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The role of anomalous resistivities in Plasma Horacio Bruzzone
Focus discharges

Abstract The existence of plasma microturbulence in Plasma Focus (PF) devices is a widely accepted fact within the PF com-
munity. This microturbulence must be generated as a final stage of microscopic instabilities, which could develop during cer-
tain phases of the plasma evolution. Among the candidate instabilities to occur in these devices, the lower hybrid drift insta-
bility is the one with better possibilities, because its triggering condition (electron drift velocity approaching ion thermal
velocity) has reasonable chances to be fulfilled. The main effect of the development of this instability is the modification of
the collision frequencies in the plasma, which adds an anomalous term to the plasma resistivity. The theory for evaluating this
extra term exists, and has been already used in PF 1D numerical simulations and in Z-pinch calculations. The role of this
anomalous resistivity in PF behaviour has been the subject of considerable speculations. In this work, a 1D MHD (magneto-
hydrodynamics) calculation of the pinch stage in a PF device will be presented, including anomalous resistivity effects and
their influence on electric fields and the discharge current are discussed.
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Introduction

Within the Plasma Focus community, there is a common
belief that the most of the properties of these devices,
when considered as neutron generators are due to some
phenomena which make the plasma in the focus turbulent.
The line of reasoning is essentially as follows: turbulence
should give rise to an anomalous resistivity in the plasma,
which should spread the current distribution but also pro-
duce a large electric field, sufficient to generate electron
and ion beams which would be responsible for the neutron
generation. Experimentally, there is no doubt of the pro-
duction of such beams in Plasma Focus devices; however,
the mechanism of their generation has not been satisfac-
torily explained. Furthermore, all of the measurements per-
formed for these beams show that they have a maximum at
filling pressures lower than that of the maximum neutron
production and it is difficult to explain the neutron yield in
large devices in terms of measured ion beam yields.

Without any pretension of giving definite assessments on
the nature of neutron generation, the purpose of this work
is to analyse the effect of anomalous resistivities in the
focus stage of Plasma Focus devices. This will be done
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only one (to my knowledge) which has a theory allowing the
calculation of plasma resistivity.

LHI is triggered whenever the electron drift velocity v
becomes comparable to or greater than the thermal ion
velocity, v;. This effect was discussed and carefully evaluat-
ed for theta-pinch plasmas [6], and later on used in the
modelling of the pinch stage in a PF device [9] and in solid
fibre Z-pinch plasmas [4, 8]. The feasibility of using the the-
ory developed in the context of theta-pinches to Z-pinch
plasmas was particularly discussed in the works by
Chittenden [4, 5].

The main effect of LHI consists in the modification of the
normal electron-ion collision frequency, V;, through the
addition of an anomalous collision frequency, V*, which is
given by [8]:

o w-usfEnr(2)
2 v,

where W, ; are the electron and ion Larmor frequencies,
respectively. As a consequence, the plasma resistivity N
becomes, for deuterium plasma (MKS units are used):

@  n=—p(ve+v¥)=n,m,
nc

where m and e are the electron mass and charge, respect-
ively, n, is the anomalous resistivity and n is the standard
Spitzer resistivity. An important feature of the anomalous
term is that the dissipated (Joule) energy does not go only
to the electrons, as usually, but also heats up the ions.
Following Vikhrev and Braginskii [9], the Joule power per
unit volume is assumed to be distributed as:

(3)  j*(0.13n + 0.87n,) to electrons
(4)  j*(0.87n-0.87n,) to ions

where j is the current density.
The model

Similarly to work [9], the implosion of a plasma current
sheet (CS) towards the axis of a PF device and the subse-
quent pinch formation will be calculated. The filling gas is
deuterium, at a pressure p,, and the model used in what fol-
lows is a 1D (radial), two temperatures (electron and ions)
MHD Lagrangian numerical code derived from a 2D code
developed by L. Bilbao [1]. It includes ion viscosity, ion and
electron thermal conductivities and bremsstrahlung radi-
ation, besides of the Joule heating described above.

The circuit equation (containing a capacitor with capacity
C, charged at voltage V at the beginning of the CS implo-
sion and a fixed inductance L, which includes the induc-
tance of the gun) is:

dLh Q
i C

where h is a fixed parameter, the assumed height of the
imploding column and a(t) is the plasma border and

Ll g 2
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5) —h(ni),: Q=CV - [Tdt

where b is the fixed external current return radius (the
external electrode radius, say). It should be noted that (nj)
is the electric field in the plasma frame of reference.

The region under study is divided in a number NR of radi-
al Lagrangian cells, having widths defined initially with the
condition of equal mass in every cell. The initial particle
density is assumed to be uniform and determined by the
operating filling pressure of the device. This procedure
improves the stability in the calculations, and also gives a
better spatial resolution in the border zones, where an ini-
tial current density profile must be given to start the calcu-
lations.

Axial particle (mass) losses are also included. This is done
to account for an essential feature in the plasma evolution
that derives from the “conical” nature of the implosion and
pinch stage. Conceptually, the plasma pressure in the con-
verging plasma region of the whole CS bridging the elec-
trodes is higher than that in the rest of the sheet, so that
plasma movements along the sheet should exist. Following
the ideas used by Vikhrev [9] and denoting by N the total
particle content of a cell, the mass loss is evaluated for any
cell as

dN v

—=-2—+N
dt h

where the “axial” velocity v, is given by

™)

2
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and here p is the total plasma pressure (ions and electrons)
in the given cell, p(0) is its initial value and n is the plasma
density and m; is the ion mass. It should be noted that under
these conditions, the particles content per unit length is
always a diminishing function of time.

To perform a calculation, a set of parameters and initial
conditions are needed, which should be selected on the
basis of preliminary estimations, because one needs to start
at the end of the run-down stage. The calculations that will
be presented were done using the following set of par-
ameters: [(0) = 1.3MA, V =1kV,C = 1250 pF, L = 50 nH,
b=12cm, h =2 cm, a(0) = 4 cm.

These parameters correspond roughly to the “small” diam-
eter, 1 MJ Frascati PF device, and have been selected
because plasma density profiles of the CS and of the pinch
are available [7] for comparison purposes. The initial con-
ditions for the plasma parameters in the cells (NR = 100)
were chosen as follows: n = 2.2x10'7 cm= (=3 Torr) and
electron and ion temperatures, T, = T, = 2 eV in all the
cells.

The condition for starting a CS at the outer radius was
done choosing a linear current density profile in the
outer 10 cells (initially extending for =2 mm), with the
peak at the border and with values consistent with the
initial external current. The plasma velocity is zero every-
where, except in the outer 10 cells where small initial
values (-5%10° cm/s) were assumed. As it will be shown,
these initial conditions produce, after a relatively short
transient, a converging CS similar to that observed in
actual devices.
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Fig. 1. n and j profiles in the CS at 155 ns.

It is well known that the plasma column formed in PF (and
similar) devices suffer from macroscopic MHD instabilities,
mainly of the m = 0 type. In particular, one should expect
to find these instabilities developing in a PF column at the
end of the first expansion, which follows the pinch forma-
tion. This situation is characterised by the largest value of
inward radial acceleration, so that Rayleigh Taylor instabil-
ities have the largest growth rate at this time. 1D codes can-
not by themselves reproduce such a behaviour, but it can be
incorporated into the code presented here by changing the
value of h to a smaller one, h' (the assumed height of the
micropinch) at the end of the first expansion. Consistently,
the inductance of the rest of the pinch column (which is
assumed to remain stationary) must be added to the exter-
nal fixed inductance in the circuit equation.

Other physical effects essentially affecting the calculations
will be incorporated into the code and discussed when
appropriate.

Results

The code was run in a first version without including the
option of describing the m = 0 instability. After a transient
stage, which lasts less than 50 ns, a CS structure forms, with
parameters substantially independent of the initial condi-
tions. As an example, in Fig. 1, the current and plasma den-
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Fig. 3. Plasma external radius and dI/dt as a function of time.

Fig. 2. Measured plasma density profiles of the imploding CS in the
Frascati 1 MJ device [7], at different heights.

sities obtained at 156 ns are shown. The CS has reached a
radial position of =1.2 cm, with a peak plasma density of
=2.9x10'8 cm=3, and a width of =6 mm. The current density
distribution is concentrated in =2 mm, but occupies a num-
ber of cells more than double the initially used. Hence, the
current density has diffused into the plasma, and its width is
not determined by the initial choice of distribution. Note
that the peak of current density is not on the border. This is
due to the anomalous resistivity term, which is already larg-
er than the standard one at the border.

For comparison purposes, measured plasma density profiles
of the CS at different heights in the Frascati 1 MJ PF device
[7] are given in Fig. 2. Peak values are by 50% smaller than
those from the code but otherwise the agreement is rather
good. Changing the initial value of the discharge current
modifies the peak density values obtained from the code
without significant changes in their profiles, so that it is

possible to get closer agreement with the experimental curves
if desired.

Comparison of the calculated plasma density profiles with
the measured ones in later stages (column formation and
evolution) also yield reasonable agreements. Some features
of the overall behaviour of the results of the code are given
in Figs. 3 and 4. Fig. 3 shows the evolution of the external

plasma radius, r and of dl/dt as a function of time, up to
=260 ns.
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Fig. 4. Electric field (nj) and fraction of the initial mass, ml in the
pinch vs. time.
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Fig. 5. n and j profiles at the end of the first expansion, t = 223 ns.

It can be seen that the plasma column attains a minimum
radius of =4 mm at 188 ns and expands for a radius of =9
mm 35 ns later, after which a second compression starts. If
the code is kept running in these conditions, a succession of
compressions and expansions are seen, with smaller and
smaller radius values, in time scales in the order of tens of
ns. Instead of analysing this behaviour, it is assumed that at
the end of the first expansion, a 2 mm height micropinch is
developing.

In Fig. 4, the electric field (nj) at the border of the plasma
and the fraction of mass remaining in the plasma relative to
the total mass content in the initial volume are given as
functions of time. It can be seen that less than 30% of the
swept mass remains in the pinch at the time of the first
expansion, in reasonable agreement with the experimental
result [7]. It can also be seen that the electric field on the
border of the plasma is relatively small (< 2 kV/cm) up to
the second compression, except the (artificially) high initial
value, which is due to the low initial electron temperature
value. Hence, this electric field (which includes the effect of
the anomalous resistivity) cannot be responsible neither for
the shape of dI/dt nor for particle accelerations.

As mentioned before, at the end of the first expansion, the
code is switched to describe a possible m = 0 instability with
a height set at h' = 2 mm, a reasonable value derived from
the experiments. The current and plasma densities at this
time are given in Fig. 5. Note that j has not diffused notice-
ably into the plasma. Ion temperatures are nearly constant
at =560 eV, while electron temperatures are lower, varying
from 260 eV on the border down to =6 eV in the centre of
the pinch. The plasma is already under compression, but
with small velocities of = -6x10° cm/s.

The ensuing evolution of the micro pinch is quite different
from that of the complete column. This arises essentially
from the fact that now the mass loss is enhanced by the
diminution of h (see the definition of v,). In Fig. 6, n and j
profiles in the micropinch are given at t = 246 ns, that is 13
ns after the change of h by h'. It can be seen that the exter-
nal radius is now =2.5 mm, and that j has diffused somewhat
in the plasma. In fact, almost 1/3 of the cells have anom-
alous resistivity values, with that in the border having
n=3x10%n o At this instant of time, the ion temperatures
are near 8 keV, the electron temperatures vary from 2 keV
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Fig. 6. n and j profiles in the micropinch at 246 ns.

on the border down to 380 eV in the centre, and the plasma
is under compression with velocities = -108 cm/s.

The plasma evolution becomes now extremely fast. In Fig.
7 similar profiles are given 1 ns later on.

Now the plasma radius is =0.5 mm; the plasma is expanding
with velocities of 7x107 cm/s, ion temperatures vary from
130 keV in the centre to 40 keV in the middle of the struc-
ture (due to shock heating) and rise again on the border up
to 200 keV (due to anomalous Joule heating). Electron
temperatures are smaller, varying between 3 keV in the
centre up to 20 keV in the border. The values of the electric
field on the border region are now much larger than in the
column; at this moment they reach =108 V/m.

An important feature to notice is the large diminution of n
and j in the external cells of the structure. This diminution
happens in such a way that the plasma pressure gradient
overcomes the magnetic pressure one in this region, and the
cells become relatively widened. If the calculations are con-
tinued one finds that the external radius of the pinch
expands at a very large rate, but also that the external cells
become so enlarged that its widths are no longer small when
compared with their radial positions. Then, the evaluation
of derivatives in this region yields wrong results. This
numerical problem cannot be avoided by increasing the in-
itial number of cells in the calculation. On the contrary,
with a finer cell mesh, this problem simply appears at earli-
er times in the evolution.

The only way out of this situation is to check continuously
the width of the external cell, and divide this cell in two with
half widths, equal masses and the same intensive properties
(density, temperatures, etc.) when its width exceeds a fixed
fraction of the radius.

When this is done, another problem arises. The new cells
keep expanding, having lower and lower densities and
becoming more anomalous in resistivity. This indicates that
an ablation phenomenon of the micropinch outer layer is in
operation. However, at some moment, one finds that the
magnetic diffusion velocity in the cells becomes comparable
to (or larger than) the speed of light. This means that the
displacement current cannot be neglected in the external
cells, and a more elaborated calculation is required. An
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Fig. 7. n and j profiles in the micropinch at t = 247 ns.

intermediate approach based on throwing away the external
cell when the magnetic diffusion velocity reaches a given
fraction of the speed of light failed to solve the problem,
because very rapidly the total number of the remaining cells
became too small (less than 10), violating the requirements
of the numerical procedure.

Conclusions

The 1D MHD code including anomalous resistivity and
axial mass losses, developed for describing the implosion of
a PF CS and the pinch formation has proven to be a useful
tool for the study of these phenomena. The numerical
results prove that, up to the stage of the development of an
m = 0 instability, the role of the turbulence generated by
LHI instabilities is only marginal in the gross plasma evol-
ution. No important electric fields are generated, and very
little current density diffusion exists. Admittedly, the model
is rather crude and a 2D model would yield a better descrip-
tion of the problem, essentially because axial flows appear
then in a natural way. However, such more complex
(numerically) models do not include new physical phenom-
ena, so that the results obtained with them should not differ
essentially from those shown here. On this ground, the com-
mon belief existing in the PF community concerning the rel-

evance of turbulent phenomena in the focus stage is diffi-
cult to support.

The micropinch stage can be reasonably described during
its initial phases. It is very fast and leads to an oscillating
compression of the plasma down to a few hundreds of
microns in radius, with very large temperatures. The later
phases of this evolution cannot be described with the pre-
sent code, because of the emergence of some physical prob-
lems strongly related to the anomalous resistivity. Whether
the micropinch expand, as predicted by simpler 0D models
[2], or tend to a rarefied plasma region (and end in some
vacuum diode phenomena) is still an open question.
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