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Abstract

Dense plasma focus (DPF) Z-pinch devices are sources of copious high energy electrons and ions, x-rays,
and neutrons. Megajoule-scale DPFs can generate 10™ neutrons per pulse in deuterium gas through a
combination of thermonuclear and beam-target fusion. However, the details of the neutron production
are not fully understood and past optimization efforts of these devices have been largely empirical.
Previously we reported on the first fully kinetic simulations of a kilojoule-scale DPF and demonstrated
that both kinetic ions and kinetic electrons are needed to reproduce experimentally observed features,
such as charged-particle beam formation and anomalous resistivity. Here we present the first fully
kinetic simulation of a Megaloule DPF, with predicted ion and neutron spectra, neutron anisotropy,
neutron spot size, and time history of neutron production. The total yield predicted by the simulation is
in agreement with measured values, validating the kinetic model in a second energy regime.

Introduction

We describe here the first fully kinetic simulation of a Megaloule-scale dense plasma focus (DPF) [1-4].
This simulation is appreciably more computationally intensive than kinetic modeling of kilojoule-scale
devices[5, 6], due to the greater spatial scales involved and the smaller time-step needed to resolve the
higher electron cyclotron frequencies associated with the higher plasma current. The neutron yield
predicted by this simulation is consistent with measured neutron yields, now validating this kinetic
model in a second energy/current regime.

A DPF consists of two coaxially located electrodes with a high-voltage source at one end (Figure 1). In
the presence of a low-pressure gas, the high-voltage source induces a surface flashover and the
formation of a current-conducting plasma sheath across an insulator at the upstream end of the DPF.
During the “run-down” phase, the current sheath is accelerated down the length of the electrodes by
magnetic pressure, ionizing and sweeping up neutral gas as it accelerates. When the plasma sheath
reaches the end of the inner electrode, a portion is pushed radially inward during the “run-in” phase.
When the leading-edge of the current sheath reaches the axis, it “pinches” the plasma to create a hot,
dense region that emits high-energy electron and ion beams, x-rays, and (in the presence of D or D-T)
neutrons [4].



In addition to fluid modeling, previous work has included a non-self-consistent test particle approach to
access kinetic effects [7-11], kinetic simulations of a Z-pinch with scaled ion-electron mass ratio [12], and
kinetic simulations of a conventional gas-puff Z-pinch [13]. We previously reported on the first fully
kinetic model of a kJ-scale DPF Z-pinch device, including electrode boundaries, and demonstrated self-
consistent production of high-energy charged particles and neutron production [5] as well as a detailed
benchmark of the model with experiments [6].

Simulation and Experimental Set Up

The simulation set-up is briefly summarized here: calculations were performed in the particle-in-cell
(PIC) code large scale plasmas (LsP) [14]. The time step was dynamically varied from 2.5 x 10* ns to 8 x
107 ns to resolve the electron cyclotron frequency. The system of Maxwell’s equations on the numerical
grid is solved implicitly via a matrix inversion using the PETSc linear algebra libraries [15]. The LSP
algorithm, due to its energy-conserving direct implicit PIC algorithm [14], does not require spatial
resolution of the Debye length to avoid numerical grid heating or temporal resolution of the plasma
frequency. The calculation is initialized with density profiles, temperature profiles, and velocity profiles
extracted from a 2D fluid simulation carried out using ALEGRA [16]. The fluid simulation begins with the
plasma sheath at the insulator and has already begun the sheath run-in phase at 6.6 ys, when the
plasma profiles are transferred to the Lsp simulation. Densities at z<9.5 cm were set to 0 to reduce the
total number of particles in the simulation. The kinetic simulation was then run for 11 ns prior to
formation of the pinch and for an additional 15 ns of the pinch phase. The neutral gas density in front of
the sheath corresponds to 3.6 torr D, at room temperature.

The kinetic simulation is two dimensional in cylindrical coordinates (r,z). The finest spatial resolution is in
the pinch area, where cells are 100 um in r and 200 um in z. The simulated electrode geometry shown in
Figure 2 corresponds to an experimental geometry used on the existing Gemini DPF in North Las Vegas.
The cathodes (outer electrodes) are represented by a conducting boundary at r = 10 cm. In the
experiment, the cathode is actually a set of 24 rectangular rods arranged in a circular pattern with gaps
in between where gas can escape. The experimental anode is 57 cm long, but we model only the last
12.5 cm of it to reduce simulation run time (Figure 2).

The voltage drive is modeled with a prescribed incoming voltage wave traveling the length of the anode,
with a reflected wave traveling back. The voltage is ramped up during the first 10 ns of the simulation,
and then kept constant for the remainder of the simulation, resulting in a steady-state current of 1.94
MA before the pinch formation.

Simulation Results and Comparison with Experiment

The simulation was run for 26 ns, at which time it had not completely stopped producing neutrons
(Figure 3). The simulation was stopped due to computing resource limitations and the remaining yield
extrapolated from the simulated yield curve. Extrapolated estimates of the yield are 1.5-2x10", which is
consistent with experimentally measured yields. Figure 4 shows simulated and measured yield as a



function of current for the Gemini DPF. The measured data is taken from Be activation foil
measurements from a recent experimental campaign, with current measured via Rogowski coil.

Figure 5 shows the simulated energy spectrum for D* ions in 0-to-10-degree forward-directed cone 5 ns
after the start of pinch. The bulk of these ions have energies below 100 eV, with a high-energy tail
extending to 1 MeV. Preliminary measurements of ion beam energies on the Gemini DPF using a
Faraday cup time of flight (TOF) measurement have observed deuterons with energies up to 310 keV.
Higher energy ions may exist but are below the signal-to-noise level of this diagnostic. lon beams have
been observed on a variety of DPFs with energies up to 8 MeV [17, 18], with higher energy ions
registering 1-3 orders-of-magnitude weaker signals relative to the ~300 keV ions.

The simulated angular and energy distribution of the neutrons produced by the DPF is shown in Figure 6.
As expected, the neutron energies are on average > 2.45 MeV, with the highest average energies
occurring for neutrons traveling along the axis in the forward direction. Table 1 summarizes the
simulated average neutron energies for various angles.

Angle from Average neutron
axis (degrees) energy (MeV)
0to 20 3.09

20to 40 3.06

40 to 60 2.90

60 to 80 2.74

80 to 110 2.57

Table 1: Simulated average neutron energy as a function of angle from axis

Figure 7 shows the simulated energy distribution of all neutrons inside and outside the r=2.5 mm
boundary. Inside r=2.5 mm, the neutron production appears dominated by beam-target fusion,
producing a wide spread in energies around a central peak at 2.45 MeV. Outside this region, neutrons
are predominantly produced at 2.45 MeV with a ~11 keV width, characteristic of thermonuclear fusion
or low-energy beam-target fusion.

Neutron emission as a function of distance from the axis is shown in Figure 8. The full-width half-max
spot size predicted from the simulations is 1.7 mm. The neutron spot size on Gemini has not been
measured, but visible camera images indicate a bright spot ~3 mm in diameter during the pinch.

The frequency content of simulated electromagnetic fields during the pinch is shown in Figure 9. A
synthetic E, probe was placed in the simulated plasma, 0.5 cm from the axis. The E, field exhibits
broadband fluctuations after the plasma starts pinching at 16 ns, increasing in magnitude and
spectral content as the pinch lengthens. The maximum local magnetic fields are up to 400 T during
the pinch, corresponding to a lower hybrid (LH) frequency of 180 GHz. The highest amplitude
oscillations are all observed below 180 GHz, though oscillations of >180 GHz are observed on the
probe at <10% of peak amplitude. Regions of plasma that could plausibly emit GHz radiation near
this probe (where there is both a significant density and a sizable magnetic field)

have magnetic fields ranging from ~10-400 T, corresponding to a lower hybrid frequency range of



4.5 GHz-180 GHz. With highly non-uniform and temporally evolving magnetic fields in the
simulation, the broadband oscillations observed are consistent with oscillations in the LH range of
frequencies. By contrast, the range of ion cyclotron frequencies for these conditions span 0.07 to 3
GHz, while the electron cyclotron range from 0.29 to 11 THz. The spectrogram exhibits an upwards
frequency chirp from 2 GHz to 10 GHz, at 19 ns to 21.5 ns, roughly corresponding to the time of
maximum neutron production.

Figure 10 shows the ion density and E, fields in the plasma at three different times, one just prior to the
pinch, and two during the pinch. As the plasma implodes, Raleigh-Taylor-like fingers of plasma density
form on the trailing edge of the plasma sheath. When the sheath is at maximum compression, it exhibits
necking such that the smallest pinch diameter is 1 mm, while the areas with trailing mass are still as
thick as 7 cm in diameter. The densest parts of the pinch are compressed up to 500 times relative to the
original fill density. The E, field forms in small pockets, mainly in the gaps between the density fingers.
The E, fields are dominantly positive, with some small areas of negative E, as well, consistent with past
DPF kinetic simulations.

Although the largest voltage drops are in low density regions at a radius of 5 mm or greater, the vast
majority of the ion beam acceleration takes place in the vicinity of the high density pinch region, where
there are more ions to accelerate. Here ions within 2 mm of the axis can experience a maximum
integrated E, field of 1-3 MV depending on their radius. The maximum particle energy that we observe
in the simulations is 3 MeV.

In previous work we demonstrated that these kinetic simulations exhibit anomalously high plasma
resistivity during the pinch [6]. In the Megaloule-scale simulation, the plasma resistance rises to
approximately 0.7 Q at peak neutron production. This resistance (R) was obtained using the voltage
between electrodes at the boundary (V), and the time-dependent current (I) and inductance (L).
Resistance was solved for assuming

V = IR + d(LI)/dt.

Using a pinch length of 1 cm and a pinch radius of 2.5 mm, a plasma resistance of 0.7 Q corresponds to a
plasma resistivity of 140 mQ-cm. A classical resistivity calculation based on local density and
temperature would predict a resistivity of only 10 pQ-cm in the pinch region, more than 1000x less than
the observed kinetic resistivity. The anomalous plasma resistivity and fluctuations near the lower hybrid
frequency in the Megaloule-scale simulation are consistent with the classic explanation for beam
formation in a pinch plasma: anomalous resistivity due to lower hybrid drift instability [19].

Summary

The simulation effort described here constitutes the first fully kinetic particle-in-cell simulation of a MJ-
sized DPF, predicting neutron yields, D+ energy distribution, and angular/energy dependence of neutron
production in a way that is not possible with standard fluid codes. The PIC simulation includes kinetic
effects, such as ion beam formation, kinetic instabilities, and beam-target fusion. This model requires
significantly increased computation time relative to the kl-scale DPFs modeled previously due to



increased spatial scale and smaller time step needed to resolve the cyclotron frequency. Extrapolated
neutron yields are in agreement with experimentally measured neutron yields for this DPF. Simulated
neutron spectra from inside and outside the pinch region imply that thermonuclear or low-energy-
beam-target fusion is occurring outside the pinch region and mainly beam-target fusion is occurring
inside the pinch region. Anomalously high plasma resistivity, more than 1000 times classically predicted
values, is observed in this simulation. The validity of the kinetic model in this new regime has important
implications for optimization of these devices, which historically has been done through empirical trial-
and-error due to the lack of a predictive tool.
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Figure 1: (Color online) Schematic of a dense plasma focus Z-pinch, including flashover, run-down, run-
in, and pinch. The plasma sheath is shown in red.
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: (Color online) Initial plasma density for kinetic simulation, as provided by a fluid simulation in

Figure 2
. Densities at z<9.5 cm were set to 0 to reduce the total number of particles in the simulation. In
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front of the sheath is neutral deuterium gas. The region behind the sheath is vacuum.
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Figure 3: (Color online) (a) Neutron production as a function of time and (b) cumulative neutrons born in
the simulation. Although neutron production is falling off by the time the simulation is terminated, it has
not stopped completely. We use extrapolation to estimate the total predicted yield.
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Figure 4: (Color online) Yield as a function of maximum current for the Gemini DPF, both measured
experimentally and simulated. The simulation used a gas fill pressure of 3.6 torr D, and is closest in yield
to the 3.6 torr, 2 MA shot.
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Figure 5: (Color online) lon energy spectrum predicted by the simulation for the 0-to-10 degree velocity
cone, taken from 5 ns after the start of the pinch. Above 1 MeV, the particle statistics become noisy,
though we observe particles in the simulation of energies up to 3 MeV.
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Figure 6: (Color online) Neutron production as a function of energy and angle.
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Figure 7: (Color online) Neutron energy spread inside (red) and outside (black) the pinch region. Outside
the pinch region the neutron energy is sharply peaked at 2.45 MeV, with ~11 keV width, indicating that

thermonuclear fusion or low-energy-beam-target fusion is occurring there. Inside the pinch, the energy

is peaked at 2.45 MeV, but spread over a wide range of energies, mostly from 1.8 to 5.5 MeV, indicating
that beam-target fusion is dominant there.
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Figure 8: (Color online) Neutron emission per cross-sectional area as a function of radius.
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Figure 9: (Color online) Spectrogram of E, oscillations in a simulated probe 0.5 cm in front of anode.
Broadband activity begins around 15 ns and ends around 23 ns. It appears that an upwards frequency
chirp is occurring from about 2 GHz to 10 GHz during 19 ns to 21.5 ns, roughly the time of maximum
neutron production. Above 180 GHz, the magnitude of oscillations falls to under 10% of the maximum
observed magnitude.
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Figure 10: lon Density and electric field in the z-direction (E,) at 3 different times in the simulation: 14 ns
(2 ns pre-pinch), 18 ns, and 21 ns. The ion density in the pinch is up to 1000 times that of the fill gas. The
most dominant electric fields form in the gaps between trailing mass where there are very few particles
to accelerate. Small electric field structures, on the order of 250 um, form inside the pinch with fields as



high as 10 MV/mm. Negative E, structures exist with the same magnitude. Integrated over the whole
pinch length, E, fields are 1-3 MV within 2 mm of the axis, depending on the radial location. The white
section on the far left of each figure is the metal anode region.
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