reduce wear and tear on
the gun components and the main switch. Two sets of switch with integral crowbar, as shown in
Figures 61-63 were constructed and tested. Although the crowbar worked, it was decided later that
the system became too complex, too expensive, and physically too unwieldy to implement for a
large number of guns, and so we ultimately abandoned that approach. A far simpler and more
effective approach would be to properly match the gun and pfn and avoid the ringing problem in
the first place, although we did not have sufficient capacitors to do that.
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Figure 62 Side view of testing of 24 inch switch with gun.

Figure 63 Closeup of the internal switch cavity showing electrodes and spark plug ignitors.
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6 Mark 1 MiniRailgun Development

6.1 Introduction

A plasma railgun is a device with uses Lorentz force to accelerate a plasma slug that is both
railgun armature and projectile. Because they can produce high exhaust velocities and momentums,
plasma railguns are already being evaluated for applications in tokamak refueling, ELM pacing, and
disruption mitigation [100, 101, 102]. Plasma railguns are also being considered as rotation drivers
for magnetically confined fusion reactors, implosion liner drivers for plasma-jet magneto-inertia
fusion reactors, and fuel injectors for magnetized target fusion reactors [13, 103, 104]. This is in
addition to their applications in laboratory astrophysics and satellite electric propulsion. While the
topologies of these plasma railguns show similarities, the parallel plate electrode geometry employed
in HYPERV’s linear plasma accelerators [105] retains several distinct advantages over coaxial devices.
Parallel plate, or linear railguns, have higher inductance per unit length, L', for increased power
efficiency. The parallel plate geometry also creates a more uniform pushing field, mitigating the
blow-by instability which is inherent in coaxial designs [106]. Additionally, linear railguns can also be
augmented with external fields for further increased performance [107]. In order to meet the design
specification for the PLX experiment of 8 mg of argon plasma jets ejected at 50 km/s, HyperV
has been focusing on advancing the performance of it’s linear plasma railguns by maximizing the
momentum of ejected plasmas.

6.2 Railgun design

HyperV linear plasma railguns, show in Figure 113, are three stage linear plasma accelerators. In
the first stage, or gas injection stage, neutral gas is injection into the rear of an electrothermal
capillary channel via an electromechanical fast gas valve (GV). In the next stage or pre-ionization
stage (PI), a current of tens of kiloamps is discharged though the capillary channel. This pre-ionizes
the injected gas which will form the plasma armature, and injects this plasma into the breech of
the railgun electrode gap. Finally, the acceleration stage employs a Pulse Forming Network (PFN)
to drive a large current (as much as 500 kA) through the armature via the rail electrodes. As the
armature current moving through the plasma is also moving normal to its self-generated magnetic
field, the plasma armature experiences a Lorentz force, accelerating it down the length of the bore
to be ejected as a high velocity plasma jet. Since the goal of this design is to meet or exceed the
PLX plasma jet specifications, these specifications determine the performance requirements for the
various subsections of the railgun. The gas valve must be fast opening, and inject sufficient gas
to produce the required plasma jet mass. The pre-ionizer must not only ionize the gas, but also
inject a localize plasma pulse with some initial velocity to reduce the dwell time of the armature
at the breech of the accelerator [105]. Finally, the accelerator must supply the necessary energy
and withstand the forces required to repeatedly accelerate 8 mg of plasma to 50 km/s. Since the
desired plasma jet kinetic energy for PLX is about 10 kJ, even a railgun operating with an assumed
efficiency of 20% would still require a PFN bank energy of 50 kJ.

The Cartesian coordinate system will be used to describe railgun features. Axes are defined as
x being the lateral axis of the railgun across the electrode face, y being changes in height, and z
being locations along the length of the railgun. The foot of the accelerator rail is defined as z=0.
Unless indicated otherwise, time events are referenced from the time of accelerator current onset at
t=0.
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Figure 64 HyperV plasma railguns are three stage linear plasma accelerators. First Neutral gas is injected
with an electromechanical fast gas valve (GV). Next the pre-ionization stage (PI) ionizes the gas electrother-
mally using a capillary discharge channel. This injects a plasma armature into the final railgun acceleration
stage. Here the plasma armature is accelerated via a Lorentz force, generated by current from a Pulse Forming

Network (PFN), and ejected as a high velocity plasma jet.
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6.3 Gas Valve - Later Version

The use of high speed gas valves is common in plasma physics. The typical high speed gas valve
uses magnetic pressure to move a conductive poppet, opening a path through which gas can flow.
The use of magnetic pressure allows for very high forces (100’s of Newtons) to be generated over
very short time intervals (10’s of us). This in turn gives the lightweight poppet a very high initial
acceleration, opening the valve rapidly. Valve closing is effected by a return spring, often simply
an o-ring resting against the back of the poppet. The magnetic field is generated by a coil of wire
(sometimes just a single turn), with the current driven by a capacitor switched by a high current
switch, forming a simple RLC circuit.

The HYPERV Linear Gas Valve (LGV) represents a step forward in high speed high mass puff
valve technology. Previous high speed puff valves using the principle of magnetic pressure to rapidly
move a poppet (or flyer plate) wrapped the magnetic field coil around the exit orifice[108, 109, 110,
111]. This limits the peak central field due to the requirement that the coil not impinge on the
orifice. As the orifice is enlarged the central field drops, requiring ever higher currents in order to
drive the flyer plate. In addition the requirement that the flyer plate be thin in order to be light
means that it potentially suffers from distortion due to the high forces applied both by the magnetic
field and by impact with the return spring.

The HYPERV linear gas valve is innovative in two ways: first the driving coil is split into two
coils placed on either side of the orifice, decoupling coil geometry from orifice size. Second, the flyer
plate is extended linearly over the coils and has vertical tangs to resist distortion. An exploded
view is shown in figure 65, showing the coils inserted from the side of the base block (which is not
possible with coaxial designs), the tanged flyer plate, and the linear arrangement of coils and orifice.
Insertion of the coils from the side allows for the necessary voltage standoff from the pre-ionizer
plate during operation of the MiniRailgun. The coils are vacuum potted in epoxy once in place.

The valve is designed to operate mounted on the breech of a MiniRailgun|48, 105] plasma
accelerator, which requires that it mount directly to a pre-ionizer plate which is switched to voltages
as high as 30 kV. This means that the coils must be protected from arcing from the pre-ionizer plate.
This is complicated by the fact that the pre-ionizer generates plasma which electrically connects
the flyer plate to the pre-ionizer, potentially exposing the coils to high voltage from both above
and below. Previous experiments indicated that epoxy was incapable of standing off the voltages
directly, especially due to the fact that the shock of the coils firing tends to cause small scale cracking
of the epoxy. The pre-ionizer also leads to the requirement for a Delrin insert in the orifice, as this
reduces ablation of body material due to exposure to the plasma. The body is polycarbonate for
shock resistance: the shock of firing had lead to weakening of Delrin bodies in previous iterations
of the valve design, leading to failure by arcing between the coils and the pre-ionizer. However
polycarbonate has poor plasma ablation properties leading to contamination of the plasma with
significant quantities of hydrogen and carbon.

The placement of the gas valve on the breech of the railgun puts it in between the two high
voltage leads. In order to minimize railgun inductance (to maximize driving current) the valve
has to be as narrow as possible so as to reduce the spacing between the high voltage leads. This
requirement, along with the high mass flow requirement to feed the railgun, leads to the low profile
design presented here.

Construction The main body (base) of the valve is machined out of a single block of polycar-
bonate, chosen for shock resistance. The coils are wound on a special winding jig and inserted into
position. Once the coils are in place a screw connection is made to a set of HV leads (the white
leads on the left in figure 67). The coils are then potted into the base using Duralco 4461 epoxy
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Figure 65 Ezxploded view of linear gas valve assembly, showing base, coils, flyer plate, and top.

I
T

Figure 66 Cutaway view of linear gas valve assembly, showing how the various elements fit together. Not
shown are the return springs, which consist of two rubber o-rings mounted on edge (in the plane of the
cutaway) bearing on the flyer plate on one side and restrained in a groove in the top piece on the other.
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Figure 67 The three main elements of the gas valve, disassembled. From bottom to top: Flyer plate, Base,
Top

Valve Wire Turns (radial x axial) | Voltage | Capacitor | Ballast Resistance
LGV 3 | 0.075“ x 0.012¢ 14x7 5 kV 28 pF 1.4 Q
LGV 5 14 gauge 4x9 8.5 kV 28 uF 0.6 ©
LGV 6 18 gauge 6x14 5.3 kV 14 uF 1.2 Q

Table 2 Table I: Parameters for three generations of valve design. Iterations not shown (LGV1, 2 and 4)
differ from the other valves in body materials and orifice insert rather than coil design.

(a formulation designed for high voltage standoff). Once the epoxy has been poured the entire
assembly is placed under low vacuum to draw out trapped air bubbles. Once the epoxy is set the
base is sanded to remove drips and high points on the casting.

Three types of coil were used: a 14 gauge wire coil with 4 radial turns and 9 axial turns, and a
18 gauge coil with 6 radial turns and 14 axial turns, and a 0.075” by 0.013” flat wire coil of 14 radial
by 7 axial turns. In all cases the wire was insulated to 6 kV standoff voltage. Three generations of
valve were used, all using the same basic geometry but differing in coil design. The parameters of
the circuits used to drive them are shown in table I.

The top is machined from a single block of delrin. The hole through which the valve is fed is
kept small (71/16%) so as to decouple the valve dynamics from the gas feed lines as much as possible.
The top has two slots to hold the o-rings that serve as return springs and is relieved to allow the
maximum volume behind the flyer plate.

The flyer plate is constructed from 1/32” aluminum plate (6061-T6) which is cut into shape
using a bandsaw and filed to final dimensions. The tabs are bend up by hand using a vice to hold
the workpiece, and the whole thing is filed and sanded again to reduce the height of the tabs for
minimum weight. The tabs provide rigidity to the plate so as to prevent distortion by the large
forces experienced during operation.
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Figure 68 Dispensed volume as a function of charge voltage for two feed pressures, 55 PSI (blue) and 10
PSI (red).

Operation The final version (LGV 6) of the valve is driven by a 14 uF capacitor in series with a
1.2 Ohm resistor, forming a simple series RLC circuit. The capacitor is switched using a spark gap
switch (R. E. Beverly and Associates SG-111M-75C). For the 6 x 14 turn (18 gauge) coils charge
voltages between 4.5 and 6 kV have been tested, and the valve should be able to function at up to
8 kV, though performance below this point is satisfactory. Typical peak currents are 2.4 kA at 5.5
kV, and the system is slightly underdamped, with a ring of about 30% of the first peak. The 18
gauge wire coils (4 x 9 turns) charge voltages are in the range 7 to 8.5 kV, with currents 5.6 to 7
kA, giving roughly the same number of amp-turns in each case. Operating pressures of 15 to 60
PSIG have been tested. Below 30 PSIG operation has poor repeatability: the ideal operating point
appears to be 45-60 PSIG and 5.5-6 kV charge voltage for the 18 gauge coils.

Performance and Testing In order to gauge the amount of gas dispensed per shot the valve
(LGV4) was mounted on the HYPERV 1128 liter vacuum chamber. The chamber was pumped down
to a base pressure of 7 x 107% Torr. The procedure followed was to close the gate valve to the
diffusion pump, fire the valve, wait one minute for the pressure to stabilize, and record the final
pressure in the chamber, from which the total dispensed mass is calculated. The base pressure was
measured using an ion gauge, and the final pressures with a Thermocouple gauge. The valve used
in this series of tests had the 14 gauge (4 x 9 turn) coils. Voltages were scanned from 7 kV to 8.5
kV, and two valve feed pressures were used, 10 PSIG and 55 PSIG. Results are shown in figure 68.

From the figure it is clear that increasing voltage and feed pressure both increase the mass
dispensed, as expected. The unexpected result is the convergence of the two trends for different
feed pressures as voltage is increased. We hypothesize that the closing of the valve is accelerated at
higher feed pressures due to the gas itself forcing the poppet closed, in effect forming a gas spring
behind the poppet which is stiffer at the higher pressure.

A second approach to valve characterization was to use deflectometry to analyze the plume
emitted by the valve. Deflectometry is a technique to measure line integrated density gradients by
measuring the deflection of a laser beam passed perpendicular to the gradient[112]. By integrating
the measured density gradient a time history of density can be built up. The time history can
in turn be integrated to give an estimated total mass, though multiple integrations can lead to
accumulated errors due to baseline offsets associated with vibration of the instrument.

Figure 69 shows the results of a set of deflectometry measurements on the plume emitted by
the gas valve, The deflectometer was set up so that the beam passed 1.3 cm from the exit of the
gas valve. Shots were taken at gauge pressures of 15, 30, 45, and 60 PSI, and drive voltages were
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Figure 69 Peak density in emitted plume as a function of coil current at four pressures, 15, 30, 45, and
60 PSIG.
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Figure 70 Poppet liftoff force scaling with orifice size for linear valve and annular (disk) valve designs.
Linear valve has 3 radial turns and 6 axial turns per solenoid, disk valve has 4 radial turns and 6 annular
turns. Both are run at 2000 amps.

scanned so as to give currents ranging from 1.8 to 2.4 kA. It is notable that the change in pressure
seems to have very little impact on the peak emitted densities, most likely due to the gas spring
effect discussed previously. The parameter that does impact dispensed mass is the drive current,
which gives nearly linear performance over the range tested.

Discussion One of the features of this design that is most promising is scalability. Figure 70 shows
the scaling of poppet liftoff force for two comparable valves, a linear valve of the type discussed here
and the traditional circular (disk) design with the magnetic field coil wrapped around the orifice.
The simulation used equal area poppets and the number of turns for the two sets of coils was chosen
to roughly match the maximum liftoff force for each case. As the orifice size increases the linear
valve liftoff force varies only slightly. The disk valve design has a significant decline in liftoff force
at larger orifice sizes. This decline of liftoff force with orifice size for the disk valve is consistent
across a wide range of coil geometries. The slow variation of liftoff force for the linear valve design
is similarly robust over a wide range of coil geometries.

HyperV linear railguns employ custom-designed, electromagnetic-solenoid actuated, fast Linear
Gas Valves (LGV) described more extensively by Case et al. [113]. The linear gas valve employed
for these experiments consists of an aluminum flyer plate actuated by a pair of solenoids. The chief
advantage of the linear design over concentric designs [114, 115] is it allows the diameter of the gas
throat to be set independently of the inner diameter of the actuating solenoid. This allows smaller
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Figure 71 To inspect injected neutral gas profiles and initial pre-ionizer plasma armature distributions, a
breech only configuration of the railgun was mounted with a special plastic flange to provide diagnostic access
at z=2 ¢m. This allowed neutral gas (or the plasma pulse if the pre-ionizer was activated) to be inspected
as it emerged from the pre-ionizer and enter the bore. A single chord laser deflectometer was used for gas
measurements. A pair of collimated photodiodes were used for pre-ionizer emission profile measurements.

solenoids to actuate large throat openings, reducing driver bank energy|[113]. Characteristics of the
gas pulse are determined by the shape of the gas valve current pulse, the gas species, and gas valve
feed pressure, preeq as well as gas valve geometry.

The gas valve exhaust port throat can be modeled as a pipe of diameter d and length 1 with
an inlet area at the back that changes with time as the flyerplate opens. Since pipe conductance
goes with the quartic of diameter, gas valve throat diameter must be maximized to increase mass
injection rate. Throat length must be minimized to not only reduce conductance but also increase
gas efficiency, as any volume of gas remaining in the throat after the PI has fired would emerge
after the shot as waste.

In order to quantify produced gas profiles and timings, an LGV5 linear gas valve was mounted
to a modified pre-ionizer section built with a mock rail electrode as a ground. This breech only
configuration of the railgun, shown in Figure 71, was mounted with a special plastic flange to
provide diagnostic access at z=2 cm, where neutral gas (or the plasma pulse if the pre-ionizer were
activated) would emerge from the pre-ionizer and enter the bore. A series RLC lumped element
model of driver circuits can be used to model driver currents tested. Values are shown in Table 3.

To proceed with analysis, let us make the following assumptions. First the gas valve does not
launch gas shocks because it does not open supersonically. Furthermore, as pfeed > Puacuum, the
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gas injected is in “choked flow” where increasing preeq will not increase the flow velocity, but will
increase the mass flow rate. Thus, the gas will diffuse with some sort of profile na,(z,y, z,t) into
the vacuum of the pre-ionizer channel at it’s sound speed, which for argon is about 319 m/s for
Temp = 0°C [116]. This implies that if a laser deflector were used to measure the lead edge of the
gas profile [112, 117], the axial line integrated density gradient (LIDG) of the density profile can be
determined as

0 Aezpo
= _— 2 11
Oz /nA'r‘(xvya Z,t)dﬂl’ (nO 1) ( )

where A#f, is the angle of axial laser deflection and ngq is the index of refraction of the gas at number
density po given in pp/cm?®. While the present gas profile is expected to be insensitive to radial
deflection at the point of measurement due to symmetry, axial LIDG measurements for a single
shot are shown in Figure 72. After a burst of trigger noise, Argon gas pulses measured by laser
deflectometry, shown in Figure 72, were seen to arrive about 200 us after the gas valve was triggered.
The lack of large negative axial density gradients following the initial peak suggests that the gas
valve remains sourcing gas for the entire duration of the shot. Signals indicate density gradient
remain positive as late as 1000 pus. The valve does not appear to open a second time, as this would
be expected to cause a second axial density gradient peak. This suggests that for the shot timescale,
the peak density of neutral gas feeding the capillary increases to some maximum and then remains
high for remainder of the shot. The total volume of gas dispersed is expected to be approximately
the plenum volume of the gas valve, or about 10.6 cm?® for the gas valves employed. This implies
a pressure of at least 47.1 kPa of argon at STP would be required in order to inject 8 mg of argon
into the railgun.
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Figure 72 Gas valve performance was measured via laser deflection to determine the axial line integrated
density gradient (LIDG) of injected argon gas profiles. The lead edge of the density profile in this shot arrives
at about 200 us.

The mass of argon present in the capillary at time of firing is expected to be the integral of
the density profile accumulated in the capillary (and the railgun bore for long delays) at time of
capillary trigger. This can be estimate by integrating axial deflectometry data over the delay time
between gas valve and pre-ionizer triggers using an assumed radial density profile. For a normalized
Gaussian radial distribution with the the full width half maximum of the radial distribution equal
to half the path length [,, Argon mass is then estimated by

/ 9z t) —————wv,dtrdr. (12)
tgw
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Figure 73 Gas valve performance was measured via laser deflection to determine the axial line integrated
density gradient (LIDG) of injected argon gas profiles. The peak of axial LIDG or maximum axial slope of
the incoming line-integrated argon density distribution was found to increase with both increased feed pressure
(A) and gas valve bank voltage (B). Meanwhile, the rise time of the incoming line-integrated argon density
distribution, indicated by the the width of Azial LIDG pulse, was found to decrease when either gas valve
parameter was increased (C and D). The total mass and resultant gas profile in the gun was seen to increase
with the gas valve driver current (E) and the feed pressure of neutral gas to be injected (F).
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Figure 74 Pre-ionizer plasma emission profile was observed emerging from the breech at z= 2.5 cm by a
pair of photodiodes. Mean plasma velocity estimated from photodiodes over all 19 shots was found to be 2.9
km/s. This implies a pre-ionizer ion temperature of about 3.5 eV.

Results, shown in Figure 73, indicate the injected mass of argon can be augmented by changing
the gas valve feed pressure and driver current. The peak of axial LIDG or maximum axial slope of
the incoming line-integrated argon density distribution was found to increase with both increased
feed pressure and gas valve bank voltage. Meanwhile, the rise time of the incoming line-integrated
argon density distribution, indicated by the the width of Axial LIDG pulse, was found to decrease
when either gas valve parameter was increased. The total mass and resultant gas profile in the gun
was seen to increase with the gas valve driver current and the feed pressure of neutral gas to be
injected. Increasing delay time between the PI and GV triggers would allow a denser portion of the
argon profile to diffuse into the pre-ionizer before activation. Delays of several milliseconds would
allow the entire bore to be flooded with argon before activation of the remainder of the accelerator.

6.4 Plasma Capillary Pre-Ionizer

The pre-ionization section consist of a ceramic capillary channel with length ¢ and diameter D
[98]. The rear end of the capillary channel is capped with an annular electrode of refractory alloys.
The bore side of the channel opens directly into the bore with the ground rail of the accelerator
section acting as the ground electrode of the pre-ionizer. Gas present at the time of fire is then
electrothermally ionized with a current of 10 kA - 20 kA. The capillary dimensions were selected to
maintain an ¢/D ratio of at least 5 in order to prevent current filamentation so that the capillary
will act as a cylindrical plasma resistor instead of an arc [97]. Capillary diameter D was set equal
to the gas valve diameter d to avoid producing turbulence in the gas valve throat.

The breach-only railgun configuration was also used to evaluate the plasma pulse ejected by the
pre-ionizer. A plastic DC break was employed to prevent the pre-ionized plasma armatures from
electrically connecting to the vacuum vessel over the shot lifetime. A pair of photodiodes mounted
at about z= 2.5 cm were used to measure the ejected pre-ionizer plasma optical emission profiles.
An Argon feed pressure pyeeq of ~ 517 kPa, gas valve voltage Vg, = 8.5 kV and a pre-ionizer energy
of 1.6 kJ were used to produce emission profiles shown in Figure 74. Mean pre-ionizer plasma
velocity estimated from photodiodes over all 19 shots was found to be 2.9 km/s. This implies a
pre-ionizer ion temperature of about 3.5 eV. This is consistent with spectroscopic measurements of
breach-only plumes which bound temperature at < 5 eV.

76



“Formation of Imploding Plasma Liners

HyperV Technologies Corp. for HEDP and MIF Applications” Final Report
6 l l T
e :
7] I — ................. .......... B A |
o o
:"E ] N . ............................... 4
= .
=3
3 3
Z
=
£ 2
1
i i i
950 300 350 400 450

At av to pi (us)

Figure 75 Pre-ionizer plasma velocity was found to decrease with additional delay between gas valve and
pre-ionizer triggers. Since PI energy was held constant for experimentation, the increased the delay allows
the total mass of gas to be ionized to increase as the gas profile diffuses further down the axis of the gun.

Pre-ionizer plasma velocity was found to decrease with additional delay between gas valve and
pre-ionizer triggers, shown in Figure 75. This is to be expected as PI energy was held constant for
experimentation as the increased the delay allows the total mass of gas to be ionized to increase
as the gas profile diffuses further down the z-axis of the gun. Plasma light emission profiles were
measured to be about 11.9 us FWHM in duration. This implies the percentage of the pre-ionizer
plasma profile injected into the breach could be adjusted by changing is velocity by changing the
delay time between the PI and PFN triggers, ¢,; and .

6.5 Accelerator section design

Finally, the acceleration section is comprised chiefly of a 30 cm long bore channel with a 2.5 cm
x 2.5 c¢m square cross-section. Noryl was selected for the shell for its machinability and shock
resistance. The acceleration electrodes are on the top and bottom faces, and ceramic insulators
comprise the wall faces. Advanced materials were employed because components must withstand
the forces and energies necessary to produce 10 kJ plasma jets for PLX. Refractory metal electrodes
comprised of 90% tungsten were used as rail electrodes [93] Surface finish and parallelocity were
tightly controlled in order to guaranty bore joints could be clamped to seal against plasma leaks.
The principle difference in accelerator configurations evaluated was the choice of material employed
to seal the triple joints at the ends of the bore and the choice of ceramic comprising the insulators.
A complex triple joint seal exists at the breech of the bore where the acceleration section meet the
pre-ionizer, and again where the nozzle attaches to the bore. Seals here are paramount as plasma
leaks at these locations would allow PFN currents to connect to the vacuum vessel and bypass the
bore. It was necessary to add gaskets to prevent plasma leaks. Teflon gaskets were evaluated, but
ablated too easily. Viton rubber gaskets are being employed presently. While the ablation of viton
is still expected to be a significant source of impurities, viton gaskets are sufficient to seal both bore
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locations for present 30 - 50 kJ accelerator energy levels.

Linear plasma railguns place extreme demands on their insulators, as they must be an electrically
insulating, plasma-facing vacuum component which can withstand both thermal and mechanical
shocks from the PFN discharge. Two types of insulators were tested, boron nitride (BN) [118§]
and Zirconia Toughened Alumina (ZTA) [119]. Boron nitride insulators were used in initial testing
(< 250 kA), but proved insufficient for higher current operation as surface layers would flake off
chips when PFN bank energy was increased. BN insulators would also occasionally crack and need
to be replaced. ZTA proved significantly more durable for operation at currents between 250 and
500 kA, yielding only some chipping at the corners of the block. No flaking of the bulk ZTA surface
was observed. Insulator selection is important as ablated rail and insulator materials are expected
to be the dominant source of impurities due to the high power densities in the bore of the railgun.
The effects of plasma mass accumulation due to ablation can be estimated using a one dimensional
model which considers ablation of bore materials.

6.6 Railgun Model with Ablation

The Electromagnetic Gun Circuit Analysis Code (EGCAC) was developed to analyze solid projectile
railguns [120]. However, the physics model employed in the EGCAC can be adapted to approximate
plasma railgun performance. A plasma slug traveling the length of a railgun bore experiences
a change in momentum determined by the Lorentz force, Fyxp from the acceleration current, the
ablative drag force, Fy, from energy ablating the walls of the bore, and viscous drag F}; force created
by the plasma projectile/armature sliding on the bore walls.

maavp =Fyup—F,— Fy (13)

t

Given a railgun with rail dimensions of length [, width w, and height h and also rail separation s
the driver force Fy«p can be expressed :

1
Fiup = §L’12 (14)

If h <« w,the inductance per unit length can be modeled as a thin parallel plate wave guide,
L' = pos/w

Next viscous drag is a result of the frictional forces of the plasma sliding in contact with the
walls. Fy can be expressed as:

Fa=5CpdinA, (15)

The area over which a plasma slug of length [ is in contact with the wall is A, = wl + sl, and the
average density of the plasma is (p) = m,/(wsl), where m,, is the mass of the plasma projectile.
The coefficient of friction has been experimentally determined for a free arc railgun to be C=0.003
[121, 122, 123].

Finally the ablative drag can be modeled as the change in total projectile momentum due to
mass ablated from the walls m, of the bore,

omyg,
AT

Fa (16)

where the rate of mass ablation was modeled as a linear function of the power dissipated in the bore
walls from the acceleration current discharge and from viscous drag.
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Figure 76 Accelerator bank energies of 26 kJ, 39 kJ, and 48 kJ were tested. Since PFN inductance was held
constant, accelerator pulse duration was also lengthen with each iteration. As PFN banks approach design
energy, plasma jet velocity increased.

omy, o k; + k,
o 2
k is the ratio of power imparted to the bore walls to mass ejected. k is set by the material properties
of the insulator and the rail and k; from the insulator is not necessarily equal to k. from the rails.
Combining the above equations, the change momentum of the plasma accelerated by a railgun
can be expressed:

(2IV 4+ C’,cUi(p}As) (17)

v w s+w v}
87; = %;IZ — Qk‘IV’Up — WQmpCf(Ep + kv;l) (18)

Eq.(18) implies that any acceleration comes as a result of the driver current, and when the driver
current is zero, a non-zero plasma armature velocity will cause the armature to decelerate.

This model predicts a rail bore of our suggested dimensions comprised of boron nitride (k=.11 x
1041 kg/W and HD -17 ( k=.26 x 10! kg/W ) driving a 8 mg plasma with 48 kJ should contribute
about 0.154 mg of ejected material or a 2% bore impurity contribution. An alternative vector for
impurities is ablation of either the viton seals or plastic housing or nozzle which are not considered
in this model.

6.7 Railgun Testing

By using different PFN bank capacitances, it was possible to evaluate early versions of the rail gun at
lower energies, and then observe railgun performance as accelerator energy was gradually increased.
Accelerator bank energies of 26 kJ, 39 kJ, and 48 kJ were tested. Since PFN inductance was held
constant, accelerator pulse duration was also lengthened with each iteration. As demonstrated in
Figure 76, as PFN banks approach design energy, plasma jet velocity increased.

To test the entire plasma railgun, the complete assembly was mounted and operated so that
measurements of plasma jet properties both inside and emerging from the bore could be conducted
with various diagnostics. A HyperV plasma railgun, with a LGV3 gas valve, is shown in Figure 78
was mounted on a ~2 meter long cylindrical tank with a radius of about half a meter. This ensured
any produced plasma jets would have sufficient volume for free space propagation. As shown in
Figure 77, a pair of collimated photodiodes [124] were mounted normal to the axis of travel to
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Figure 77 A 1 ¢m? bore cross-section plasma railgun with 30 cm long rails was fed with a plasma cap-
illary. An array of magnetic field probes recorded the acceleration of the plasma armature. Photodiodes,
interferometry spectroscopy and a ballistic pendulum were also used to measure expelled plasma slug

Figure 78 A HyperV plasma railgun, with a LGVS gas valve, is shown mounted on an ~2 meter long
cylindrical tank with a radius of about half a meter
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Table 3 A series RLC lumped element model of HyperV driver circuits can be used to model driver currents.
Two gas valve designs were used for testing, LGVS and LGV5

System C(pF) L(nH) R(Q?)

LGV3 28 42000 14

LGV5 14 15000 1.2
Pre-ionizer 6 3100 1.4

Accelerator 36-141 200-300 0.005-0.010

determine plasma jet emission profile and velocity. An additional set of collimated optics were also
deployed to glean spectroscopic measurements of the jet at z~55 cm, just after it emerges from the
railgun nozzle . Fast and slow imaging of plasma jets was recorded with a Princeton Instruments
PIMax ICCD camera and Nikon D70s digital SLR. At the center of the chamber, a heterodyne
interferometer |71] for measuring line integrated density was used interchangeably with a ballistic
pendulum (Lpepg= 40.6 cm and an effective mass of 0.58 kg) [125] for estimating plasma mass
and momentum. By storing the ballistic pendulum on the bottom of the vacuum chamber, the
plasma jet flow could be cleared of objects for interferometric measurements. For the railgun itself,
a set of magnetic gradient probes were constructed and deployed along the length of the bore to
measure the rail current as the armature traversed the accelerator [126]. Rogowski coils were used to
measure bank currents. Bank voltage measurements were achieved by placing high wattage resistors
in parallel with railgun components and monitoring the resultant currents with Pearson probes.

6.8 Railgun Driver Circuits

Railgun gas valve and pre-ionizer driver circuits were designed to be nearly critically damped LRC
circuits to reduce any spurious contributions to armature structure from banks ringing. Both sys-
tems are low enough power that high wattage resistor networks [127] can be employed for damping.
Power transmission lines for these systems were constructed from RG-8/U cable. A single cable
was sufficient for each because each system’s inductance was already significantly larger then the
contribution from the cable.

Present HyperV railgun designs call for peak accelerator currents of 250 kA to 500 kA and pulse
widths as long as 15 ps. As HyperV railguns are primarily an inductive load of 200 - 300 nH, it is
necessary to minimize inductance of PFN switches, transmission lines, and the railgun breach itself
in order to maximize peak PFN current.

Initial PFN testing was conducted using an annular gas dielectric switch with a single current
channel[128], however as PFN driver currents were increased, it became necessary to service these
switches more often due to ablation of the switch electrode and switch materials. These single
channel switches were also a large contributor to PFN inductance because of their geometry. In
order to repeatably generate large currents from a single PFN capacitor bank, a robust, low jitter,
low inductance Linear Arrayed Switch (LASW) was designed and constructed for high repeatability
and high mean-time-to-repair. The LASW, described in more detail elsewhere, is a compact array of
7 spark gap switch electrode pairs in a single switch housing. By carrying the PFN current on seven
current channels in parallel, both the current density on each electrode pair and the inductance
contribution from the switch are reduced.

At the quarter and half mega-amp level, PFN circuits are too energetic to provide efficient
resistive damping, so as a temporary measure, crowbar switches were employed to shape PFN
pulses when necessary. As the railgun is primarily an inductive load, a crowbar switch in parallel
with the railgun will act as the dominant channel in the resultant inductive current divider. Thus

81



“Formation of Imploding Plasma Liners
HyperV Technologies Corp. for HEDP and MIF Applications” Final Report

the inductance of the crowbar circuit must be much less than the inductance of the railgun to
be effective. For PFN transmission lines, YK-198 coaxial cable [129] is an ideal choice, but is no
longer commercially manufactured. It was possible to build a comparable solution comprised of
30 RG-8/u coaxial lines in parallel. This produced a PFN transmission line with 2.2 nH/m (the
equivalent of about 10 YK-198 cables in parallel). Wider arrays are possible, but there exists a limit
to the number of cables that can physically be terminated on the back of the plasma railgun. Plus,
transmission line cost will scale with both the length and number of cables.

6.9 Experimental Results

Control of the railgun was achieved by varying the delays between the three driver bank triggers,
tpi —tgp and tpr, —tp; , setting the the argon gas feed pressure pyecq, and controlling the three bank
voltages Vg, Vpi, and V, ¢, High purity (Grade 5) Argon was used to feed the gas valve. Gas valve
voltages were ranged from 5.0 kV to 5.8 kV and Argon feed pressures were ranged from 300 kPa to
500 kPa to control ejected armature mass. Pre-ionizer delay was used to vary the gas load present
in the PI at time of trigger. Similarly, pre-ionizer energy and PFN delay were used to vary the mass
of plasma injected into the accelerator. Finally accelerator bank energy was tuned to attempt to
eject massive, high velocity plasma jets.

It is necessary to employ a nozzle to collimate the ejected plasma jet [105]. We expect this is
because of the fringing field effects at the end of the railgun bore. If the armature current sheet
“balloons” while emerging from the bore due to fringing fields, the resultant JxB acceleration from
the curved field would amplify the jet expansion angle beyond the normal thermal expansion angle.
A straight 19 cm long cylindrical nozzle with an inner diameter of 5 cm was added to improve
jet properties. Ejected plasma jets are shown in Figure 79 with and without the nozzle. Both
quartz and acrylic nozzles were tested. While quartz nozzle produce cleaner spectroscopic signals,
presumably due to less material ablation, the forces produced by operating at the railgun at high
power eventually cause present quartz nozzle designs to fail.

A comparison of plasma jet mass, velocity, and momentum achieved for six independent railgun
inputs is shown in Figure 80. For these tests, railgun bank capacitance was held at 141 uF in order
to increase PFN energy. As shown in Figure 80A, initial tests of the railgun used GV to PI delays as
long as 800 us to achieve high mass armatures via snow plow accumulation of density performed by
accelerating the armature though a cloud of neutrals similar to Howard et al. [104] However, while
masses well in excess of 8 mg were achieved, velocities remained less then 42 km/s. Presumably this
is because in snowplow mode, as the armature traverses the bore, accelerator energy is being spent
to ionize argon, while at the same time the remaining length of the bore available for accelerating
the armature is decreasing while armature mass is also increasing. Initial experiments also employed
high feed pressures to ensure high armature mass. Momentum, mass and velocity were improved
considerably (shown in solid red markers) by reducing gas pressure to ~410 kPa and reducing the
gas valve trigger delay to allow argon to diffuse no further than about 1 cm into the bore. This
combined with increase pre-ionizer energy and PI trigger time resulted in less variance of plasma jet
mass as shown in Figure 80(E) and (B). Also as expected, plasma jet momentum increases with peak
accelerator current. Early versions of the gas valve were only capable of injecting a few milligrams
of gas into the railgun. When the gas valve designs were modified to increase injected mass, it
was necessary to increase the pre-ionizer energy as well, in order to minimize the use of accelerator
energy to ionize the armature plasma. While the accelerator has significantly more energy than
the pre-ionizer banks, the pre-ionizer has higher resistance due to its geometry, and thus couples
energy into the plasma more efficiently than the accelerator section. As a result, plasma jet mass
and velocity were improved with increased pre-ionizer energy.
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Figure 79 A straight 19 cm long cylindrical nozzle with an inner diameter of 5 ¢cm was added to improve
jet properties. Ejected plasma jets are shown with (A) and without (B) the nozzle. It should be noted that
removal of the nozzle moves the point of plume divergence back 19 cm along z (left in the images).
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Figure 80 Initial tests of the railgun used GV to PI delays as long as 800 us to achieve high mass armatures
via snow plow accumulation of density performed by accelerating the armature though a cloud of neutrals
stmilar to Howard et al. [104] Momentum, mass and velocity were improved considerably (shown in solid
red markers) by reducing gas pressure to ~410 kPa and reducing the gas valve trigger delay to allow argon
to diffuse mo further than about 1 cm into the bore. This combined with increase pre-ionizer energy and PI
trigger time resulted in less variance of plasma jet mass (E and B). Plasma jet momentum increases with
peak accelerator current. Plasma jet mass and velocity were improved with increased pre-ionizer energy.
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Figure 81 A PFN voltage of 24 kV produced a 18.5 us long pulse with a peak current of 419 kA. A 1.6 kJ
pre-ionizer pulse was employed. Gas valve (not shown) was driven at 5 kV with a feed pressure of ~359 kPa
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Figure 82 Magnetic field traces indicate the propagation of an armature

Sample Railgun driver currents are shown in Figure 81 for a 141 puF PFN driver bank. A PFN
voltage of 24 kV produced a 18.5 us long pulse with a peak current of 419 kA. A 1.6 kJ pre-ionizer
pulse was employed, and gas valve was driven at 5 kV with a feed pressure of ~359 kPa.

Magnetic field traces indicate the propagation of an armature.

Plasma emission profiles were recorded with collimated photodiodes as the plasma emerge form
the nozzle. Plasma velocity was measure to be 52 km/s for this shot.

Peak density recorded by interferometry was measured to be 1.8x107e¢m ™3 at z=104 cm based
on an estimated path length of 10 cm. Using an assumed top-hat radial density profile, this estimates
plasmas mass to be about 4.7 mg. Ejected plasma emission profiles have been observed to be similar
to line integrated plasma density profiles.

This is similar to peak density recorded by spectroscopy was measured to be 9.6x10%cm =3 at
z~b5 cm. lon temperature of the jet was estimate to be 2-5 eV from spectroscopy as well.

Plasma emission profiles was recorded with collimated photodiodes as the plasma emerge form
the nozzle. Plasma velocity was measure to be 58.5 km/s for this shot.

Plasma momentum was measured by a ballistic pendulum to be 0.25 kgm /s for this shot. The
two measurements combined allow plasma mass to be estimated as 4.9 mg.

Estimated plasma mass versus velocity for the shot series is shown in Figure 88 The highest
mass achieved was 10.7 mg with a velocity of 35.3 km/s. This was also the highest momentum
ejected at 0.38 kgm/s.The fastest plasma ejected was 4.3 mg at 58.5 km/s. The largest mass
moving faster than 50 km/s was estimated to be 4.9 mg at 55 km/s. This was achieved by with
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Figure 83 Photodiode signals of the plasmoid were recorded at two positions. Ejected plasma emission

profiles have been observed to be similar to line integrated plasma density profiles.
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Figure 84 Time of peak for magnetic and optical signals are shown. fitting optical signals of the plasmoid
in free space estimate the velocity as ~ 49 km/s.

Line Integrated Density

Figure 85 Peak density recorded by interferometry was measured to be 1.8x107em™2 at 2=104 c¢m based
on an estimated path length of 10 cm. Using an assumed top-hat radial density profile, this estimates plasma

mass to be about 4.7 mg.
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Figure 86 Plasma emission profiles was recorded with collimated photodiodes as the plasma emerge form
the nozzle. Plasma velocity was measure to be 58.5 km/s for this shot

0.0040 : . . : : : . : .
0.0032 ' ' ' '
0.0024
0.0016
0.0008
0.0000

—0.0008
—0.0016

Pendulum Signal (V)

—0.0024 b
—0.0032} [EO PO T - -

—0.004 1 1 1 L L L L L L
00 360 420 480 540 600 660 720 780 840 900

Time (ms)

Figure 87 Plasma momentum was measured a ballistic pendulum to be 0.25 kgm/s for this shot. A plasma
with velocity of 58.5 km/s thus yields an estimated plasma mass of 4.9 mg.
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Figure 88 FEstimated plasma mass versus velocity for the shot series. The largest mass moving faster than
50 km/s was estimated to be 4.9 mg at 55 km/s
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parameters Vg, = 5.8 kV, Vj,; = 23.5kV, Vpr,, = 25 kV, 14, = -410 ps,ty; = -15 s, preea — 331 kPa
Cpi =6 and Cpfn = 141 ,uF.

6.10 Conclusions

To summarize, HyperV linear plasma rail guns are already regularly operating with PFN currents
of 350-450 kA, and are achieving plasma jets with momentums of 0.38 kgm /s, masses of 4.3 mg to
10.7. and velocities of 35.3 km/s to 58.5 km/s. While additional control refinement is desirable,
ejected plasma mass and velocity can already be augmented by adjusting railgun input parameters.
The approximated axial location of the lead edge of the neutral gas pulse,and thus the mass of
plasma to be ejected, can be adjusted by controlling both the gas pressure and valve driver voltage,
or by changing the delay time between gas valve opening and pre-ionizer triggering. The mass,
ionization and initial velocity of the plasma armature can be determined by the pre-ionizer settings.
Finally the momentum of the ejected plasma jet is controlled by the PFN current profile. So as
the gas valve parameters and delay determine the distribution of neutral gas at the time pre-ionizer
trigger, similarly the pre-ionizer pulse characteristics and delay between pre-ionizer determine the
distribution of plasma armature at the onset of acceleration current.

Testing has determined that refractory rails and advanced ceramics are essential because of
the current densities required in the present design to accelerate plasmas. ZTA insulators were
demonstrated to be a significantly better choice of material for 500 kA operation. Nozzles were also
determined to be essential to produce the desired jet properties.

Present linear gas valve designs use a weak return spring for closing. Employing a stiffer spring
may improve gas valve characteristics. The present design also has a large of portion of spurious
inductance in the breach/gas valve area. Reducing the inductance contribution from this region
should also improve plasma jet performance as PFN current is increased.
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7 PLX Experiment

7.1 Introduction

The Plasma Liner Experiment (PLX) was originally a four-year collaborative project to generate and
study cm-, ps-, and Mbar-scale plasmas formed by spherically imploding plasma liners. The liners
were to be formed by merging 30 high velocity plasma jets launched from the periphery of a nine
foot diameter spherical vacuum chamber (see Figure 89). The other collaborators were Los Alamos
National Laboratory, University of Alabama at Huntsville, and the University of New Mexico. This
project was a new start for the other collaborators, but was a renewal effort for HYPERV. Los
Alamos National Laboratory acted as the lead team member and hosted the PLX facility. There
were some significant delays in getting funding started due to a requirement to go through peer
review of the proposal a second time after the initial award was announced. The original award was
subsequently confirmed after this re-review and the program work began. However, a year and a
half into the four year project, the team was required to recompete the effort in mid-stream due to
changes in the timing and frequency of OFES solicitation funding cycles. Unfortunately, this time
the recompeted proposal was not selected for award and project funding was terminated after only
two years. Despite the loss of funding, the team was able to accomplish a great deal. The HyperV
part of that effort is detailed in this report.

7.2 Motivations

Two key motivations for this project are to: (1) enable a unique, cost-effective approach for gen-
erating cm-, ps-, and Mbar-scale plasmas suitable for fundamental HEDLP studies, and (2) form
spherically imploding plasma liners suitable as a standoff driver [Thio, 1999] for magneto-inertial
fusion (MIF) |Lindemuth, 1983|. This project was concerned mainly with exploring and estab-
lishing the performance scaling of a converging array of plasma jets for reaching Mbar pressures,
and developing a predictive understanding of scientific issues underlying imploding liner formation,
convergence, stagnation, and disassembly.

As it becomes evident that achieving ignition on the National Ignition Facility (NIF) is very
difficult, a compelling case can be made to bolster our understanding of HEDLP which underlies
inertial fusion energy (IFE) science. At present, HEDLP studies are conducted in the U.S. mostly on
intermediate and large scale laser (e.g., Jupiter, Trident, Omega) and pulsed power (e.g., ZEBRA,
COBRA, 7) facilities. Our hope and intention was to add a unique and complementary facility
(PLX) for investigating fundamental HEDLP science. PLX offers a unique, cost-effective method
for repetitively generating HED plasmas with larger spatial (order 1-10 cm) and longer temporal
(order 1-10 ps) scales by a factor of 10-1000 over those generated by other HEDLP facilities. This
increases the possibility for more detailed diagnosis of more physical quantities, which is needed for
constraining and validating computer codes and ultimately for advancing HEDLP and IFE science.
In addition, based on the first month of PLX experimental operations with one gun, it was found
that more than 50 shots could be fired per run-day. Although this number would likely decrease for
larger numbers of guns, PLX would still nevertheless be able to generate many more shots and data
than most if not all other HEDLP facilities. A large number of shots providing plentiful statistics
for data analysis is extremely valuable and essential for maturing the knowledge base of HEDLP
and IFE.

PLX was also originally motivated by a desire to explore a standoff driver concept [Thio, 1999]
for magneto-inertial fusion (MIF) |Lindemuth, 1983, which is a class of pulsed fusion approaches
that utilizes a strong magnetic field in the fusing fuel to reduce thermal transport and enhance
a-particle energy deposition. The strong field enables a reduced pR threshold for fusion ignition
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[Basko, 2000| and therefore requires lower implosion velocities (10-100 km/s) compared to pure
inertial confinement fusion (ICF) (> 300 km/s). Recently, a magnetized laser-driven ICF target
showed evidence of increased temperature and neutron yield [Chang, 2011|. At reduced pR, lower
required implosion velocity enables the use of efficient pulsed power drivers, in our case pulsed
plasma jets. The high electrical to jet-kinetic-energy conversion efficiency (~ 0.5) allows the fusion
energy gain for MIF to be as low as 20 and still be a viable IFE concept (requiring gain-efficiency
product > 10). Eloquent arguments are made in support of exploring MIF as a relatively low-cost
approach to fusion in [Lindemuth, 2009]. The PJMIF standoff driver concept uses a spherically
imploding plasma liner formed via merging plasma jets to compress magnetized plasmas to fusion
conditions [Thio, 1999; Hsu, 2011]. Most other MIF approaches such as Magnetized Target Fusion
(MTF) |Kirkpatrick, 1995; Intrator, 2008] and MagLIF [Slutz, 2010] use pulsed power facilities to
compress solid cylindrical liners which in turn compress magnetized plasma to fusion conditions.
The use of solid material liners necessitate the repetitive destruction of both the liner and parts of
the pulsed power transmission line, something that plasma liner driven MIF avoids. Privately funded
General Fusion’s proposed MIF scheme attempts to solve the standoff problem by using spherically
convergent acoustic shocks in a liquid metal to accomplish the compression of the magnetized plasma
target |Laberge, 2009]|. The liquid metal then doubles as the neutron shield and the tritium breeding

Insulator Break/
Diagnostic Feed Thru

Liner at
Sta}:tion

Figure 89 Schematic of spherically imploding plasma liner formed by merging plasma jets: (left) 30 plasma
guns arranged around a 9’ diameter vacuum chamber; (right, top) plasma railguns and transmission lines;
and (right, bottom) jets merging and, later in time, the stagnated liner resulting in a cm-, ps-, and Mbar
scale plasma.
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Figure 90 (a) Photo (taken 5/26/10) of cleaned chamber halves just prior to assembly back into a sphere;
(b) photo (taken 7/13/11) of capacitor banks (foreground) and the first installed gun (center, between team
members).

blanket. We envision plasma liner driven MIF to also use a liquid first wall and blanket.

7.3 PLX facility construction at LANL

Starting in Sep. 2009 (with the benefit of ~$60k of LANL funds), LANL personnel transformed
a 5000 sq.ft. high bay from being filled with unused equipment into the operational PLX facility
(see Figure 91), where first plasma gun firing occurred on Sep. 13, 2011. Riggers moved out a
6000 1b. vacuum chamber (used for CTX spheromak experiments in the 1980’s) and many magnet
coils weighing 2000 1b. apiece to make way for the arrival (Apr. 2010) of the 9’ diameter spherical
vacuum chamber (also around 6000 1b.) that is being loaned to the project from NASA Marshall
Space Flight Center (MSFC). The vacuum chamber, worth $2M (and fortunately made of stainless
steel), had been sitting outside in a field at MSFC for many years. It was quite dirty with remnants
of a bee hive inside. It was disassembled into its two hemi-spherical halves for shipping, which
made it easier to scrub and clean. All the flanges were missing, requiring us to design/procure
~ 100 separate flanges and windows.

Much of the spring/summer of 2010 was spent specifying, designing, and procuring hardware
including vacuum components and pumps, high-voltage power supplies, and computer and control
hardware. Starting in Aug. 2010 LANL began building all the supporting hardware/software sys-
tems needed for the operation of a complex plasma physics experiment, including: (1) a Labview-
based control system using software and FPGA (field programmable gate array) to control shot
sequence operations, send precise timing triggers, monitor all hardware systems, and operate engi-
neered safety interlocks, (2) an oil-free vacuum pumping system anchored by a 3200 liter /sec turbo-
molecular pump with remote pressure monitoring and control, (3) an electromagnetically shielded
“screen cage” for housing all the control and data acquisition electronics, (4) electronics for send-
ing and receiving optical and electrical signals for control and instrument triggering, (5) diagnostic
systems including an eight-chord interferometer, a survey spectroscopy system, a mount for a fast
framing camera, and a photodiode array, (6) a CAMAC based digital data acquisition system with
100+ 1 MHz-10 bit and 64 40 Mhz-12 bit channels, and (7) an MDSplus (http://mdsplus.org)
based data storage/server system. HyperV assisted in many of these tasks by providing CAD design
and layout of facility systems, and advice on various hardware subsystems.

LANL achieved a base vacuum pressure in the high pTorr range on their first pump-down in
Feb. 2011, and ran routinely with base pressures in the mid-10~7 Torr range (surpassing the goal
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Figure 91 Layout of the PLX facility showing planned capacitor banks for 30 guns.

of low pTorr). With assistance from HyperV, LANL completed assembly of the capacitor banks,
main bank (36 pF, 60 kV), gas valve bank (24 uF, 20 kV), pre-ionization (PI) bank (0.8 uF, 30 kV),
for the first plasma gun in Jun. 2011, installed the first plasma gun in Jul. 2011, and fired it for
the first time on Sep. 13, 2011, with several operational diagnostics including gun voltage and
current, an eight-chord interferometer, a survey spectroscopy system, a fast-framing CCD camera,
and a photodiode array. The plasma guns, switches, triggering, and pfn hardware were supplied by
HypeerV and installed and tested with our assistance on site.

Two HyperV Markl plasma guns were eventually installed on the PLX chamber. Figure 96
further below shows one of the Markl guns viewed from inside the vacuum chamber. Figure 97
shows the gun from outside the chamber. These guns were used for single jet and two jet experiments.
Detailed discussions of the single jet and two jet propagation experiments on the PLX experiment
have been presented elsewhere and are not repeated here. We refer the reader to a number of
publications in the literature [130, 131, 132, 133].
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7.4 Single jet propagation experiments on PLX

The key practical issues in forming a plasma liner from many jets are (1) developing a validated
predictive capability for modeling the evolution of the jet’s density, temperature, velocity, and
ionization state as it propagates from the chamber wall to the merging radius R,,, (2) evaluating the
jet’s radial and axial profiles to allow for more accurate simulations and to determine the importance
of profile effects, and (3) determining whether any unforeseen phenomena (e.g., filamentation or
other jet structure/dynamics) could adversely affect plasma liner formation and implosion.
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Figure 92 Representative shot data for Shot 175 (taken 10/26/11). Voltages (kV) and currents (kA) for the
capacitor banks, 5 B-dot signals yielding gun current (kA) along the gun rails, and three photodiode signals
(counts) are monitored to evaluate gun performance on every shot. (Data courtesy of Scott Hsu, LANL.)

Many hundreds of shots were fired on PLX during the course of two years. The main experimen-
tal diagnostics, including gun/bank measurements (Figure 92), multi-chord interferometry [Merritt,
2011| (Figure 93a), photodiode array (Figure 93b), spectroscopy (Figure 93c), and a fast-framing
CCD camera (Figure 94), are all yielding good data. Shot-to-shot reproducibility is excellent. The
primary strategy was to make detailed comparisons between experimental and simulated diagnostic
data from numerical modeling. Independently funded colllaborators Far-Tech, Prism Computational
Sciences, Tech-X Corp., and Voss Scientific generated simulated interferometer and spectral data.
The LSP [Thoma, 2011] and Nautilus [Loverich, 2010] codes were used to simulate single jet propaga-
tion and two jet merging using a two-fluid model, and Spect3D from Prism (http://prism-cs.com)
was used to post-process the simulation output to generate simulated atomic spectra.
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Figure 93 (a) Line-integrated (across plasma jet) electron density from all eight channels of the interfer-
ometer, showing density decay during jet propagation and estimated jet velocity of 12 km/s. (b) Photodiode
array data (looking perpendicular to the jet propagation direction at the distances indicated) yielding jet veloc-
ity of 14—15 km/s. (c) Preliminary comparison of experimental spectroscopy data against simulated spectra
obtained by using Spect3D to post-process an LSP simulation of jet propagation with expected jet parameters.
(Simulated spectral data courtesy of J. MacFarlane of Prism Computational Sciences and C. Thoma of Voss

Scientific.)

16 cm

C E F -

Figure 94 Gated visible light images of argon/impurity plasma jets on PLX obtained with a DiCam PRO
iCCD w/70-300 mm lens. (A) view through gun nozzle (t = 38.7 us, 20 ns gate); (B) view down gun bore
(t = 16.5 us, 3 ns gate); (C)—(F) jet propagating beyond nozzle, which is to right of fields-of-view; (C)
t =29 us, 20 ns gate, vjer ~ 11 km/s; (D) t = 29 ps, 20 ns gate, vjer ~ 19 km/s; (E) t = 28.7 ps,
Vjet ~ 21 km/s; (F)t =39 us, vier ~ 11 km/s (all times relative to gun current initiation, and vje; derived
from photodiode array data). (Photos courtesy of Scott Hsu, LANL.)
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7.5 Plasma gun and pulsed power development

We largely met the gun milestones of the first two years of our original project. We built and tested
a series of plasma guns at HyperV, including improved fast gas valves, pre-ionizers (PI), high current
sparkgap switches, and control and triggering systems. We also fabricated, tested, and delivered the
first one inch bore gun and its associated hardware to LANL, and subsequently assisted installing
the gun on PLX and successfully performing the first test firings. A second gun was installed in
2011.

7.6 Plasma gun design

The rails are constructed from a machinable 90% tungsten alloy. The rails are brazed to a copper
electrode for connection to the capacitor bank circuit. The insulators are currently acquired as one
inch square boron nitride (BN) rods 12” long. Although these have worked fine at lower currents
and pressures, we have seen some breakage and surface degradation of the BN above about 400 kA.
We are therefore transitioned to much stronger ceramic insulators for the 30 gun array. We have
just started testing zirconium strengthened aluminum oxide, and plan to test high purity aluminum
oxide and silicon nitride in the future. Silicon nitride is the best, but more expensive, so we hope
to use the less expensive ceramics first. The body of the railgun structure was originally fabricated
using Delrin plastic. As the currents and forces increased, we have since transitioned to using Noryl
which is a stronger plastic, and we have also incorporated various stress reducing machining features
to avoid breakage at high current. We may ultimately use G-10, but are trying to avoid the higher
cost of that unless necessary.

(a)

Figure 95 (a) 3D drawing of the one inch square bore minirailgun. (b) Side view of the gun shows internal
structure, gas valve, and pre-ionizer capillary. (c) Side photo of the gun mounted on the octagon vacuum
facility for testing, with > 400 kA current fed via a bundle of RG-8 coaxial cables.

The minirailgun barrel structure is mounted to a (white) breech block which contains all the
necessary features for holding leads and the PI and gas valve assemblies. There is also an integral
insulator standoff locally isolating the gun ground from the vacuum tank to avoid ground loops.
The insulator also provides a mount for B-dot probes (Figure 95c). The fast gas valve has evolved
from a single coaxially-mounted coil design with a circular disk flyer plate [Witherspoon, 2009;
Witherspoon, 2010] to a double coil and rectangular flyer plate design (Figure 98a). The change in
design approach was driven by the need for more robust operation, easier assembly, longer life, and
better performance. The present design will be further improved in lifetime and reliability.

Argon gas under few atm pressure is admitted by the gas valve in a few hundred us through the
PI, which consists of a thick-walled BN tube with electrodes at each end. Once admitted, a short
current pulse through the gas in the PI heats and ionizes the gas which is then injected as a plasma
into the railgun bore at 1-2 km/s. After a short adjustable delay, the main bank fires to accelerate
the plasma armature out the end of the gun. We typically use a tubular transparent plastic nozzle
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at the gun exit to help confine/direct the plasma jet Figure 96. The gun ground rail also acts as
one electrode of the PI.

All of the PLX experiments were performed with the Markl plasma gun. Figure 96 shows an
inside view of one of the Markl guns mounted on the PLX vacuum chamber. Figure 97 shows the
corresponding outside views of the same gun. The RG/8 current feed cables can be seen with the
light blue insulation.

Figure 97 Two ouside views of a Markl plasma gun installed on the PLX nine foot diameter vacuum tank.

7.7 Pulsed power components

Pulse forming network (pfn): The baseline design (Figure 98b) consists of six 6 uF, 60 kV
capacitors lumped together as one single effective capacitance connected to the switch and gun
load.

Linear spark gap switch: The sparkgap switch designs have also gone through several it-
erations as we learned how to make sparkgap switches that could survive the several hundred kA
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current pulses, and still be sufficiently inexpensive to fabricate for the 30 gun experiment. We began
with a coaxial switch design [Brockington, 2010] which was successfully tested all the way to 1 MA,
and which then evolved into the linear array sparkgap switch shown in Figs. 98b and 98c. The linear
switch turns out to be more robust mechanically, is considerably cheaper to fabricate, is much more
easily integrated into the pfn plate and transmission line structures, and provides lower inductance.
The latter is critical for minimizing the operating voltage and current ringing.

Transmission lines: We used bundles of coaxial cables for the transmission lines from the pfn
to the gun. This provides a flexible low inductance solution at modest cost. Although we use RG-8
cable bundles for all current testing, we planned to transition to even lower inductance custom made
cables for the 30 gun array on PLX to allow us to locate the capacitor banks a little farther away
from the chamber for easier access to guns and diagnostics.

High voltage circuit: The high voltage circuit has been simplified from the original concept.
We now operate all the gas valve coils off of a single pfn and switch per group. We also operate
the PIs from a single switch and pfn per group. This approach reduces the number of switches and
pfn’s required for a 30 gun system, thus reducing cost and complexity.

(a)

Figure 98 (a) Fust gas valve which is mounted at the entrance to the PI as shown earlier in Figure 95a.
(b) LANL’s 36 uF capacitor bank and cutaway view of the linear sparkgap (insulating mylar between plates
not shown for clarity). (c) Three linear sparkgap switches for the three gun merge tests at HyperV. Bottom
cables are the transmission lines, and top cables are for switch triggering.
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8 Plasma Jet Merge Experiments at HyperV

8.1 Recap of Three Jet Merging Experiments

The merging of high speed plasma jets is of interest both for fundamental physics studies such as lab-
oratory models of astrophysical jets and for better understanding of the dynamics of plasma liners as
compression drivers for magneto-inertial fusion|1, 6, 13, 134, 135, 8|. HyperV Technologies is devel-
oping devices capable of generating supersonic plasma jets, both advanced coaxial accelerators|48]
and Minirailguns [105] capable of accelerating large plasma masses to velocities of tens of kilometers
per second. The devices used in this series of experiments are one centimeter bore Minirailguns op-
erating at reduced capacity compared to what can be achieved. This was done in order to guarantee
large numbers of shots without significant stress on system components.

Experimental Arrangement The experimental arrangement is shown in Figure 99. The port
geometry of the end flanges of the vacuum chamber replicates the port geometry of a portion of the
spherical PLX vacuum chamber|[13]. Three Minirailguns are placed at the corners of an equilateral
triangle, aimed at the center of the chamber. The angle between any pair of guns is 37.9 degrees.
The Minirailguns were aligned using a small laser held in a fixture which fit tightly in the nozzle
of the gun. A target was placed at the intended convergence point and the laser was aimed at it.
The guns were aligned so that the laser spot lay within a 1 cm diameter spot on the center of the
vacuum chamber.

The Minirailguns are variants of those described in reference [105|, with a 1 cm square bore
instead of 2.54 cm. The operating regime chosen was well below the maximum performance of the
guns in order to ease stresses on the guns, switches, and capacitor banks. The MiniRailgun consists
of three subsystems: a fast gas valve, a pre-ionizer, and a pair of tungsten alloy rails with boron
nitride insulators holding them at 1 cm separation. An arc is drawn between the rails to drive a
plasma armature down the length of the gun and into the nozzle. The gas valves are a custom
design which permits large masses (> 10 mg) of gas to be dispensed in a short time (= 400 us).
All three gas valves are driven in parallel by a single 84 pF capacitor bank operating at 8.5 kV
and driving a current of 8 kA per valve. A ballast resistance of 0.6 2 damped the current so as
to avoid multiple openings of the valve. The pre-ionizers were driven in parallel by a 1.2 puF bank
charged to 30 kV, with 2.2 Q) ballast resistance per pre-ionizer. The Minirailguns were each driven
by a 51 uF capacitor bank switched by a low inductance custom switch consisting of seven pairs of
electrode knobs in a linear array. Each pair of electrodes was triggered independently by a separate
trigger pin. The pins were switched using a trigger fanout that triggered all pins on all switches
simultaneously using a Titan 40264 spark gap switch. The Rail PFNs were charged to 22 kV and
typically drove a peak current of 180 kA.

A pair of fiber coupled photodiodes is used to measure initial plasma velocity by focusing colli-
mating optics on the nozzle of one of the guns. An interferometer chord passes transversely through
the chamber on center. Two spectrometer chords view the center of the chamber, one at a right
angle to the axis, and one at 22 degrees off-axis, looking towards the guns. In addition, there is a
12 channel fast photodiode array viewing the merge region at the center of the chamber. This array
consists of a line of fibers at the focal plane of an SLR camera, coupled to fast detection electronics
in the screened control room.

In order to characterize individual gun performance the pulse forming networks of two guns
were disconnected and the remaining single gun fired while being monitored by the diagnostics.
The main parameter of interest was the arrival time of the plasmoid at the center of the tank. This
varied by about 1 us per gun, compared to a total plasmoid transit time through the merge point
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Figure 100 Spectra taken parallel and perpendicular to the merge axis. The blue shift of the parallel
spectrum corresponds to a velocity of 22 km/s. Line widths are within experimental uncertainty of the
instrumental line width, indicating temperatures below 1.5 eV.

of approximately 15 us as measured by interferometry. In addition, interferometry showed close
resemblance between the traces of all three individual Minirailguns.

The final set of parameters chosen for the merging experiments provided a plasmoid velocity of 22
=+ 2 km/s as shown by spectroscopy (Figure 100) and fast photodiode measurements, and a plasmoid
mass of ~ 0.5 mg. The jet temperature estimated from ionization balance[136] is approximately 1.5
eV, and the electron density is 10°cm ™. Because the guns were operated in off-nominal conditions
there was a small fast “prepulse” leading the main plasmoid. This does not affect the results as it
has passed by the time the main plasmoid arrives at the point of convergence.

The initial tests used the array of five pressure probes at three positions, at the chamber center
and 12.5 cm in front of and behind center. The coordinates used are positive in the direction of
plasmoid propagation. Three shots were taken at each of these positions. The probe array was
then moved back, well away from the center, in order to avoid interference with interferometer and
spectroscopic measurements. Finally the probe was removed altogether and its feedthrough flange
replaced with a window for axial fast imaging of the merge process.
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Results A series of axial images of the merging process is shown in Figure 101. The bright
inverted “Y” structure may be due to shocks (discussed further in the next section) at the location
where the jets meet. With a convergence angle of 37.9 degrees the jets meet with a relative velocity
perpendicular to the direction of propagation of 13.5 km/s. This corresponds to a Mach number of
5.5 in the plasma frame, which is in addition to the free expansion velocity perpendicular to the jet
of 2¢5/(y — 1). The nozzle diameter (35 mm) provides a length scale reference indicating that the
thickness of the bright structures is on the order of 5 mm.

(a) 55 us (b) 60 ps (c) 65 ps

(d) 70 ps (e) 75 us (f) 80 ps

Figure 101 Axial images of the merging process. In images c,d, and e the circular feature behind the
inverted 'Y’ structure is caused by reflections off the center flange on the vacuum chamber. This leads to the
structure appearing slightly fuzzier than it actually is. Using the nozzle exit for scale, the width of the arms
of the structure is on the order of 5 mm. Exposure time is 5 ns.

The interferometer trace for both a single jet and the merged jets is shown in Figure 102. Note
that the single jet trace is magnified by a factor of ten for better visibility. It is evident from the
large difference in line integrated density that the merged jets form a high plasma density region at
the point of convergence. The negative swings on the interferometer trace are due to the presence of
neutrals and ions. There is a detailed analysis of this effect in reference [130]. The data in the figure
is plotted in terms of line integrated density, but the single jet case is almost certain to be partially
ionized. Neutrals cause a phase shift in the opposite direction from the electrons, reducing the
measured density and even causing it to swing negative as seen in the single gun case in Figure 102.
Therefore the single gun trace in its positive swing must be considered a lower bound on electron
density, and in the negative portion to be dominated by neutrals. According to reference [130], the
zero crossing of the interferometer signal occurs at an ionization fraction of approximately 0.07. To
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Figure 102 Merged plasma line integrated density is far higher than single jet line integrated density,
indicating compression of plasma into a compact structure at the point of convergence. Negative swings
are due to neutral argon and ions. The very large electron density in the three gun case is in part due to
formation of argon III as is seen in simulations as well as to collisional ionization of neutrals as seen in the
unmerged jet case.

disambiguate the signal into a neutral contribution and an electron contribution would require a
two color interferometer.

In order to produce the large density peak seen in the three gun case we must assume that there
is ionization of the neutrals seen in the single gun case. The center of mass merge velocity in excess
of 13 km/s is sufficient to ionize argon through collisions. For this reason we expect the peak in
the three jet case to be almost fully ionized. Another factor contributing to the later peak in the
three gun case is the flow of plasma into the merge region that would in the single gun case have
passed on the ’inside’ (gun side) of the merge point. This plasma is deflected by impact with the
other jets and flows into the center via a longer path than the plasma traveling directly from the
nozzle. The high line integrated density in the three gun case is most likely due to to formation of
a compact high density structure at the point of convergence. Imaging suggests that the width of
this structure is approximately one centimeter. This implies a density of ~ 1.2 x 107 ¢m™3 in this
region.

Figure 103 shows the peak pressures measured at three locations using the five fast pressure
probe array. Only the center probe measured any appreciable signal though there were small signals
sometimes seen on one of the off-center probes. The relatively large signal seen on the far side of the
merge point is due to the impact of a collimated jet of plasma that emerges from the merge region
after the jets pass through. This jet is clearly seen in images taken off the chamber axis through
one of the off-axis end cap ports. Figure 104 shows such an image, taken through a port looking 22
degrees off the chamber axis.

Discussion All diagnostics indicate the formation of a compact high pressure region at the point
of convergence of the three jets. As expected there is a significant pressure spike at the point of
convergence of the jets. The formation of a well collimated jet emerging from the convergence point
suggests that the plasma is fairly cold even at convergence. This is consistent with the spectroscopic
results and suggests that formation of a cold, dense plasma liner for MTF applications is possible
using the MiniRailgun plasma accelerators.

The supersonic convergence of the jets suggests that there may be a shock at the point of inter-
section (the arms of the Y-shaped structure seen in Figure 101). The existing set of measurements
do not at present provide sufficient data to test this hypothesis.

Simulation|[137] using the LSP 3D hybrid PIC code shows the presence of narrow high density
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Figure 103 Peak pressures measured at three locations, with approximate uncertainties

Figure 104 Imaging off axis late in time (after peak density at merge point) shows formation of a collimated
jet. The pressure probe array is seen on the right side of the image. The image is taken through the same
port as the spectroscopy parallel collection optics in Figure 99.
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Figure 105 A slice through an LSP simulation of three jets merging, in the plane perpendicular to the
average direction of propagation of the three jets

structures along the line of contact between the plasmoids as shown in Figure 105. These structures
have an elevated temperature (2 €V vs 1 €V in the main plasmoid), though it must be emphasized
that the simulation is of the higher performance railgun plasmoids of PLX as opposed to the
lower density and lower velocity plasmoids produced by the de-rated railguns used in the present
experiment. The highest temperatures measured in the current experiment are below 1.5 eV, a
difference most likely due to the lower convergence velocity in this case, the PLX guns having 2.5
times the velocity. The width of the contact line structures is just under 1 cm, consistent with that
seen in the images. For comparison, the ion-electron and ion-ion collision lengths are 1.5 and 0.8
cm respectively, and the electron-ion collision length is 0.005 cm.

Conclusions We have merged three plasma jets in a configuration related to that of the PLX
experiment, in a parameter range lower than the PLX jets but still relevant to that experiment.
We find that a compact (~ 1 cm transverse scale length), high density (~ 1.2 x 107em™2), high
pressure (~ 70 kPA), low temperature (~ 1.5 eV) region is formed at the point of convergence of
the jets. The collision of the jets appears to result in ionization of the neutrals carried along with
the plasma jet. In addition a well collimated secondary jet emerges from the point of convergence.
The line of contact between adjacent jets forms a structure which may be a shock, though further
research is required to confirm this.

8.2 Recap of Six Jet Merging Experiments

Following the three jet merging experiments the next logical step was to place three guns on the other
side of the experimental chamber and fire them directly at each other. The resulting arrangement
of six guns partially replicates the desired geometry of the PLX experiment.

Experimental Arrangement One end of the experimental chamber is shown in Figure 106.
Three one cm bore minirailguns are arranged in a triangular formation aiming at the center of the
chamber. The other end of the chamber has the same arrangement of minirailguns, but rotated
through 180 degrees, so that each gun is firing directly at another gun on the opposite side of the
chamber.
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Figure 106 East End of Chamber, showing PFNs and Railgun Breeches

The high voltage banks were set up as follows: All six fast gas valves were driven by a single
bank of 6 capacitors of 14 uF each. Ballast resistance was 0.3 ohms. Charge voltage was 5.6 kV
and the typical current was 2 kA. The pre-ionizer bank was 6 x 6 uF' capacitors in parallel fired by
a custom switch designed by HyperV. The ballast resistance for each pre-ionizer was 2.6 Ohms and
the charge voltage of 22 kV drove a peak current of 7.5 kA per pre-ionizer. Three of the minirailgun
PFNs were the same as for the three gun merge experiment, namely 3 x 17 uF' capacitors per gun,
charged to 23 kV, providing a rail current of 250 kA, matched within 15% The remaining three
PENS consisted of a 46 puF' and a 6 uF' capacitor, charged to 23 kV and driving a peak current of
250 kA, matched within 15%. Four of the PFN switches were seven-knob linear switches designed
by HyperV, while the remaining two were four-knob spark plug triggered switches, also designed by
HyperV.

The PFN linear switches were triggered by a single switch fanned out to all six PFN switches so
as to ensure simultaneous firing. The timing sequence was: (1) fire fast gas valve, (2) after 475us
fire the pre-ionizer, and (3) after 15us fire the main PFN. This sequence has been shown in previous
experiments to produce a good balance between jet velocity and jet mass. Jitter between PFNs was
typically below 1 ps but occasionally reached as high as 2.7us.

The first step in preparing for the experiment is firing single guns to check that they are per-
forming similarly. This was done simply by disconnecting the PFNs for all but one gun at a time,
leaving the Puff Valve and Prelonizer banks to fire as usual. Emphasis was on having the peak of
the plasmoid density arrive on center at the same time (matching velocities) rather than match-
ing mass. This was done using the intensified photodiodes and the photodiode array for timing
measurements. Plasmoid arrival times varied by about 1 us.

Once individual gun performance had been verified, shots were taken using all six guns. Simi-
larity of performance was monitored by looking at Gas Valve, Pre-ionizer, and PFN currents. Seven
shots in all were taken, the experiment being prematurely terminated by the failure of one of the
46 F' capacitors.

The diagnostic suite for this set of experiments is a subset of that used for the three gun merging
experiments, namely fast imaging using a PIMax II camera, time integrated imaging using a Nikon
SLR, Spectroscopy, fast photodiodes, and Rogowski’s and Pearsons for monitoring the high voltage
systems.
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Figure 107 Nikon SLR camera Image taken with shutter open for 2 seconds spanning the entire shot.
Neutral density filters reduce intensity to minimize saturation.

Results An open-shutter image of the central region of the experimental chamber is shown in
Figure 107. Plumes from the six minirailguns are visible at the edges of the frame, and a bright
central spot can be seen. Figure 108 shows an image taken using the PIMax II high speed camera.
The image is taken at 56 microseconds after the PFN switches fire, shortly before the expected time
of peak compression. For comparison, the transit time of a plasmoid from a single gun to the center
of the chamber is 62us.

Three individual fast photodiodes were used to track the progress of a single plasmoid from one
of the guns to the chamber center. Traces from these photodiodes can be seen in Figure 109. The
velocity inferred from the photodiode traces is 26 km/s, slightly faster than in the three gun merge
experiments. The small “foot” seen in the third photodiode trace (pointed at the chamber center)
may be due to a fast prepulse occasionally seen in some gun experiments, or may be due to chamber
wall reflections.

The spectroscopy timing was shifted between shots, so we have spectra perpendicular and parallel
to the machine axis for times of 52, 56, 60, 64, and 68us from PFN switch firing. The parallel view
data is shown in Figure 110. The viewing volume includes the jets, so translation into temperature
is unreliable, but it is worth noting that the greatest line width is seen in the spectrum for 64
us, right after the peak light emission on the photodiodes. This implies either a (relatively) high
temperature or large velocity spread (10.75 km/s).

The perpendicular view spectroscopy data show dramatic differences depending on the timing,
as seen in Figure 111. The data for 64 us after PEN firing shows a velocity spread of 39 km/s
suggesting that right after peak light emission on the photodiodes there is a strong radial jet formed
as the plasma rebounds from peak compression. The fact that the line broadening is anisotropic
indicates that it is not due to temperature alone, but must be due to bulk flows. Assuming the
bulk flows are driven by thermal expansion, and working from the peak perpendicular direction
expansion velocity, which is the free expansion velocity vy = 2¢,/(y — 1), and using v = 1.4, we can
back out a peak temperature of between 9 and 18 eV, depending on the charge state of the ions.

In addition to the high resolution Acton spectrometer we used a Ocean Optics survey spectrom-
eter to try to get an overview of all the lines present in the plasma. Unfortunately most of the
spectrum was saturated, but the near UV end of the spectrum was not. Shown in Figure 112, it is
possible to distinguish three lines which might be either Ar IIT or W II. We expect that there will
be trace amounts of tungsten in the plasma due to rail erosion, but the operating point for the guns
was chosen in part to minimize rail erosion, so the total contribution of Tungsten to the spectrum
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Figure 108 High speed image taken using PIMax I camera. The image is taken 56us after firing the rails,
just before the expected peak compression. Gate width is 5 ns.

— PDO

amplitude (normalized)

Figure 109 Photodiodes indicate a jet velocity of 26 km/s with arrival time at center of the chamber at 62
1S.
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Figure 110 View parallel to machine azis gives velocity spread of 4.75 to 10.75 km/s. Viewing volume
includes jets, so translation into temperature is not reliable.

Figure 111 View perpendicular to machine azis gives velocity spread of 14 to 39 km/s. Peak velocity spread
occurs right after peak light emission on photodiodes, and suggests formation of a jet perpendicular to the
machine axis.
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Figure 112 Survey spectrometer has indications of Ar III, but higher resolution is needed to distinguish
from W II lines close by. Tungsten is expected in the jet in small amounts due to rail erosion.

should be small. We know we have Ar II in the central region in large quantities since that is the
overwhelming primary component of the jets. In addition, the jet kinetic energy is well above the
threshold for secondary ionization. These considerations lead us to suggest that the lines seen in
the survey spectrum are Argon III, present due to collisional ionization of Ar II from the jets.

Conclusions We have demonstrated the ability to successfully synchronize and fire six plasma
minirailguns in a manner that is scalable to much larger numbers of guns such as those needed for
the PLX experiment. We have shown that we can match gun parameters within approximately 15%
across six guns utilizing two different PFN configurations and two different switch types.

Based on the results presented above we conclude that the six jet merging results in the formation
of a compact high density structure with a temperature in the range 9-18 eV. The structure probably
contains some Argon III due to impact ionization. Shortly after peak light emission (interpreted as
the arrival on center of the highest density portion of the jet plasmoids) a strong radial flow is seen
as plasma expands out of the point of convergence.
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9 Mark 2 MiniRailgun - PLX Gun Performance Goal Achieved

While the Mark 1 was being tested on PLX, HyperV continued development of the Mark 2 gun
in order to achieve the stated performance goals required for the full 30 gun array planned to be
deployed on PLX later.

Linear Gasl Bore I ‘

Valve

e Er- e

\J

——— 62Cm

Figure 113 HyperV plasma railguns are three stage linear plasma accelerators. First, neutral gas is
injected with an electromechanical fast gas valve (GV). Neat, the pre-ionization stage (PI) ionizes the gas
electrothermally using a capillary discharge channel. This injects a plasma armature into the final railgun
acceleration stage. There the plasma armature is accelerated via a Lorentz force, generated by current from
a Pulse Forming Network (PFN), and ejected as a high velocity plasma jet.

HyperV linear plasma railguns, illustrated in Figure 113, are three stage linear plasma ac-
celerators. In the first stage, or gas injection stage, neutral gas is injection into the rear of an
electrothermal capillary channel via an electromechanical fast gas valve (GV). In the next stage or
pre-ionization stage (PI), a current of tens of kiloamps is discharged though the capillary channel.
This pre-ionizes the injected gas which will form the plasma armature, and injects this plasma into
the breech of the railgun electrode gap. Finally, the acceleration stage employs a Pulse Forming
Network (PFN) to drive a large current (as much as 660 kA in these tests) through the armature
via the rail electrodes. As the armature current moving through the plasma is also moving normal
to its self-generated magnetic field, the plasma armature experiences a Lorentz force, accelerating
it down the length of the bore to be ejected as a high velocity plasma jet. Since the goal of this
design was to meet or exceed the PLX plasma jet specifications, these specifications determined the
performance requirements for the various subsections of the railgun. The gas valve needed to be
fast opening, and inject sufficient gas to produce the required 8 mg plasma jet mass as described
in earlier sections. The pre-ionizer needed to not only ionize the gas, but also inject a localized
plasma pulse with some initial velocity to reduce the dwell time of the armature at the breech of
the accelerator. Finally, the accelerator section was required to supply the necessary energy and
withstand the forces required to repeatedly accelerate the plasma to 50 km/s. Since the desired
plasma jet kinetic energy for PLX is about 10 kJ, a railgun operating with an assumed efficiency of
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Figure 114 The present 2.5 cm square-bore plasma railgun forms a plasma armature from high density
neutral gas, pre-tonizes it electro-thermally, and accelerates this plasma armature with 30 cm long parallel-
plate railgun electrodes driven by a pulse forming network (PFN)

20% was estimated to require a PEN bank energy of about 50 kJ.

9.1 Railgun and Driver Circuit Changes

Previous experiments with HyperV railguns using a 44 kJ acceleration bank successfully generated
plasma jets with 4900 ug at 55 km/s, as described in the previous section, However additional
upgrades to the driver circuits and the railgun itself were necessary to meet the PLX specification
for performance. The chief difficultly arose from having to insert both gas and high voltage into
the breech of the railgun, while still maintaining electrical standoff and vacuum seals in the space
provided. Because of the size and proximity of components, early solutions to these requirements
forced the PFN transmission line to have large inductances because of how the PFN was routed
through the space available, thus leaching power from the railgun inductive load. Several changes
were necessary to reduce inductive losses. First, dimensions of the railgun breech flange were
increased from 20 x 20 cm to 30 x 30 cm. This allowed wider bus connections and wider high-current
vacuum penetrations to be used to provide PFN current. Plus it allowed the railgun to mate directly
to flanges at PLX and still be adapted down to the 8 inch flanges available at HyperV. Second,
rotating the gas valve so that PFN transmission lines could be routed to the sides instead of over
the gas valve decreased the cross-sectional area of the TM line coupling. A parallel plate model can
be used to approximate many sections of the PFN high current feeds. Thus, inductance was reduce
by maximizing the width of conductors while minimizing conductor loop area.

The largest changes in railgun driver circuits occurred in the PFN system. Present HyperV
railgun designs call for peak accelerator currents of 0.5 MA to 1.0 MA and pulse widths as long as
15 pus. As HyperV railguns are primarily an inductive load of 200-300 nH, it is necessary to minimize
inductance of PFN switches and transmission lines in order to maximize peak PFN current for a
given pfn. In order to repeatably generate large currents from a single PFN capacitor bank, a robust,
low jitter, low inductance switch had to be designed for high repeatability and high mean-time-to-
repair. Some success was achieved with a 30 cm wide linear arrayed switch consisting of 7 sparkgap
electrode pairs in a single housing. However, by moving to a 60 cm wide, 8 electrode pair linear spark
gap switch, it was possible to increase peak currents further due to increased switch robustness,
and reduced switch inductance. Increased interior volume in the switch also mitigated the acoustic
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shock to the switch components because energy imparted to the switch gas had a larger volume to
pressurize. A second 60 cm arrayed spark gap switch was added to the accelerator pulse forming
network to act as a current crowbar for pulse shaping. Finally, the accelerator bank transmission
line connections were also redesigned to reduce inductance. The net result was a decrease in total
system inductance of about 53 nH or ~ 19% improvement over our previous designs.

Railgun Gas valve and pre-ionizer systems were also upgraded. The return spring on the flyer
plate was stiffened to force the gas valve to close faster. Pre-ionizer systems were modified to use
large bulk ceramic disk resistors to increase system robustness. Previously employed resistor arrays
were prone to cascade failure from component fatigue. These disc resistors had much improved
voltage standoff and pulse withstanding characteristics, allowing a more consistent pre-ionization
current pulse to be produced.

Previous linear gas valve designs used a weak return spring for closing. This slowed valve closing
time, resulting in plasmoids with masses in excess of the 8000 pg target. By employing a stiffer
return spring to assist in closing the valve, gas valve closing times were improved resulting in greater
control over ejected mass.

While the present design still uses large amounts of plastic, this is a design choice to reduce the
cost of manufacturing parts so that larger arrays of railguns could be deployed. The total mass of
the railgun, without PFN cables, is about 15.4 kg, allowing railgun units to be lifted and mounted
into position by hand if necessary. This railgun was also design with 4 interfaces, to make nozzles,
bores, breeches and gas valves standardized parts that could be interchanged or replaced in order
to minimize downtime from equipment failure or maintenance.

9.2 Experimental Results

With these design upgrades in place, an improved HyperV 2.5 cm square-bore Linear Plasma Railgun
was mounted on a large stainless steel vacuum vessel for performance measurements. A Cartesian
coordinate system is used to describe railgun features. Axes are defined as x being the lateral axis
of the railgun across the electrode face, y being changes in height, and z being locations along the
length of the railgun. The foot of the accelerator rail is defined as z=0. Unless indicated otherwise,
time events are referenced from the time of accelerator current onset at t=0.

The improved linear plasma railgun, shown earlier in Figure 114, was mounted on the end-cap
of a large steel tank 115, allowing ample volume for the free space propagation of the plasma jets. A
pair of collimated photodiodes were mounted normal to the direction of travel to measure the velocity
of ejected plasmas, along with additional spectroscopic and interferometric measuring apparatus. A
removable ballistic pendulum was also mounted in the chamber, allowing measurements of imparted
plasma momentum to be recorded.

Sample railgun driver currents are shown in Figure 116 for a 141 uF PFN driver bank. A PFN
voltage of 26 kV produced a 17.6 us long pulse with a peak current of ~480 kA. A 1.6 kJ pre-ionizer
pulse was employed. Gas valve (not shown) was driven at 7.1 kV with a feed pressure of ~207 kPa
of Argon.

Magnetic field probes were installed along the length of the bore at ~5 cm intervals. Location
and orientation of the probe was determined to maximize signals from the propagation of the plasma
armature current. Normalized magnetic field traces, shown in Figure 117 indicated the propagation
of the armature.

Peak density recorded by interferometry was measured to be 5x10'6c¢m =3 at z—104 cm based on
an estimated path length of 10 cm. Using an assumed top-hat radial density profile, this estimates
plasmas mass to be about 5.5 mg depending on assumptions of plasma shape and neutral presence.
Neutrals reduce plasma interferometer signals leading to depressed line density measurements [130].
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(A) Experimental Setup

Gas Valve Bank Photodiodes
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Figure 115 (4) A 2.5 cm square-bore, linear plasma railgun was fired at a ballistic pendulum of L=40.6 cm
and My =0.58 kg mounted on center at Z=104 cm or about 55 cm from the end of the nozzle. A ~ 20 cm
diameter white Delrin plastic strike plate was used. A pair of photodiodes normal to the path of travel were
used to measure plasma velocity. (B) The Ballistic Pendulum is shown mounted in the chamber with the end
cap removed.
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Figure 116 A PFN wvoltage of 26 kV produced a 17.6 us long pulse with a peak current of ~480 kA. A 1.6

kJ pre-ionizer pulse was employed. Gas valve (not shown) was driven at 7.1 kV with a feed pressure of ~207
kPa
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Figure 117 Magnetic field traces indicate the propagation of the armature
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Figure 118 Line density from interferometry of an ejected plasma at z=104 cm. Peak density calculated
with an estimated path length of 10 cm was determined to be 5x10%cm™3. Using an assumed top-hat radial
density profile, this estimates plasma mass to be about 5.5 mg depending on assumptions of plasma shape
and neutral presence.

Spectroscopic measurements indicated high levels of impurities at regions of interest, but that
was to be expected here. The introduction of these impurities is a result of using an acrylic nozzle
instead of a lower strength, quartz nozzle employed in lower power experiments to reduce nozzle
ablation. Additional nozzle development is necessary. An acrylic nozzle was used for testing of the
improved railgun. While Acrylic was able to withstand the forces produced by the exiting plasma
jet, spectroscopic readings experienced obfuscation not present when quartz nozzles were employed,
This is presumed to be from ablation of nozzle material contaminating the jet, and will need to be
corrected in future designs.

Plasma emission profiles were recorded with collimated photodiodes as the plasma emerged from
the nozzle. Plasma velocity was measured to be 53.5 km/s km/s for this shot.
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Figure 119 Plasma emission profiles was recorded with collimated photodiodes as the plasma emerge form
the nozzle. Plasma velocity was measure to be 53.5 km/s for this shot

A ballistic pendulum was used to determine plasma momentum and estimate plasma mass. The

pendulum design, consists of two assemblies, a heavy rigid support frame, and a rigid rotating
pendulum arm with strike plate. The foot of the pendulum arm contains two rare earth permanent
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Figure 120 Plasma momentum was measured a ballistic pendulum to be .455 kgm/s for this shot. A plasma
with velocity of 58.5 km/s thus yields an estimated plasma mass of 8.5 myg.

magnets oriented to face outward in opposite polarities away from the strike plate (See appendix for
further dtails). Signals generated by the motion of the pendulum arm magnets are then recorded
by a 100 turn pick-up coil mounted on the support frame. The collision of the plasma “projectile”
with the target plate imparts momentum. The pendulum swings backwards and upward with the
velocity of the pendulum arm read out by the pickup coil on the return swing. The motion of
the pendulum produces a characteristic pair of up/down signals whose order changes based on the
direction of motion. The time between the signals comprising the pairs is then used to determine the
velocity of the pendulum from which the momentum imparted to the pendulum can be calculated
from angular momentum. Plasma momentum was measured with a ballistic pendulum to be .455
kgm /s for this shot. Plasma velocity and momentum measurements combined to allow plasma mass
to be estimated as 8.5 mg for this shot.

Estimated plasma mass versus velocity for the shot series is shown in Figure 121. The highest
mass achieved was ~13.7 mg with a velocity of 34 km/s. the highest momentum ejected was at
0.58 kgm/s. The fastest plasma ejected was 7.5mg at 62.4 km/s. The largest mass moving
faster than 50 km/s was estimated to be 10.8 mg at 52.8 km/s. This was achieved with the
parameters Vi, =7.1 kV, V;,;=23 kV, V7, =26 KV, t4,=-341pus, tp;=-16 ps, tpre="+16.5 (15,0 reeq—207
kPa Cp;=6pF and Cpp, =141 pkF.

Another observation of key interest is that pulse shaping offers a chance to dramatically improve
ejected plasma momentum. As indicated in Figure 122, two types of crowbarred current signal were
recorded based on the exact time of the PFN circuit closing: “returning crowbar currents” where
PFN current peaked to some value and then returned to a local minimum at or near zero creating
a short current pulse, and “non-returning” crowbar currents where local minimum is elevated about
a hundred kiloamps, effectively more than doubling the width of the current pulse. Non-returning
crowbar currents were seen to increase plasma momentum, indicating a more detailed study of
acceleration pulse shaping could still yield significant momentum improvements.

9.3 Mark2 Summary

To summarize, the Mark2 plasma railgun driver meets the design specifications for the original PLX
experiment of 8 mg at 50 km/s. HyperV linear plasma rail guns are regularly operating with PFN
currents of 475 to 665 kA, and are generating plasma jets with momentum as high as 0.58 kgm/s,
masses as large as ~13.7 mg (at lower velocity), and velocities as high as ~79.2 km/s (at smaller
mass). In specific combinations we achieved 7.5mg at 62.4 km/s and 10.8 mg at 52.8 km/s.
The ejected plasma jet structures have been observed to be cold and dense as well as steep and fast,
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Figure 121 FEstimated plasma mass versus velocity for the shot series. The largest mass moving faster
than 50 km/s was estimated to be 10.8 mg at 52.8 km/s
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Figure 122 Comparison of performance with returning and non-returning crowbar currents.

and further performance increases appear to be possible through optimization of PFN current pulse
shaping. While the present design still uses large amounts of plastic, this is a design choice to reduce
the cost of manufacturing parts so that larger arrays of railguns could be deployed. The total mass of
the railgun, without PFN cables, is about 15.4 kg, allowing railgun units to be lifted and mounted
into position by hand if necessary. This railgun was also designed with four interfaces, to make
nozzles, bores, breeches and gas valves standardized parts that could be interchanged or replaced
in order to minimize downtime from equipment failure or maintenance. An acrylic nozzle was used
for testing of the improved railgun. While Acrylic was able to withstand the forces produced by the
exiting plasma jet, spectroscopic readings experienced obfuscation not present when quartz nozzles
were employed. This is presumed to be due to ablation of nozzle material contaminating the jet,
and will need to be corrected in future designs.
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10 Directions for Future Experiments

10.1 Coaxial vs. MiniRailguns

Future plans call for returning to the coaxial gun for future plasma liner experiments. There are a
number of important reasons for this. There are two key issues associated with the coax gun relative
to a PLX style experiment. First, it will require substantially more current than the minirailgun
for the same mass and velocity due to the inherently smaller L’ of coax guns. And secondly, it
will require a more complex injection system due to the annular geometry of the injection region.
These two issues originally drove us to select the Minirailgun as the baseline plasma gun for PLX,
because it would be much easier to achieve the desired performance parameters within the funding
profile projected at the time. But future PLX-type experiments would greatly benefit from coaxial
systems if funding allowed it.

Structure and Symmetry The natural symmetry of the coax gun gives it distinct advantages
over the parallel-plate railgun. This is a natural result of the rotational symmetry about its long
axis. Such symmetry does not exist in the parallel-plate railgun. As a result of the geometry, the
coax gun does not require an insulator separating the electrodes along the length of travel, as does a
railgun. It does require an insulator at the breech, but that is relatively easy to deal with for modest
size coax guns. This has major advantages in cost and complexity, and in the methods by which the
electrodes are connected to external capacitors. Eliminating the linear insulator eliminates viscous
drag and loss of plasma along insulating surfaces, an unavoidable problem for parallel-plate railguns.
This reduces restrike issues somewhat, but mainly eliminates a major source of drag and plasma
loss along the surface.

The coaxial geometry has closed field lines that do not intersect an insulator wall, as is the case
for a railgun. This is definitely an important advantage for low to modest density operation, and
may also be so for high density operation.

An additional practical advantage of the coax is that the outer electrode can act as its own
vacuum vessel, thus eliminating high current, high voltage vacuum feedthroughs that are necessary
for the MiniRailgun.

Enhanced Jet Shape Control Although the MiniRailguns appear to have the edge for near-
term performance potential in terms of mass and velocity, the coax gun has a clear edge in terms
of flexibility of structuring that jet to the desired “hockey-puck” or pancake-like configuration.
Modeling performed by Cassibry [138] showed that the natural hole in the toroidal structure of a
coax jet does not appear to be as detrimental as might first be thought. In addition, the toroidal
structure will evolve in flight so that the hole is at least partially filled in by the time the plasmoids
merge, so that the toroidal jet structure actually seems to be pretty close to the desired final jet
structure. Achieving similar pancake-like structures from the MiniRailgun is problematical.

The Coax has the potential for jet nozzle controls that are inherently “built-in” to the nozzle
electrode structure, rather than added on, as is necessary for the MiniRailgun. The preferred circular
jet shape does not have to be forced by external tubes, as for the MiniRailgun, thus eliminating a
potential source of shock heating of the plasma.

Flexibility in Parameters The Coax gun is much more flexible than the railgun in terms of the
parameter space it can access. This is especially true for very high velocity operation at any density
level. A parallel-plate railgun cannot easily achieve velocities above about 100 km /s the way a coax
gun can.
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Injection Injection of the gas or plasma into the annular region of the coax gun is a bit trickier
than it is for the MiniRailgun, where a single simple injector can be used at the breech. The
MiniRailgun was, in fact, originally conceived as an even smaller device that could be used to
inject high speed plasma into a full-scale coax gun using an array of MiniRailguns mounted around
the periphery of the injection annulus. However, if the coax gun can be made small enough, then
injection becomes much less of an issue. We describe further below some straightforward adaptations
of our MiniRailgun fast gas valve which would allow injection of high-Z gases into a MiniCoax gun.

Performance A significant advantage that parallel-plate railguns have over coax (other than
simpler injection), is their larger L’. However, this can be compensated for in large part by the
ability to make much lower inductance connections to a coax geometry compared to parallel-plate.
This in turn reduces the total capacitance that would otherwise be required and also reduces the
peak operating voltage, both of which reduce cost and physical size. In addition, the current density
at the electrode surface can be significantly lower than for parallel-plate leading to lower erosion
and lower impurities.

The coax gun is more susceptible to the blow-by instability, while railguns are more susceptible
to current sheet canting. The blow-by instability is addressed by using the contoured-gap electrode
profiles as shown in Figure 123, whereas current sheet canting seems to be partially ameliorated by
very high density operation.

MiniRailgun seems to have an edge at modest velocities (50 to perhaps 80 km/s) for high
mass plasmoids, which is why MiniRailguns were chosen as the baseline configuration for the PLX
experiment, which needed 8000 pg at only 50 km/s. On the other hand, coax guns have a well
known and long history of outperforming railguns at higher velocity than this, having demonstrated
velocities even in excess of 1000 km/s, far beyond what railguns can realistically achieve. The Coax
should have a much higher performance potential in the longer run, in addition to its better and
more flexible jet shaping.

Scaling to smaller size appears to be feasible, although at the expense of larger drive currents.
As the physical size is reduced the effective J and B both increase in proportion. Since L’ scales
as log (router /Tinner ), as long as the radius ratio is maintained constant you should obtain the same
performance (at least, in principle, for the same length gun). But since we want to shorten the
gun at the same time that we reduce the cross section size, that means we will need to increase the
radius ratio, and increase the drive current somewhat. This appears feasible by proper tailoring of
the electrode profile to avoid the blow-by instability, which becomes more prevalent at larger radius
ratio. There should, in principle, be a family of solutions for a given mass/velocity combination,
although the current drive requirement will be unacceptable for many of those solutions. The
parameter space is large, so effective high physics content modeling is key to reducing the number
of hardware geometries fabricated for testing.

10.2 Coax Gun

A Coax gun will look similar to something like that shown in Figure 123. We have begun exploring
various configurations, mostly concentrating on how to do the fast gas injection into the annular
breech region, since this is the most critical engineering issue. For large, i.e. full-scale coax guns,
getting an annular gas injection system to work with low jitter is challenging, but achievable, and the
task becomes easier the smaller one can make the coax gun for a given performance. The challenge
here is going to be to operate with small size (10’s cm), extremely small inductance (10’s nH)
transmission lines, high current (sim1 MA), high mass (1000’s ug), careful injection, and carefully
tailored electrode profiles [1, 6, 7, 48].

118



“Formation of Imploding Plasma Liners
HyperV Technologies Corp. for HEDP and MIF Applications” Final Report

A

30 cm -

26 cm

_____

Figure 123 Full-scale (top), half-scale (middle), and quarter-scale (bottom) coax guns built and tested at
HyperV.
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1/4 Scale Gun

(hen Prined on A sze paper)
Figure 124 Quarter-, Third-, and Half-Scale coax guns mounted on the standard 8 inch PLX ports as an
illustration of possible layouts. The mounts shown are reentrant, which minimize hardware sticking out of
the vacuum tank and extends the muzzle closer to the center. The different sizes are simple scalings of the
full scale gun. In reality, the electrode profiles would be different for each gun size, since the profiles don’t
just scale directly.

1/2 Scale Gun
1T

1/4 Scale Gun 1/3 Scale Gun

Figure 125 A larger comparison of Quarter-, Third-, and Half-Scale coax gun sizes mounted on 8 inch
PLX ports. The mounts shown are reentrant. The mounting flange would be an integral part of the back
end of the gun and forms the vacuum seal alnong with the outer electrode. The guns could also be mounted
directly at the gun muzzle for an even simpler vacuum seal.
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10.3 The Full Scale Coax Gun

The full-scale coax gun was constructed to allow high energy testing of low molecular weight plasmas
at very high velocity (>200 km/s) and with better diagnostic access. It uses 64 small ablative
capillary plasma injectors identical to those used in the half-scale coax gun as described in detail
in [48]. This gun incorporated numerous diagnostic ports for Bdot and photodiode detectors along
the barrel to study plasma armature dynamics. However, funding was terminated before we could
do much testing with this gun.

(a) The full-scale coax gun firing at low energy. The gun is mostly hidden by the towers in
the center which hold the capacitors for driving the 64 capillary injector units. The large
vacuum chamber (3ft dia by 6 ft long) is on the right.
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(b) Layout of full-scale gun hardware

Figure 126 Full-scale coax gun firing into target vacuum tank.
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MAcCH2 simulations of the full-scale gun show that it should be capable of accelerating 500 ug
to over 200 km/s. The plot in Figure 127 shows that it could also accelerate 8000 ug of plasma to
50 km/s (with a high-Z gas injection system), providing a useful baseline design point for Coax gun
development.
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Figure 127 MacH2 simulation of full scale gun shows that it can achieve the desired 8000 pg at 50 km/s.
This provides a starting point from which to scale to smaller sizes.

The effect of nozzle shaping in the coax gun is illustrated in Figure 128, which shows electron
density profiles at 7.8 and 8.0 us for three different outer electrode profiles from MACH2 simulations.
The middle and right case illustrate how simple shaping of the outer electrode can lead to smoother
better shaped plasmoids. It is clear that we will have a very strong and flexible tool to control the
plasma topology by shaping the electrodes.
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Figure 128 Flectron density contours form MACH2 simulations of full-scale coazx gun. Density listed is
peak density inside inner red contour. Nozzle shape, along with the contoured accelerator electrode profile,
provides a key tool that is much more effective at controlling plasma jet topology than is the case for parallel-
plate railguns. Plots at the bottom show time history plots of current, bulk plasma velocity, total mass, and
VArious energies.
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10.4 Injection Approaches

Any gas armature injection system requires at least one gas valve that can be opened on a timescale
short compared to the time it takes gas to flow into the breech of the gun. For high-Z gases, this
constraint is less of a problem than for low molecular weight gases like hydrogen with much higher
sound speeds. For our guns, it is desirable to be able to open in 50-100 us. It is possible to construct
electro-magnetically driven valves on such time scales. Previous coaxial railguns have employed both
a single fast valve and arrays of fast valves to inject gas. The Ring Accelerator Experiment (RACE)
employed an annular array of fast gas valves to inject target gas [21]. The Compact Toroid Injection
Experiment (CTIX) uses a single annular gas valve [22]. The chief aspects of design to consider are:
the flow rate and uniformity of the injected gas pulse into the breech because this will affect the
armature. The volume of gas plenum not in the gun breech, because this determines the amount of
residual plasma exhausted by the gun, and the kilo-Amp-turns (kA-turns) necessary to open the gas
valve on the required time scale. Several options exist for constructing a fast gas valve for a future
HyperV coaxial railgun - 1) the present minirail gas valve can be adapted to the coaxial geometry,
2) a single-coil annular gas valve can be created, ans 3) a multi-coil annular gas valve could also be
engineered.

10.4.1 Central Gas Valve

An operational fast-gas valve, shown earlier in Fig-
ure 38, has already been created for the minirailgun.
The minirail gun gas valve can deliver 4.8 em? of
target gas at pressures up to 60 psig in 25 us. The
valve has a throat diameter of 20 mm and requires
160 kA-turns to move a 3.8 g aluminum plate. The
present experimental minirailgun gas valve shows X
consistent performance with a present mean time
to failure of ~50 shots. A gas valve of this design
could be mated with the coaxial electrodes as shown
in Figure 129. A central plenum can disperse gas
through a series of parallel perforations in the cen-
ter electrode. The chief advantages of this technique
are that it leverages an existing gas valve design and

7

=

=

S

7

AN
\
0
0
//

requires only a single gas valve per coaxial gun. Figure 129 An ezisting fast gas valve could be
mated to coaxial electrodes to inject gas from a cen-
10.4.2 Single-Coil Annular Gas Valve tral plenum. We will try this first just to get the

research started quickly.

In order to improve the annular uniformity of the

injected gas pulse, an annular gas valve can be engi-

neered into the breech of the coaxial gun. As shown

in Figure 130(a), an annular flyer plate can be driven by a single large coil that has been designed to
allow orifices, through which to inject gas into the breech of the gun. This design not only reduces
the center electrode complexity from the central gas valve design, but also reduces the volume of gas
plenum which drains into the breech of the gun after the shot. Furthermore, it provides the ability
to add a pre-ionization system to the coaxial gun. An annular array of the formation electrodes
can be placed into the breech of the gun, and used to pre-ionize the plasma before the acceleration
pulse is fired.
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B \
n
//

(a) An annular flyer plate can be driven by a single large (b) An annular flyer plate which injects gas into the
coil which injects gas into the breech of the gun through breech of the gun through an array of offices can also
an array of orifices. be driven by an array of small coils.

Figure 130 Short compact jets have been achieved with the MiniRailguns

10.4.3 Multi-Coil Annular Gas Valve

A variation on the annular gas valve illustrated in Figure 130(b) would be to use an array of small
coils to drive the flyer plate. This design retains the advantages of the single coil valve design, but
also prevents the gas valve driver coil from having to fill the entire center region of the gun with
flux. This reduces the kA-turns necessary to drive the flyer plate.

10.4.4 Multiple Small Gas Valves

We built and tested two smaller gas valves, about half the size of the earlier 1 cm version. Preliminary
testing showed a jitter of 1-2 pus in the arrival time of the pressure front in a minirailgun using a
pressure probe located up in the bore. This is very encouraging, since we typically have a 100-150
us delay before firing the gun. This was a first attempt, and we should be able to get that jitter
in the gas valve opening below 1 ps with further effort. This would be accomplished with more
exacting tolerances on the parts, and by hitting the drive coil harder. Figure 131 shows a concept
that would incorporate several of these smaller gas valves into the breech of a coax gun.
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Figure 131 Multiple small fast gas valves and miniET ignitor.
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Figure 132 Multiple small fast gas valves and miniET ignitor.
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A Ballistic Pendulum

The Ballistic Pendulum is a very simple but powerful diagnostic based on allowing complete transfer
of plasmoid momentum to a light polyethylene cup suspended by lightweight fibers. The subsequent
deflection of the cup (measured using the PIMax camera multiple exposure feature) allows us to
back out the plasmoid momentum with a small ( 20%) error introduced by ablation of material
from the surface of the cup.

Plasma jet railguns under development at HYPERV can be considered two-stage accelerators.
The first stage, or formation stage, pre-forms a plasma armature and injects it into the bore of
a linear parallel-plate or coaxial railgun. The second stage, or acceleration stage, drives a large
current through the plasma armature, accelerating the ejected plasma jet to high velocity via the
JxB Lorentz force. Plasma railguns have been proposed, or employed, as solutions for applications
in tokamak refueling, ELM pacing, and disruption mitigation [100, 101, 102]. Plasma railguns are
also being considered as rotation drivers for magnetically confined plasma [103], implosion liner
drivers for plasma-jet magneto-inertia fusion reactors [13], and fuel injectors for magnetized target
fusion generators [104]. These are in addition to their applications in laboratory astrophysics and
satellite electric propulsion. While the topologies of these plasma railguns show vast similarities,
what differs greatly are their required regions of performance. Regardless of the method used for
armature formation and rail geometry, determining the momentum of the ejected plasma armature
is critical to evaluating railgun performance and targeting rail gun design to specific applications.
Additionally, once the armature plasma velocity is known, measurements of plasma momentum can
be used to estimate the total mass ejected, also a critical performance metric.

Figure 133 Previous ballistic pendulums employed a LED mounted on the rear of the target plate (A).
Pendulum motion was resolved by determining the distance of translation of LED in pizels via with a long
exposure image (B), seen here in a top-down view. Image processing can be further complicated if the
pendulum experiences torsion.

Previous ballistic pendulum implementations at HyperV [48] used a LED on the pendulum
target plate, whose motion was acquired with a long exposure Nikon camera. When resolved with
2-3 s exposure time, displacement of the pendulum resulted in an image with a faint streak of
light denoting the apex of the pendulum arc. This design, while effective, was constrained by
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Figure 134 The pendulum consists of two assemblies, a heavy rigid support frame, and a Tigid Totating
pendulum arm with strike plate. The arm assembly base contains two rare earth permanent magnets oriented
to face a 100 turn pick-up coil mounted in the support in order to record pendulum velocity.

the battery LED system on the pendulum strike plate. The LED had to be left on continuously
and had limited battery life. The chamber would have to be cycled often to replace the battery.
Additionally, resolving the light streak from the LED motion required image processing, often by
hand, which was time consuming, not always obvious, and became harder to resolve as the intensity
of plasma emission increased, especially after the use of neutral density filters became necessary to
avoid saturating the camera CCD. This technique also required a pre-trigger of several seconds to
allow the camera shutter time to open. Chip based accelerometers exist which could be used to
resolve pendulum motion [139]. However, the chip has to be affixed to the moving pendulum arm in
a low mass manner, and sufficient thermal management has to be provided for the chip, as well as
electrical isolation from inbound plasma. Accelerometer IC’s also require multiple in-vacuum signal
lines, adding more complexity. Laser shadow-graphs have also been used for pendulum motion
detection [140], but the laser usually needs to be placed outside of the vacuum chamber for cooling.

An alternative approach is to use a magnet and pickup coil to determine the velocity of the
pendulum arm [141]. A magnetically sensed pendulum design records recoil motion without com-
plicated trigger setups or cameras, thus allowing straightforward measurements of momentum. The
pendulum then consists of a single unit that limits the exposure of electronics to plasma so that
unambiguous, clearly resolved signals are generated. This expedites post-processing of the data,
and facilitates automation of processing.

Pendulum Design

The pendulum design, shown in Figure 134, consists of two assemblies, a heavy rigid support frame,
and a rigid rotating pendulum arm with strike plate. The support frame is of post and lintel
construction with a stainless tube for the hinge axle. The pendulum arm is supported by this axle.
The pendulum arm assembly consists of a larger stainless tube at the top creating the hinge, two
plastic leg struts each of length L, and a plastic base plate containing two rare earth permanent
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Figure 135 When the return swing is large enough to send both magnets past the detector, a minimum
and mazimum induced current are generated at t1 and to which can be used to calculate the velocity of the
pendulum.

magnets® oriented to face outward in opposite polarities.

Signals generated by the motion of the pendulum arm magnets are then recorded by a 100
turn pick-up coil mounted on the support frame. The collision of the plasma “projectile” with the
target plate imparts momentum. The pendulum swings backwards and upward with the velocity of
the pendulum arm read out by the pickup coil on the return swing. The motion of the pendulum
produces a characteristic pair of up/down signals whose order changes based on the direction of
motion. The time separation between signal pairs provides the period of the pendulum. The time
between the signals comprising the pairs is then used to determine the velocity of the pendulum
from which the momentum imparted to the pendulum can be calculated from angular momentum.

Consider a plasma “projectile” of mass m,, and velocity v, traveling along a path at a height r,
which strikes a pendulum with a target plate centered at 7, and a magnet array separation d affixed
at a radius L from the hinge. The inertial moment of the pendulum can be calculated from its
components: the sum of the moments of the tube at the hinge, the long rectangular bars radiating
from the hinge to the sensor and target plates, and finally the sensor and target plates themselves.
For an inelastic collision where the final momentum of the plasma is negligible, conservation of
momentum states:

Y%
VIZ+2/4

where X1; = 2005 + Ipiate + Ipase is the sum of the moments of the components of the pendulum
arm. The momentum of the plasma can then be calculated,

rpmyv, = O51; = D (19)

v

Mty = — eI,
PPy &jar,

where v is the velocity of the end of the pendulum arm. Since the magnets on the pendulum base
are separated by a known distance d, v can be calculated. When the return swing is large enough
to send both magnets past the detector, a minimum and maximum induced current are generated
at t1 and t9 as shown in Figure 135:

(20)

d
to — 11

v =

(21)

2Ultra-High-Pull (2.3 Ib) Nickel plated Neodymium Ring Magnet
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From this an effective pendulum mass can be calculated for the radius at which the velocity mea-
surement is acquired:

B X
el = Tr @24
This also implies that the minimum resolvable momentum is that which lifts the first magnet across
the detector head, namely
_ g

Pmin = 4/74112 T 2 Meff
where g is the gravitational acceleration constant. Similarly, the maximum resolvable momentum
occurs when the pendulum is lifted to a height equal to half the length of the moment arm, namely

(22)

(23)

Pmax = \/L>g Meff- (24>
Larger motions of the arm may be discernible, but excessive motion of the pendulum arm increases
the possibility of shifting the position of the base, which would likely invalidate the measurement.

The pendulum designed as shown in Figure 134 has an effective mass of ~0.6 kg and a period
of ~1.2 s. A rigid object of mass 5 mg traveling at a velocity of 50 km/s is expected to produce a
pendulum velocity of 0.51 m/s. At this velocity, a 100-turn pickup coil of inner diameter 4.8 mm
produces signals of several millivolts. While these signals are small, EMF produced from firing
a plasma railgun only lasts at most hundreds of microseconds, compared to the pendulum return
swing requiring hundreds of milliseconds to occur. Because the pendulum motion is now acquired
as a scope trace instead of as a camera image, bulk computer processing of pendulum data is greatly
simplified. By making the striker plate interchangeable, a clean plate of the appropriate mass can
be installed to measure the required momentum range of an experiment.

While the resistance of the hinge joint is low, the frictional losses in the pendulum are evident
by the amount of time necessary to bring the pendulum to rest after perturbation. The hinge joint
of the pendulum is composed of a stainless steel tube turning on a stainless steel shaft so as to
minimize the coeflicient of friction. Since the measurement of velocity is not recorded until the
return swing of the pendulum, the amount of energy lost can be quantified by examining the Q
factor of the pendulum. Since Q is the ratio of stored energy to energy lost per cycle, (or about
twice the energy lost per half cycle), the initial velocity at impact, vy, can be given by the measured
pendulum velocity v by :

mUZ'2

(1/277”“./1'2 — 1/2mv7;+12)

U1

s
vi—a

This implies a correction factor of 1.021 to the measured velocity for a pendulum of Q=77.0. The
pendulum with a period of 1.175 s experiences about -35 dB reduction in motion in ~107 s, so as
long as the time between shots is reasonably greater, the pendulum is assured to come to rest before
the next shot.

An additional correction factor can be applied to pendulum arm velocity as the v measured is
the average velocity over the transit time past the detector and not the instantaneous velocity when
6 = 0. Consider the frictionless pendulum where position is give by 6(t) = 0y cosot. The average
angular velocity (6) is

Q=2mg (25)

Vo = (26>

. O(ta) — 0(t1) to . tatty . ta—1
(0) PR Pa— sino———sino—— (27)
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(A) Experimental Setup

Gas Valve Bank Photodiodes

4 camera
Mirror dl Fast Camera

Figure 136 (4) A 2.5 cm square-bore, linear plasma railgun was fired at a ballistic pendulum of L=40.6 cm
and Meyy=0.58 kg mounted on center at Z=104 cm or about 55 cm from the end of the nozzle. A ~ 20 cm
diameter white Delrin plastic strike plate was used. A pair of photodiodes normal to the path of travel were
used to measure plasma velocity. (B) The Ballistic Pendulum is shown mounted in the chamber with the end
cap removed.

where t; and 9 are the time of arrival at the two equidistant positions on either side of the § =0
position. This implies that the maximum angular velocity w occurs at the average of the two times.

t t
w = fyo sin o th (28)

This allows the ratio of the average to the instantaneous angular velocities to be expressed as a
function of the At = to — t1 recorded by the pendulum.

w oAt

@ ~ 2sin oot/2 (29)

For a pendulum with period T' = 27 /o of 1.175 s, measuring an impulse resulting in a At of 0.099 s,
w/(#) is about 1.01 or 1% correction factor.

Linear Plasma Railgun Results

A ballistic pendulum with L=40.6 cm and M, ;;=0.58 kg was constructed and used to measure the
momentum produced by a 2.5 cm square-bore linear plasma railgun [105]. As shown in Figure 136,
a plasma railgun was mounted with breech at Z = 0 cm. The pendulum was mounted on center at
Z = 104 cm, or about 55 cm from the end of the railgun nozzle. A ~ 20 cm diameter white Delrin
plastic pendulum strike plate was used. A pair of neutral density filtered photodiodes separated by
AZ = 18.4 cm were placed at normal chords along the axis of travel in order to measure the velocity
of the ejected plasma. It was necessary to place black-wrap or mat black painted aluminum foil on
the floor and wall of the chamber to eliminate chamber wall reflections of plasma emission. The
rail gun pulsed gas valve was fed at 37 psig argon and employed a 1.6 kJ capillary pre-ionizer. The
railgun PFN consisted of 141 pF charged to voltages of 24-25 kV. Driver currents for the railgun
shot displayed are shown in Figure 137. This yielded a pendulum output as shown in Figure 135. As
seen, the transit time of the pendulum magnets is measured to be 177.6 ms. Knowing the effective
mass of the pendulum, this allows the momentum imparted to the pendulum to be calculated at
~0.25 kg-m/s.
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Figure 137 Railgun driver current pulses are shown for the gas valve, pre-ionizer, and PFN of the railgun
under test. A peak current of 419 kA was used to drive the PFN.

Figure 138 Short and long exposure images of a collimated argon plasma armature emerging from the rail
gun traversing toward the pendulum target. PIMax ICCD (A) and Nikon (B). Expansion angle estimated
from imaging is ~ 20°.
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Figure 139 Two collimated photodiodes were mounted normal to the transit of the plasma slug. By com-
paring the time of arrival of the centroid of plasma emission greater then a given threshold, the velocity of
the plasma slug can be estimated. A time delay of 3.8 us implies a plasma velocity of 49.4 km/s.

The principle obstacles in interpreting pendulum measurements are in the dynamics of the
plasma-target interaction. First, we must estimate the amount of plasma intercepted by the target
plate. Next, plasma velocity must be determined so that plasma mass can be estimated. Finally,
we must consider what kind of momentum contribution a reflected argon pulse or target sputtering
would produce in order to verify that the argon armature is the principle source of momentum.

First, in order to impart momentum to the pendulum, the target plate should cover the cross-
section of the expanding plasma slug. A 20 cm diameter white Delrin strike plate is expected to be
of sufficient size to completely intercept plasma emerging from a 5 cm nozzle with ratios of vy /v,
of at least 7.333. Below this threshold, the pendulum will underestimate momentum, as plasma
will have expanded to a larger radius than the target plate. As shown in Figure 138, accelerated
plasmas emerged collimated by the railgun nozzle at an angle of ~ 10-20°. This implies the exhaust
plume diameter expands to as much as 25-44 cm when it reaches the pendulum plate.

Plasma mass can be estimated from momentum, if the plasma velocity is known. Collimated
photodiode traces of ejected plasma emission are shown in Figure 139. While photodiodes measure
plasma emission, which is related to, but not completely determined by, plasma density, measure-
ments of line integrated plasma density from interferometry have tended to exhibit profiles similar
to photodiode signals on previous experiments with these railguns [71]. Thus, plasma emission is a
reasonable indicator of argon plasma line integrated density, and estimates of plasma velocity can
be determined from two photodiode signals separated by a distance d by comparing the time of
arrival of the thresholded centroid, where time of arrival is determined by the centroid of the signal
f(t) exceeding a threshold of k % of maximum.

gi(t) = fi(t) - (fi(t) > k- max(fi(t))) (30)
. [ tgi(t)dt
' J 9i(t) 3
S (32)
CcC1 — (¢
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Table 4 Mass measurements for plasma velocities calculated using threshold values.

Threshold Vi my

% (km/s) (mg)
0 311 0.8
50 159 1.6
66 130 1.9
75 103 24
90 49 50
100 54 4.6

Plasma masses for various threshold levels are shown in Table 4, as well as the ratio of the
considered integral to the discarded integral of each metric. A threshold of 90% of peak emission
measures plasma velocity to be 49.4 km/s and plasma mass to be 5.0 mg for this shot.

Finally, there are two mechanisms which could cause the pendulum to over-estimate the mo-
mentum in the ejected plasma slug, a reflected plasma pulse, and sputtering from the target plate.
It is possible to observe backward traveling signals with the photodiodes measuring velocity. We
added 10 nm band pass filters at A = 470 nm to the photodiode in order to further isolate the
contributions from argon emission versus any impurities produced by ablation of bore materials.
When operated at full power, however, filtered photodiodes produced measurements of negative
velocity. This implies that emission in the bandpass region is as great as, or increased after the
collision with the pendulum plate. Negative velocities were determined to be about —18.4 km/s.
These signals are likely the thermal expansion of the plasma armature after being heated by the
collision with the target plate. A velocity of 18.4 km/s would imply a temperature of 47 eV. If a
reflected plasma was traveling backward at this velocity, it would have to contain a mass of 0.13 mg
to effect 1% changes in pendulum momentum readings.

Sputtering of the target plate material would also inflate pendulum momentum measurements.
A per particle energy of 517 eV is expected to be the sputtering threshold of Delrin. Coupling of
energy is reduced because the plasma slug is normally incident to the target plate [139]. A target
mass of 2.6 g was ablated over ~89 shots, or ~29.2 mg per shot. This implies that sputtered particles
would have to be ejected at a velocity of only 84.2 m/s to effect 1% changes in pendulum momentum
readings, but a velocity of 8420 m/s is necessary to account for the entire momentum measurement.
Similarly, laser ablation of Delrin [142, 143, 144] has produced rocketing with energy depositions on
the order of 30 MW /cm?, considerably more than the 0.69 MW /cm? produced by a 5 mg plasma
traveling at 49.4 km/s and colliding over ~28 us. However, the highest velocity of ablated material
in those experiments was determined to be ~2 km/s. This implies 1.2 mg of sputtered material
would have to be ejected at this velocity to effect 1% changes in pendulum momentum readings, but
123 mg would have to be ejected at 2 km/s to account for all momentum measured. This implies it
would be advantageous to move to a target plate material which reduces sputtering.

Conclusions

A ballistic pendulum is a useful tool for measuring the momentum and mass of plasma armatures
ejected by plasma railguns. Because pendulum motions are so slow compared to plasma motion,
signals are recorded hundreds of milliseconds after the plasma discharge for very high noise immunity.
By using a two magnet, inductive pendulum velocity measurement system, unambiguous momentum
measurements could be cleanly recorded and processed automatically. Despite the strength of this
technique, however, these ballistic pendulums could still be further improved. An optical position
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sensing technique could allow for continuous position or velocity measurements by counting hashes.
Also, moving to materials such as graphite or alumina would further reduce errors from target plate
material ejection though sputtering.
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