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Abstract
The final Z-pinch stage of a Dense Plasma Focus (DPF) could be used as a simple, compact, and
potentially rugged plasma-based high-gradient accelerator with fields at the 100 MV/m level. In this
paper we review previously published experimental beam data that indicate the feasibility of such an
DPF-based accelerator, qualitatively discuss the physical acceleration processes in terms of the induced
voltages, and as a starting point examine the DPF acceleration potential by numerically applying a selfconsistent DPF system model that includes the induced voltage from both macroscopic and instability
driven plasma dynamics. Applications to the remote detection of high explosives and a multi-staged
acceleration concept are briefly discussed.
I. Introduction
There is a significant need for compact high gradient ~100 MV/m particle accelerators for a broad range
of applications from remote detection of nuclear [1] and explosives materials [2] for National Security to
radiotherapy in Health Care [3]. In regards to remote explosives detection, the near-term accelerator
requirements are typically in the MeV range for particle energy with average currents in the 10-100 A
range. The ideal accelerator would also be sufficiently compact for field operations and thus require high
engineering gradients. For example, a directional D-D neutron source operating at 4 MV with
approximately 100 A of D+ average current could provide a total neutron output greater than 1010 n/s
with a forward-to-side (0 and 180 deg.) neutron flux ratio up to 10 for a 20 degree wide cone when a
thin target is used. Peak neutron energies of ~7.2 MeV would be emitted in the forward direction. Such
a neutron source, if compact enough, could be used for remote explosives detection in the field via
Pulsed Fast Neutron Analysis. Neutronics analysis indicates that this directional source could enable
remote identification of ~100 lb level explosives at ~10 m distance on the seconds timescale. Accelerator
requirements for other detection concept-of-operations (CONOPS) range from 2 MeV protons for very
directional neutrons from P-Li reactions for nuclear material identification to, longer-term, GeV level
particle beams for much greater stand-off detection. Overall, the availability of a high-gradient, simple,
and rugged accelerator would enable numerous CONOPS.
Based on experimental data, the Dense Plasma Focus (DPF) [4-8] has the potential to serve as the basis
for such an accelerator for some of the above applications. The DPF is a physically simple device with
experimental geometries typically consisting of an open-ended coaxial gun (approximately 1-10 cm long
and 1-10 cm diameter) loaded with a static gas and driven by capacitors from 100 J to ~MJ. During
operation a plasma sheath is formed from flashover of the coaxial insulator, the sheath is accelerated
along the central anode, and when it reaches the end of the anode the sheath collapses or pinches to
form a fast Z-pinch [9] on axis. Figure 1 schematically illustrates DPF operation. The length of the central
anode is dependent on the speed of the pulsed power driver and serves to couple the power effectively
to the DPF Z-pinch; a classical gas-puffed Z-pinch [e.g. 10] is achieved in the limit of zero rundown and
contains similar physics. Up to 1012 D-D neutrons have been emitted during the pinch phase when DPF
machines were operated with deuterium gas. In the pinch, approximately 100 MV/m and greater axial
electric fields are formed through nonlinear processes. These fields result in deci-Ampere or greater
MeV level ion beams emitted primarily away from the center electrode and kilo-Ampere level electron
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beams emitted primarily towards the center electrode [11-27]. The MeV level ion beams are emitted in
the 10’s ns time-scale and can have total charge of approximately 100 C for larger devices such as the
former ~100 kJ, LLNL DPF [12-13] operated with voltages up to 27 kV. Average accelerating gradients in
excess of 100 MV/m are observed; for example, ~5 MeV deuterons were emitted from ~2 cm long
plasmas in [13]. Local gradients possibly greater than 10 GV/m are observed in some experiments [15].
The beams extracted and accelerated from the plasma typically have energy distributions described by a
power law of the form E-x (with x~5 in [20] for example) or a decaying exponential [13]. In fact
anisotropic D-D neutron output from DPF are commonly measured and are deduced to be from beamtarget reactions caused by the ion beams from these gradients; additionally, calculations based on
plasma measurements often indicate thermonuclear reactions to be insufficient [28-36]. Experimental
evidence also shows, for some machines, different operating regimes for optimized beam production in
terms of current and energy versus maximum neutron production [13]; typically lower operating
pressure resulting in faster sheaths favor higher beam energies.
It might be possible to exploit these experimentally observed 100 MV/m level gradients further for a
low-cost high-gradient plasma driven accelerator once the gradients are understood. At the MV level,
DPFs optimized for beam production and acceleration could, for example, be useful for engineering DPF
sources with higher neutron directionality and lower driver energy. Note that the DPF in [13], if it can
be operated at ~Hz level, satisfies some of the source requirements discussed above for explosives
detection as more than ~10 C of deuterium ions are emitted with energies in the 2 to 5 MeV range. If
DPFs can scale to higher and mono-energetic beam output through staged acceleration of
independently injected beams using, for example, multiple stacked DPFs analogous to proposals for
staged laser-plasma accelerators [37], the technology might provide a cost-effective and compact
accelerator path beyond the 10 to 100’s MeV energy level. Mono-energetic particle beams have been
injected into DPF plasmas through the device anode in at least one experiment; in Friewald’s work *38] a
beam was used successfully for plasma heating and increased neutron yield but the work was not
oriented towards accelerating the injected beam. In a multi-DPF setup device timing and jitter would
clearly be important issues, and DPFs with short anodes would be preferred to maximize effective
acceleration gradients.
Previous works on analyzing beam production in DPF and related fast Z-pinches identified various
mechanisms that are thought to be responsible for the observed beams [29, 39-48]. These works
propose that the high electric fields and accelerating voltage in the pinch stem from a combination of
the following: 1) inductively through macroscopic fluid motion from pinch formation; 2) inductively
through various plasma instabilities during pinch phase; 3) resistively through a large decrease in plasma
conductivity due to microscopic instabilities; and 4) shock physics involved in the colliding plasma
sheaths. These studies typically employed local models of the pinch dynamics and a test-particle
approach for the accelerated ions and electrons. From a systems point of view, various numerical works
have studied the DPF starting from the rundown to the pinch phase usually using a fluid approach [4952]. In particular there is ongoing work on computationally fast tunable reduced physics systems models
[53-57] that have found some success for interpreting experimental results in terms of matching
experimental quantities such as measured current. Although these simple system models might not
capture all the significant details, especially kinetic based effects, of DPFs, they can be useful as a
starting point for understanding experimental results, examining system energy balance and the limits
of a fluid approach, and initial parameter scans for more detailed analyses.
As a starting and reference point to more detailed system models for examining DPF for accelerator
purposes, we discuss work in the next section on notable modifications of an existing, essentially 0-D,
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reduced physics DPF system model [57]. This new DPF system model can be useful for preliminary
studies of DPF acceleration potentials. The work involves making the model self-consistent from a
conservation viewpoint and also by incorporating into it simple estimates of the pinch’s acceleration
potential based on the macroscopic fluid and instability driven inductive mechanisms discussed above.
For initial beam injection calculations, we employ a test-particle method as in previous work for our DPF
system model.
II. DPF Model
The self-consistent DPF model discussed here is modified notably from [57] and consists of three phases
describing the rundown of the plasma sheath along the coaxial gun, the collapse or runover of the
plasma radially inward towards the axis before the pinch phase, and finally the pinch phase itself. The
snowplow model is employed rigorously for the first two phases, and made self-consistent with the
more detailed model for the pinch phase through an energy balance between the second and third
phase. Additionally, a flexible instability model is included in order to approximate acceleration voltages
based on these perturbations consistently. The three phases and the equivalent circuit model are
schematically illustrated by Figures 2 to 5. Here we concentrate on the equations for the DPF which is
modeled as a variable inductor in the circuit with an optional serial resistor for the plasma resistance;
the remainder of the circuit is easily solved given the ODEs for the DPF model. Note that the DPF model
is now also self-contained as a lumped inductor and resistor from a circuit point of view and
independent of the driver in contrast to [57] which required the total system energy to calculate DPF
parameters. Using this system model, we can start with a simple test-particle approach to simulate
particle acceleration in a DPF plasma. After describing the model, we examine sample results for the
same 2.5 kJ, 12 kV DPF [58] studied in [57] which in some scenarios can provide particle accelerations in
the MV range.
II.1 Rundown phase
For the rundown phase, a snowplow or piston model is employed using the average magnetic pressure.
The plasma is assumed to have infinite conductivity and is infinitely thin. The dynamics in this phase are
described by the following equations.
The mass accumulation of the piston as it runs down the coaxial gun is given by the flux of incoming
neutral gas particles weighted by an ionization or sweep efficiency:
Where
is the mass of the axial plasma piston, is the sweep efficiency of the axial piston,
is the
static gas density,
is the velocity of the axial piston, and
and
are the radius of the inner and
outer electrodes. The subscript denotes quantities related to the axial piston. The sweep efficiency is a
variable input that can be determined from experiment or more sophisticated models.
The velocity of the piston can be related to the total magnetic force pushing the piston:

Where is the total current going through the plasma and
piston. Solving for the acceleration:
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The change in inductance of the DPF in this phase is described by:

Equations (1) to (4) are sufficient to describe the dynamics of the axial piston to solve for the circuit
model in the rundown phase if the plasma conductivity is assumed infinite.
For calculations that require the temperature of the piston, such as more detailed considerations of the
piston resistance or modeling of the sweep efficiency, the energy of the system has to be examined.
Specifically, the internal energy of the axial piston, , can be derived by the observation that in general
the change in total energy is given by:

Where denotes energy, and the superscripts employed here, , , and indicate internal, kinetic, and
total energy. By definition, the change in kinetic energy and internal energy are:

Simplifying and solving for

gives:

The average temperature of the piston can be estimated, assuming temperature equilibrium, from
where is the ratio of specific heats and is the total number of ions and electrons
in the piston.
In general, the total energy of the plasma,
, can be derived independently of the pulse generator
by considering the work required to bring a variable inductor, and thus the DPF, to a specific inductance
and current:

The right-most term of the above equation is equivalent to the

work done on the DPF plasma:

Energy gains due to plasma resistance can be modeled by adding the equivalent
term to the RHS.
Power loss due to radiation can be included similarly; typical bremmstralung losses from the dynamics in
this model are small for Z=1 plasmas
II.2 Runover phase
When the axial piston reaches the end of the inner electrode or anode at , the runover phase begins.
Here, the snowplow model is used again to form a radial cylindrical piston converging towards the axis
and is coupled to the axial piston still moving down the chamber. The dynamics are now described by
the following equations.
The change in mass and acceleration of the radial and axial pistons are given by:
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Where is the radius of the radial piston while its subscript denotes quantities related to the radial
piston. We continue to make use of [57]'s radial piston or sheath thickness estimate, , to determine
the end of the runover phase. Specifically, the runover phase ends and the pinch phase begins when the
inner radius of the radial piston reaches the axis:

Where

.

The change in inductance for this and the pinch phase is:

Equations (11) to (16) are sufficient to describe the dynamics of the axial and radial pistons to solve for
the circuit model in runover phase if the plasma conductivity is assumed infinite.
Lastly, following the derivation for the internal energy of the axial piston, the internal energy of the
radial piston is provided by:

II.3 Pinch phase
The pinch phase commences when the leading edge of the radial piston reaches the axis. As in [57], a
more detailed model is used compared with the previous phases to determine the plasma behavior. The
MHD continuity and radial momentum equations are solved using model velocity profiles and assuming
infinite conductivity. Using these profiles and taking a spatially uniform total energy and plasma density
profile, the temperature and density of the plasma as a function of time can be determined.
Additionally, the thermonuclear neutron yield can be predicted although that is secondary to the
current objective of particle acceleration. The difference between the work here and [57] consists of
modifications which make the model consistent including an additional term in the momentum
equation stemming from a derivation that uses the conservative form.
For the basic model, we employ velocity profiles as in [57]:

Where is the radius of the pinch, and
is the radial velocity of the pinch boundary. The lower case
and denotes quantities inside the pinch. is the axial extent of the pinch and defined by the axial
piston, with the velocity of the axial piston as before. This use of here is slightly different than [57]
where the sound speed of the plasma was employed instead; one major consequence of this choice is
that the pinch plasma mass,
, stays constant and the dynamics remain self-consistent. Note that the
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subscript still denotes quantities in the radial or now pinch portion of the plasma. is a profile factor
for the radial velocity profile; here instead of using it a free fitting parameter, we solve for it selfconsistently by remapping the kinetic energy of the radial piston at the end of the runover phase to the
total kinetic energy of the pinch plasma at the start of the pinch phase using the velocity profiles above:

Where the RHS in general can be found by

for the pinch phase.

The continuity equation when integrated over the pinch volume is satisfied trivially using the above
velocity profiles and
. The density as a function of time is then merely
, where is the pinch volume.
For the momentum equation, starting out in conservative form and with current only on the plasma
boundary, we have:

We simplify for the component taking into account the velocity profiles in Equations 18 and 19:

The radial momentum equation can be solved for
if a pressure profile is known. Assuming a
uniform total energy profile in the pinch, the pressure profile can be found by an energy balance of the
DPF plasma:

Where
is the total energy of plasma in the pinch.
is the total energy of the plasma
including the axial piston and is found via Equation 10. Since
and
are known from Equations (6)
and (8),
can now be determined.
Taking the above and integrating over the plasma volume via Equation 22, we can solve for

Where

and

is the magnetic pressure. The result is

different than Equation 25 in [57] due to the inclusion of cross-terms that are apparent in a derivation
starting from the conservative form of the momentum equation. These cross-terms can result in
different pinch behavior.
With the pinch dynamics solved, the voltage,
, across the pinch can be easily
calculated and serves as an estimate of the accelerating potential. So far, only the inductive voltage
from macroscopic fluid motion is represented; in the next section we discuss inductive voltages due to
instabilities. The inclusion of finite plasma resistance would require considerations of current diffusion
into the plasma and an additional
term in Equation 21.
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The total D-D thermonuclear neutron yield can now also be calculated:

Where

is the deuterium density, and

is the D-D averaged reaction rate determined

from Equation 23. Alternatively, an average temperature,
which give typically very similar yields.

, can be used also

II.4 Inclusion of instability model
As discussed, instabilities have been speculated to be one of the induction based acceleration
mechanisms in DPFs and Z-pinches in general. Akin to [39], we now implement a simple sub-model of a
user-defined instability and consistently included it in the main model from a circuit point of view.
Specifically, given a growth rate, a wave-number
, and an initial perturbation,
can be
consistently calculated. Defining the radius of the pinch with instability as
:

Where is calculated from the start of the pinch phase,
is the growth rate,
is the initial seed
fraction for the instability, and
is set equal to at the start of the pinch phase. is still the pinch
radius as a function of time calculated from Equation 24; we have made the assumption for simplicity
that the dynamics of the mean radius is not affected other than from the change in
. Starting
from
and Leibniz's rule,
is now:

Using this definition for the change in inductance allows the effect of the instability to be consistently
accounted for in the circuit model. The net voltage across the pinch based on inductive effects from
both macroscopic and instability based motion can now be calculated via
. The electric field as
a function of can also be simply determined. We note though that because we assumed negligible
resistance in the pinch the voltage drop as modeled would be concentrated on the skin of the pinch.
III. Sample results from model
To demonstrate the model and compare it to the results from [57], we analyze the small DPF [58]
examined in that work. Specifically, this DPF consists of a 2.5 KJ 12 KV driver, with center electrode, or
anode radius of 0.9 cm, cathode radius of 5 cm, and a length of 15 cm with a net external inductance of
80 nH. The axial and radial sweep efficiencies used were 0.08 and 0.16, same as in [57] and tuned to
experimental results. The calculations are useful for estimating and illustrating the plasma dynamics
required to achieve high-gradient acceleration via inductive mechanisms only. We also examine from a
test-particle approach beam injection and acceleration.
Figures 6 to 9 illustrate some of the results from the simple model with the instability sub-model turned
off. The pinch reaches densities greater than 1025/m3 and radial velocities greater than 50 cm/µs. The
lifetime of the compression is shorter than experiment as is observed in [57] and typically in other 1-D
MHD simulations. The radial velocities of the pinch are higher than typically observed in experiment
also; Figure 8 gives a comparison of [57+’s pinch radial velocity profile against our model. We reached
peak temperatures of 4.4 keV during the first compression, close to [57]’s 4.72 keV, but our calculated
thermonuclear D-D neutron yields of 1.2 x 106 were significantly lower than in [57] even though the
pinch dynamics are similar. Our yields are ~100 times lower than in [57] and measured in [58]; this
should be expected as discussed since thermonuclear yields typically cannot account fully for measured
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DPF yields. The temperature profiles are essentially flat during maximum compression. The calculated
temperatures are high compared with typical experiments, although a peak temperature of 3 keV was
measured for some discharges on a larger, up to 42 kJ DPF [33]. Overall there are discernable
differences between our results and [57] for the same input parameters.
Concerning particle acceleration, Figure 10 gives the net accelerating voltage and the average electric
field across the pinch as a function of time. Induction based fields on average of 50 MV/m are achieved
from radial compression of the pinch. Figure 11 gives net acceleration of test deuterium particles started
at z=0 and r=0 simulating an injected beam at various starting times, and includes the effect of ionelectron and ion-ion slowing down using the calculated density and temperatures. At these lower
voltages, collisions play a role in limiting the net particle energy. The equation of motion is simply:

Where
and

is the charge of the ion, the electric field,
the mass of the deuterium test particles, and
the ion-electron and ion-ion collision frequencies respectively.

Significantly greater accelerations can be achieved with the inclusion of strong instabilities observed in
experiments [e.g. 24, 39] . We examine here what would be required to reach the MV level across this ¼
cm long plasma. For example, taking a growth rate of ½ ns, initial seed perturbation of 1%, and a of 9,
Figure 12 shows the pinch radius as a function of and as the plasma compresses and the instability
grows. Figures 13 and 14 illustrate the substantial gains in voltage and electric fields that occur based on
this instability, reaching voltages of a MV or effectively 4 MV/cm. These results suggest that the model
might also describe qualitatively plasma filamentation as a source of high energy particles and be
consistent with the very high gradients observed in [15].
The model and the present sample results are useful for providing estimates of accelerating potentials in
the DPF due to induction based mechanisms and potentially as a tune-able guide to understanding
experiments. In particular, the calculations demonstrate that acceleration gradients of ~100 MV/m are
possible in a simple and low energy DPF using these mechanisms if the radial compression of the plasma
and its instabilities can be tailored. However, the effective accelerating volume for the plasma
examined exists on the ns timescale and can be small, providing potential challenges for beam transport
and timing in regards to staged acceleration of an injected beam. Our calculations also suggest that
optimizing the DPF and other fast Z-pinches for beam acceleration require different strategies compared
with neutron production, such as trading pinch lifetime for sheath speed to increase induction based
voltages.
IV. Conclusion
In this paper, the DPF was reviewed with an emphasis on using it as a plasma-based high-gradient
accelerator with fields at the 100 MV/m level. Applications to the remote detection of high explosives
and a new multi-staged acceleration concept were briefly discussed. A simple three-phase selfconsistent model of the DPF geared to study acceleration potential was presented as a starting point for
analysis. Initial results using the model demonstrate that induction based potentials of a MV can be
achieved across a 1/4 cm long plasma in a small, 2.5 kJ, 12 KV DPF when specific instabilities occur.
However, the radial velocities calculated in the model are higher than typically observed and the
calculated lifetime of the pinch is shorter than measured. More detailed work is required to resolve
these discrepancies and to examine in greater depth the proposed acceleration of injected beams in DPF
plasmas. Nevertheless, the simple and internally consistent system model discussed here captures
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notable features of the DPF and its acceleration potential, and should be useful for comparisons with
more sophisticated simulations.
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Figure Captions
Figure 1: Typical DPF geometry and operation. The initial plasma sheath forms from flashover of the
insulator (a), then accelerates during the rundown phase (b, c), and collapses during the runover phase
(d) to form the final centimeter scale long Z-pinch at the center electrode (e). Ion beams with MeV level
energies are axially emitted during the pinch (f).
Figure 2: Schematic of the rundown phase in the simple model. The snowplow model is used to describe
the infinitely thin axial piston. The phase ends when the piston reaches .
Figure 3: Schematic of the runover phase in the simple model. Snowplow models are used to describe
both the axial and radial pistons. The phase ends when the leading edge of the radial piston,
determined via , reaches the axis.
Figure 4: Schematic of the pinch phase in the simple model. The snowplow model is used to describe the
axial piston, while a more detailed MHD model is used to describe the pinch.
Figure 5: Equivalent circuit model of the system after commutation of the DPF with a high voltage
capacitor bank using an ideal switch. The DPF coaxial gun is modeled as a variable inductor with the
plasma resistance modeled as a separate resistor.
Figure 6: Current profile from simple model for the small 2.5 kJ, 12 kV DPF analyzed in [57]. The inset
shows the current in detail during the pinch phase; the vertical dashed lines indicate the end of the
rundown and runover phases respectively.
Figure 7: Plasma radius, length, and volume calculated from the simple model after the start of the
pinch phase.
Figure 8: Plasma velocities from the simple model after the start of the pinch phase. Radial velocities
from [57] with time normalized to maximum compression are included for comparison.
Figure 9: Density from simple model after the start of the pinch phase.
Figure 10: Inductive voltages and electric fields from the simple model after the start of the pinch phase.
These voltages stem from radial compression and expansion of the pinch plasma without any imposed
instabilities.
Figure 11: Test particle energies as a function of time for particles started at z=0, r=0 at various times
using the fields from Figure 10 and the plasma parameters from the simple model. Trajectories are
tracked until they leave the plasma at either
or
.
Figure 12: Pinch dimensions for various times after the start of the pinch phase with an instability
imposed.
Figure 13: Acceleration voltages from induction with and without the instability given in Figure 12 over
the 1/4 cm long plasma. A MV is reached at 1.503 ns.
Figure 14: Electric fields at t=1.503 ns as a function of plasma length for the plasma in Figure 12. The
integrated voltage is 1 MV.

LLNL-PROC-415121

a

b

c

d
e

LLNL-PROC-415121

f

R
R0

Ri

Cathode
Axial Piston

Anode

Zi

LLNL-PROC-415121

Z

R
R0

Cathode
Axial Piston
Radial Piston

Ri

Anode

↓
↑
Zi

LLNL-PROC-415121

δR
Z

R
R0

Ri

Cathode
Axial Piston

Anode
Pinch
Zi

LLNL-PROC-415121

Z

HV Capacitor
LExt: External
inductance

LDPF: DPF
inductance

LLNL-PROC-415121

R: Plasma
resistance

0.1

0.155
MA

Current(MA)

0.15

0.05

0.154
0.153
0.152
2.24

0

0.5

1
t(µs)

LLNL-PROC-415121

2.25
2.26
t(µs)

1.5

2.27

2

cm or cm 3

0.25
Radius
Length
Volume

0.2
0.15
0.1
0.05
0

1

2

3
tp(ns)

LLNL-PROC-415121

4

Velocity (cm/ µs)

Radial
Axial
Radial[57]

50
0
−50
−20

−10
tp(ns)

LLNL-PROC-415121

0

Density (1/m 3 )

x 10

24

15
10
5
0

1

2

3
tp(ns)

LLNL-PROC-415121

4

V(MV) or E(MV/cm)

Voltage
Field

0.4
0.2
0
−0.2
−0.4
0

1

2

3
tp(ns)

LLNL-PROC-415121

4

Energy(keV)

100

50

0

0

1

2
tp (ns)

LLNL-PROC-415121

3

0.12

t(ns)=0
t(ns)=0.75
t(ns)=1.5

0.1

R(cm)

0.08
0.06
0.04
0.02
0

0

0.05

0.1

0.15
Z(cm)

LLNL-PROC-415121

0.2

0.25

1000

V(kV)

No In
In
500

0

0

0.5

1
tp(ns)

LLNL-PROC-415121

1.5

E(MV/cm)

40
30
20
10
0

0

0.05

0.1

0.15
Z(cm)

LLNL-PROC-415121

0.2

0.25

