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Dense plasma focus Z-pinch devices are sources of copious high energy electrons and ions, x rays, and

neutrons. The mechanisms through which these physically simple devices generate such high-energy

beams in a relatively short distance are not fully understood. We now have, for the first time, demonstrated

a capability to model these plasmas fully kinetically, allowing us to simulate the pinch process at the

particle scale. We present here the results of the initial kinetic simulations, which reproduce experimental

neutron yields (� 107) and high-energy (MeV) beams for the first time. We compare our fluid, hybrid

(kinetic ions and fluid electrons), and fully kinetic simulations. Fluid simulations predict no neutrons and

do not allow for nonthermal ions, while hybrid simulations underpredict neutron yield by �100x and

exhibit an ion tail that does not exceed 200 keV. Only fully kinetic simulations predict MeV-energy ions

and experimental neutron yields. A frequency analysis in a fully kinetic simulation shows plasma

fluctuations near the lower hybrid frequency, possibly implicating lower hybrid drift instability as a

contributor to anomalous resistivity in the plasma.
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Introduction.—We describe here a new simulation capa-
bility: fully kinetic modeling of dense plasma focus (DPF)
Z-pinch devices [1–4], including electrodes. This new
model reproduces for the first time the neutron yields
(� 107) and high-energy (MeV) beams observed experi-
mentally in DPF devices. It exhibits plasma fluctuations
near the lower hybrid frequency, consistent with the exis-
tence of the lower hybrid drift instability [5], long specu-
lated to be a driver of anomalous resistivity [6] that creates
such high gradients and produces energetic beams. It is the
first self-consistent model of a DPF pinch that can be used
hereafter as an exploratory tool to better understand the
inner workings of one of the simplest and oldest plasma
configurations.

A DPF Z pinch is a device consisting of two coaxially
located electrodes with a high-voltage source at one end,
typically a capacitor bank. In the presence of a low-
pressure gas, the high-voltage source induces a plasma
sheath formation at one end of the DPF. During the ‘‘run-
down’’ phase, the plasma sheath is pushed down the length
of the inner electrode through the J� B force, ionizing
and sweeping up neutral gas as it accelerates. After the
plasma sheath reaches the end of the inner electrode, it
begins to collapse radially inward during the ‘‘run-in’’
phase. In the final ‘‘pinch’’ phase, the plasma implodes
on axis, creating a high-density region that typically emits
high-energy electron and ion beams, x rays, and (in the
presence of D or D-T) neutrons (Fig. 1) [4].

Ion beams have been observed on a variety of DPFs
[7–10] with energies up to 8 MeV in a cm-scale pinch
region, implying gradients of order GV=m [8]. Several
plausible mechanisms, both resistive and inductive, have
been proposed to explain the increase in plasma impedance

that gives rise to these high gradients. However, previous
experimental measurements and simulations have not
definitively identified which of these mechanisms exist in
DPF devices.
DPFs and other Z-pinch experiments have been modeled

extensively using fluid codes [11–14]. Fluid simulations
have been successful to some degree in predicting neutron
yield on larger devices, where presumably thermonuclear
fusion plays a sizeable role. However, on smaller devices
where beam-target fusion dominates, fluid codes have not
reproduced experimental neutron yields [11,13,15,16].
Previous work has also included a non-self-consistent

test particle approach to look at kinetic effects [17–21],
kinetic simulations of a Z-pinch device with scaled ion-
electron mass [22], and kinetic simulations of a conven-
tional gas-puff Z-pinch device [15,16]. In order to see
kinetic effects in the final pinch phase of a DPF, such as
beam formation and beam-target fusion, a self-consistent,
fully kinetic approach is needed. The fully kinetic simula-
tions shown here, which include the electrodes as well as

FIG. 1 (color online). Schematic of a dense plasma focus
Z-pinch device, including flashover (a), run down (b and c),
run in (d), pinch (e), and beam output (f).

PRL 109, 205003 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

16 NOVEMBER 2012

0031-9007=12=109(20)=205003(4) 205003-1 � 2012 American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.109.205003


the run-in phase, represent a significant improvement over
the present day state of the art.

Simulation setup.—The fluid, hybrid, and fully kinetic
calculations shown here were all performed in the particle-
in-cell (PIC) code large scale plasmas (Lsp) [23]. Lsp
uses an implicit algorithm to simultaneously calculate
particle movements and electromagnetic fields, allowing
for relatively long time steps and under-resolution of the
plasma Debye length. The implicit algorithm is stable for
!p�t � 1, provided that !c�t < 0:5, where !p and !c

are the electron plasma and cyclotron frequencies and�t is
the simulation time step. Thus, the time step in the simu-
lation, initially 2:5� 10�4 ns, was decreased as the mag-
netic field increased, ending at 8:5� 10�6 ns for the
kinetic calculation.

The simulated electrode geometry is nominally matched
to the existing DPF at Lawrence Livermore National
Laboratory (LLNL), and dimensions are roughly within a
factor of 2–4 of the majority of experimental DPFs built in
the past 50 years [1]. A 5-cm-long anode (inner electrode)
is represented by a conductive hollow tube with outer and
inner radii of 1 and 0.5 cm, respectively. The cathode is
represented by a conducting boundary at r ¼ 1:5 cm.

The simulations are two dimensional (r, z) in cylindrical
coordinates. The 151-by-322 grid in r and z, respectively,
is overlaid on a 1.5 cm radius, 10 cm long cylinder.

The calculation is initialized at the end of the run-down
phase (Fig. 2), with a 1-mm-width plasma sheath of uni-
form density. Initially, the sheath is traveling at a speed of

ðB2=2�0�0Þ1=2, where B is the magnetic field behind the
sheath and �0 is the neutral mass density in front of the
sheath. This is the speed required to equalize the pressure
on either side of the sheath. The neutral gas in the simu-
lation begins with an atomic deuterium number density of
6:7� 1016 cm�3, corresponding to 1 torr of molecular
deuterium at STP. The region behind the sheath is initially
vacuum, because gas in that region would have been ion-
ized and swept up during the run-down phase. The sheath is
given an initial number density of 3:3� 1017 cm�3,
assuming a 10% sweep efficiency of the neutral gas. In
experiments with circular arrays of cathode rods instead of
a solid cathode, some of the gas escapes between the rods.

The drive is modeled with a prescribed incoming voltage
wave traveling the length of the anode, with a reflected

wave traveling back. At the beginning of the calculation,
the incoming voltage wave is ramped up during the first
10 ns (before the run in), and then kept constant for the
remainder of the simulation. The voltage drop across the
electrodes is the difference between the incoming and
reflected voltage waves, and is �4 kV initially, when the
plasma is very conductive. This results in a steady-state
current (before the pinch) of 180 kA, consistent with the
LLNL experiment.
Simulation results.—The ion number density at several

time slices in the fully kinetic simulation is shown in Fig. 3,
exhibiting the run-in and pinch phases of the DPF.
Analogous two-fluid and hybrid (inertial fluid electrons,
kinetic ions) simulations exhibit similar plasma sheath
shape.
As the plasma runs in toward the axis, the impedance of

the plasma increases, due to both resistive and inductive
effects. This causes the current to dip and the voltage
measured across the two electrodes to increase. The current,
voltage, and plasma impedance are shown in Fig. 4 for the
fluid, hybrid, and fully kinetic simulations. In the fully
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FIG. 2 (color online). Initial conditions for simulations.
Plasma sheath (red) of both ions and electrons is centered at
z ¼ 4:5. The region behind the sheath is vacuum. In front of the
sheath is neutral deuterium gas.

FIG. 3 (color online). Evolution ofDþ number density during
the run-in and pinch phases. The final frame shows the pinch,
when the plasma reaches r ¼ 0 and implodes.
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kinetic calculation, the current dips 15 kA, or 8%, during the
pinch. This is consistent with current dips observed in the
LLNLDPF experiment,which vary shot to shot, but that can
be up to 40 kA when operating near 1 torr. The plasma
impedance predicted in the fully kinetic case (20 m� at the
beginning and 1 � during the pinch) is in line with mea-
surements from DPFs in this energy class [1].

The z component of the electric field predicted by the
fully kinetic simulation has quite a complex structure
(Fig. 5). The Ez field is positive in some locations and
negative in others, with the positive regions dominating
and often higher in magnitude. This is consistent with the
notion that a traditional DPF emits energetic ion beams in
the forward direction and energetic electron beams in the
reverse direction (when the anode is the inner electrode).
Some experiments have reported a weak ion beam in the
reverse direction as well [24]. This is consistent with the

‘‘pockets’’ of negative Ez fields predicted by the model.
The fully kinetic model predicts ion and electron beams in
both z directions, albeit with the much stronger beams in
the forward direction.
Figure 6 shows the ion energy distribution inside the

z ¼ 4 to 6 cm region for the hybrid and fully kinetic
simulations. The fully kinetic simulation predicts multiple
MeV ions. While the energy distribution function inside
the plasma cannot be directly compared with a beam
energy measurement outside the plasma, the ion energies
observed in the fully kinetic simulation are reasonably
consistent with the experimentally measured ion beams.
Ions of energies up to 8 MeV have been measured on kJ-
class DPFs [8]. We have measured beams with energy in
excess of 400 keVon the LLNLDPF, though higher-energy
ions may exist below the noise limit of the beam diagnos-
tic. No previous self-consistent DPF pinch simulation has
predicted MeV-range ions. For the bulk plasma tempera-
ture, the kinetic simulation predicts �12 keV ions and
�3 keV electrons in the hottest part of the pinch region.
The hybrid calculation, which exhibits a lower plasma

impedance than the kinetic calculation (Fig. 4), does
not predict ions of energies greater than �200 keV.
Presumably, this is because primarily inductive effects
are driving the ion tail in the hybrid case, while both
resistive and inductive effects create the ion tail in the fully
kinetic case. Thus, fluid codes are not simply lacking in
their ability to produce ion beams, as one might assume,
but also in their ability to account for the kinetic effects that
are postulated to be responsible for anomalous resistivity in
pinch plasmas [6].
We recorded the local Ez field in the simulations at

r ¼ 0:05 cm, z ¼ 5 cm every two time steps to look for
high-frequency fluctuations that might indicate the pres-
ence of lower hybrid drift instability. The frequency
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FIG. 4 (color online). Plasma current, voltage drop across
electrodes, and plasma impedance for the fluid, hybrid, and
kinetic simulations.

FIG. 5 (color online). The Ez field inside the fully kinetic
simulation in the middle of the pinch, showing both positive
and negative Ez fields. The pinch region is near r ¼ 0 cm.
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FIG. 6 (color online). Ion energy distribution for the hybrid
simulation and for four time slices of the fully kinetic simulation.
The hybrid simulation does not exhibit ions with energy greater
than �200 keV, and thus does not reproduce experimentally
observed ion energies. The fully kinetic simulation exhibits the
>1 MeV energy ions that have been observed on several DPF
experiments [7–10].

PRL 109, 205003 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

16 NOVEMBER 2012

205003-3



decomposition in Fig. 7 reveals oscillations near the lower
hybrid frequency during the pinch phase of the fully kinetic
simulation, which are absent in the hybrid simulation. This
is the first time oscillations of this frequency have been
observed in a Z-pinch simulation.

Both thermonuclear and beam-target fusion can occur
inside DPF plasmas. Lsp has a fusion module that creates
fusion product particles based on the relative velocity
between deuterium particles that collide (in the case of fluid
deuterium, it uses the fluid temperature and density to
calculate reaction rates). The total neutron production pre-
dicted in the fully kinetic calculation was 0:86� 107, con-
sistent with our experimental DPF, which has a measured
neutron yield of up to �2� 107 at 180 kA. The hybrid
simulation predicted 3:6� 104 neutrons and the fluid simu-
lation predicted no neutrons. Prior DPF and gas-puff
Z-pinch fluid simulations have typically significantly
underpredicted experimental neutron yield, particularly
for low-current experiments such as ours. Presumably,
this is because fluid simulations can only predict thermo-
nuclear fusion, while lower-current experiments may be
dominated by beam-target fusion [11,13,15,16].

Summary.—We have developed the first fully kinetic
simulations of a DPF Z-pinch plasma, including electrodes
and the run-in and pinch phases. These simulations predict
for the first time both the high-energy ion beams and
neutron yields that have been observed on numerous DPF
experiments, results that cannot be reproduced in hybrid or
fluid simulations. They also show plasma fluctuations near
the lower hybrid frequency, suggesting that the lower
hybrid drift instability may be present in the simulations.
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FIG. 7 (color online). Frequency decomposition of Ez field at
r ¼ 0:05 cm, z ¼ 5 cm for a fully kinetic and hybrid simulation.
A Fourier transform with rectangular window of width 10 ns is
used. Just prior to the pinch (red), a frequency response at a few
GHz appears in the kinetic simulation. During the pinch (black),
a large frequency response appears at multiples of approximately
4 GHz. The lower hybrid frequency during the pinch phase
ranges from 10 to 20 GHz, so these oscillations are in the range
of those predicted analytically for the lower-hybrid-drift insta-
bility [5]. These oscillations are absent in the hybrid simulation
(dashed blue).
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