’ Ph sics, of [//

Acceleratlon Mechanism for Neutron Productlon |n Plasma Focus and z
Pinch Discharges

Melvin J. Bernstein

Citation: Phys. Fluids 13, 2858 (1970); doi: 10.1063/1.1692871

View online: http://dx.doi.org/10.1063/1.1692871

View Table of Contents: http://pof.aip.org/resource/1/PFLDAS/v13/i11
Published by the American Institute of Physics.

Additional information on Phys. Fluids

Journal Homepage: http://pof.aip.org/

Journal Information: http://pof.aip.org/about/about_the_journal
Top downloads: http://pof.aip.org/features/most_downloaded
Information for Authors: http://pof.aip.org/authors

ADVERTISEMENT

Special Topic Section:

PHYSICS OF CANCER

Why cancer? Why physics?  view articles Now

Downloaded 17 Nov 2012 to 128.148.252.35. Redistribution subject to AIP license or copyright; see http://pof.aip.org/about/rights_and_permissions


http://pof.aip.org/?ver=pdfcov
http://aipadvances.aip.org/resource/1/aaidbi/v2/i1?&section=special-topic-physics-of-cancer&page=1
http://pof.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Melvin J. Bernstein&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://pof.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.1692871?ver=pdfcov
http://pof.aip.org/resource/1/PFLDAS/v13/i11?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://pof.aip.org/?ver=pdfcov
http://pof.aip.org/about/about_the_journal?ver=pdfcov
http://pof.aip.org/features/most_downloaded?ver=pdfcov
http://pof.aip.org/authors?ver=pdfcov

THE PHYSICS OF FLUIDS

VOLUME

13, NUMBER 11 NOVEMBER 19790

Acceleration Mechanism for Neutron Production in Plasma
Focus and z-Pinch Discharges

MEegLviN J. BERNSTEIN

The Aerospace Corporation, El Segundo, California 90046
(Received 23 March 1970)

A model has been developed for the acceleration of deuterons in the tightly compressed column of
a z-pinch discharge, in particular, that of a plasma focus discharge. It was assumed that an annular
distiibution of current undergoes a rapidly eontracting transition to a distribution peaked on axis
and the resulting crossed fields, By and £, were used to calculate deuteron trajectories in the plasma,
These results show that a significant number of ions can be accelerated to energies of up to 600 keV
and that they have a large value for their time-averaged axial velocities. The orbiting motion in the
magnetic field produces an anisotropic distribution of collision velocities and a neutron-production
model based upon nuclear collisions by these deuterons can account for the measured characteristics
of neutron energies, neutron fluxes, and rates of production.

I. INTRODUCTION

To date no satisfactory model has been proposed
to explain the neutron production in z-pinch dis-
charges. Deuterium-filled linear z pinches have
produced up to 10° neutrons per discharge and the
axially emitted neutrons showed an average energy
shift of 200-250 keV with respect to the center-of-
mass energy.'”> The neutron yields from plasma
focus types of z pinches are even higher (10°~10" per
discharge) and average energy shifts of up to
500 keV were exhibited.*"® To explain these energy
shifts, two modes of neutron production have been
considered previously: a beam~-target model in which
linearly accelerated deuterons strike ions at rest and
a “moving boiler” model, in which the neutron
source is an axially moving thermal plasma. The
‘measured characteristics of the emitted neutrons
from various plasma focus devices indicate that
neither model adequately explains the observed
behavior.® *° In this paper a model for the accelera~
tion of deuterons in a z-pinch discharge is presented,
for which the caleulated results are in good agreement
with experimental observations.

Investigations of a long linear z pinch showed that
the neutron production was uniform along the
plasma column and to account for the observed
energy shift in this device, a beam—target model was
proposed in which the deuterons were axially
accelerated by the electric fields generated by
m = 0 sausage instabilities." In a plasma focus
discharge the neutron source has been shown to be
quite small (~3 c¢m long)® and neutron flux measure-
ments provide evidence that the flux anisotropy is
much smaller than that expected for a simple
beam-target model.®”” (The magnitude of the flux
anisotropy is defined as the ratio of axial to radial
neutron fluxes, henceforth referred to as the flux

ratio.) Thus the currently popular “moving boiler”
model was proposed, where a hot plasma has a high
axial velocity.® The neutrons emitted from our
devices exhibited energy shifts of up to 1000 keV
with an average shift of over 400 keV in the forward
direction. This shift required the reacting deuterons
to have axial center-of-mass velocities averaging
2 X 10° cm/see, which is an order of magnitude
larger than the maximum radial velocity observed
for the collapsing plasma column. Therefore it is
difficult to understand how the plasma attains such
a high velocity on the basis of a fluid model.”
Recently we performed an analysis of the neutron
energy spectra, which provides additional evidence
that the neutron source is not thermonuclear."® To
account for the observed neutron energy spectra by
a beam—target process, the accelerated deuterons
require axial velocities of up to 6 X 10° cm/sec or
energies of up to 360 keV.

The operation and general characteristics of a
typical plasma focus device have previously been
described’; at a bank voltage of 18 kV (27 kJ)
neutron yields averaging over 10'° were obtained.
In this device the discharge current reached a peak
value of over 800 kA which dropped to about
600 kA at the time of neutron emission. Other
devices have discharge currents at the time of
neutron production ranging from 0.3 to 1.5 MA. We
reported previously that the neutron pulse had a
risetime of 20-25 nsec, and more recent measure-
ments made with detectors closer to the source
revealed a risetime as short as 10 nsec on some shots.
The radial velocity of the visible plasma boundary
averaged about 15 cm/usec with a peak value of
about 30 cm/usec just before peak compression.
Near the anode the minimum radius of the visible
plasma column was about 1 mm and the column
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attained a length of about 3 cm. Plasma densities in
the range of 10'°-10*" em™ have been indicated by
various measurements.'”

In addition to neutrons, the discharge produces a
broad spectrum of x rays with energies up to at
least 300 keV. These x rays have an energy spectra,
which is not Maxwellian but is approximated by a
power law.**’® In addition, the hard x rays were
usually emitted at a time corresponding to the
beginning of the most intense neutron production.
On a macroscopic basis it is easy to show that electric
fields of over 200 kV/em are generated at the bound-
ary of the rapidly collapsing plasma, but it is
difficult to see how electrons can be accelerated to
high energies by this field since they must move
across the strong magnetic field surrounding the
discharge current.

Recently, elaborate computer calculations have
been employed to examine the features of the plasma
dynamics in a plasma focus.'* However, they all
assume an isotropic fluid plasma and neglect
anisotropic motion of ions. The acceleration mecha-
nism presented here is based on computer calcula-
tions of ion trajectories in the crossed electric and
magnetic fields generated by a rapidly collapsing
current distribution. The chief purpose is to show
how ions can be accelerated to high energies in the
discharge and it will be shown that the results are
consistent with the observed neutron and x-ray
emissions. Section II gives a description of the model
and assumptions, Sec. IIT gives the assumed current
distributions and resulting energies, Sec. IV gives
the justifications for the assumptions, and Sec. V
gives estimates on the neutron production.

II. ANALYTIC MODEL

This model assumes an axisymmetrie, cylindrical
current distribution j(r, ) which is finite in thickness
and initially annular in shape. The distribution is
then assumed to contract rapidly to the axis in some
manner. Such a time variation in the current density
gives rise to both an azimuthal magnetic field B,(r, £)
and an axial electrie field E,(r, {) whose values are
derived from Maxwell’s equations

96By) _ 9E, _ aB,

ar M0, 0=
Since details of the actual current distribution are
not known, the inferred distribution with forms of
j(r, ) has been approximated, yielding analytic
expressions for By(r, t) and E,(r, t). Using these
resulting expressions for B, and E,, the equation of
motion was .solved to obtain the trajectories .of
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deuterons having different initial parameters. To a
first approximation, the effect of collisions can be
neglected during the acceleration of many of the ions.
This permitted me to assume, for ease of calculation,
that the motion of the accelerated deuterons takes
place only in the two-dimensional r-z plane. Then
the equation of motion in two dimensions is

mF = —ezB,(r, 1),
mz = e’i'Bo(T, t) + eE,(T, t)y

where m; is the ion mass, e is the ionic charge, and
7 and £ are the velocity components.

In these calculations, the following assumptions
were introduced; where necessary, they will be
justified later in the paper. First of all, the current
density is assumed to drop to zero at some outer
boundary R and ion trajectories are assumed to be
confined within this boundary. As already mentioned,
the effects of ion-ion collisions are neglected in the
calculations. This does not mean that such collisions
are completely neglected, for it is recognized that
collisions establish a random distribution of ion
velocities at the beginning of the acceleration. Also,
since the collision frequency is energy dependent,
only a small fraction of the accelerated ions will
avoid losing their energy via collisions and escape
to high energies.

In this analysis electron—ion colhs1ons are not
neglected and the plasma conduectivity is assumed
to be finite. In fact a key assumption is that the
plasma resistivity or resistance increases in the
tightly compressed plasma column, leading to a
rapid transition of the current to an axial concentra-
tion. Such a rise in plasma resistivity is probably
associated with axial loss of plasma. During the
pinching action radial electric fields are present in
the plasma sheath, but they are ignored in the
present analysis. This assumption appears to be
reasonable after the plasma column reaches niaxi-
mum compression.

The adoption of cylindrical coordmates for these
calculations appears acceptable, even though high-
speed photegraphy has revealed that the radial
collapse of the plasma column is not simultaneous
along the axis. Over distances of a few millimeters
the  observed curvature should be negligible. The
shortness of the pinch and its noncylindrical nature
do play a prominent role in the discharge behavior,
though. First of all, axial ejection of plasma results,

~and- this appears. to be linked to the acceleration

process. In a future paper we will present experi-
mental results correlating the neutron emission with
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Fig. 1. Assumed current distributions j(r, B, ¢): (a) contrac-
ting, peak density on boundary; (b) contracting, peak density
on axis; (c) fixed boundary, transition to axial concentration;
(d) contracting with transition to axial concentration. Solid
curves show initial distributions and broken curves show
distributions at later times. All scales arbitrary and linear,
Curves (e) and (f) give radial dependences of magnetic and
electric fields for distribution (d).

the presumed rapid current transition. Second, since
the pinching is nonsimultaneous, it is assumed that
the accelerating fields are likewise not generated
simultaneously along the column. Thus, a tandem
acceleration mechanism is possible, where deuterons
accelerated in the region of initial compression move
up the column and are further accelerated by the
fields generated at a slightly later time. Neutron-
collimation measurements have shown that the
neutron production is not simultaneous along the
plasma column.®
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Ideally, one would like to compute the plasma
dynamics in a complete, self-consistent manner
taking into account anisotropic particle motion and
collisions as well as the interaction between plasma
and magnetic field. But this appears to be far beyond
the scope of present-day computer capabilities.

1. RESULTS OF CALCULATIONS

The current distributions §(r, R, #) chosen had the
time variation expressed in either of two ways
depending on whether the current boundary E was
fixed or constricting. Most of the distributions varied
in the second way and the current density was
expressed as j(r, R) with the time dependence
entering via the boundary velocity dR/dt. In the
case of a constant value for the boundary radius,
the density was expressed as j(r, t) and the time
dependence entered directly as a specified time
period 7 for the transition from a boundary-peaked
distribution to an axially peaked one. The following
expressions were found useful for approximating the
assumed variations in the current distribution:

iry R) = /R, (1)
i, R) = il — @/R)], @)
itr, &) = i1 — @/R)*] + jp(e/R), 3)
itr, B) = ju. + Gv — i) C/R)", 4)

where j, is the current density on the axis, j, is the
current density at the boundary R and the con-
stants «, 8 > 0. These four forms of the current
distribution are illustrated in Fig. 1 fora = 8 = 1;
in addition, the radial dependences of B, and E, for
the last expression are also shown. In general, both
7. and j, varied with time in a way consistent with
the total discharge current, which was assumed to
remain constant during the time of interest. For all
three contracting distributions, the boundaries were
assumed to contract at a uniform rate dR/dt = —V,.
Values for a and 8 ranged from 0.3 to 3.0. The first
expression, Eq. (1), represented a radially contract-
ing current distribution peaked at the boundary.
It is typical of the earlier stages of the plasma
collapse when collisions are probably dominant.
Thus, the results arising from use of this expression
are not discussed although considerable energy
gains were found using it. The second expression,
Eq. (2), represents a similar contracting current
distribution which is peaked on the axis. The third
expression, Eq. (3), represents a transition from a
density peaked on the boundary to one peaked on
axis while the boundary remained fixed. In this case
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I assumed that j, rose linearly from a value of zero
at ¢t = 0 to a maximum value at ¢ = 7 when j, had
fallen to zero. Finally, the last expression, Eq. (4),
combines the contraction and transition of current
density represented separately in Egs. (2) and (3).
This expression, with j, constant and j, rising from
zero in accord with the contracting boundary, was
the one used in the previously given brief account of
my calculations.’® It must be kept in mind that in
this axially symmetric system, the values of both
the electric and magnetic fields are always zero on
the axis and they rise to their maximum values at
the boundary. At any given time, the ratio of the
fields, E./B,, varied as r/R to a first approximation.

Recent observations of ours show a significant
correspondence between the fading of the luminous
plasma boundary and the onset of intense neutron
emission. On this basis I assume that the acceleration
really begins in earnest when the current density
undergoes a transition to an axial concentration. In
addition, it appears reasonable to assume that this
transition is accompanied by a contraction such as
represented simply in Eq. (4). Using the fields for
this distribution, the orbits of two typical deuterons
were computed, representing two classes of trajec-
tories as shown in Fig. 2. In these plots of the spatial
trajectories, both ions started out at the same ofi-
axis position with the same initial energy, but their
initial velocities were directed differently. The ions
making up the first class of trajectories (type I)
never reach the axis and gradually drift against the
electric field in the B x VB direction. Ions of the
second class (type II) oscillate through the axis and
exhibit a pronounced movement in the direction of
the electric field. We shall see shortly that such ions
are the ones gaining the most energy and that they
acquire the large axial velocities responsible for the
neutron-energy shifts.

This energy gain of the ions in the crossed fields
of the discharge can be compared to ion acceleration
in a cyclotron. For the first class, this analogy
requires a cyclotron having an electric field between
the Dees which does not change sign, but whose
amplitude varies on alternate half-cycles; this
variation in amplitude corresponds to the gradient
in the plasma electric field. As an analogy to the
second case, the electrie field in the eyclotron would
reverse sign on alternate half-cycles. It must be
pointed out that this distinction between the two
classes of ions is clear cut in our two-dimensional
calculations, but it still holds for three-dimensional
motion where trajectories only rarely pass exactly
through the axis.
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Fia. 2. Deuteron trajectories for two tfrpes of ion acceler-
ation. Reflections from r = 0 in type Il represent passage
through the axis.

For the representative pair of examples shown in
Fig. 2, the time histories of the ion positions and
velocities are shown in Fig, 3. Both ions had the same
initial energy of 2 keV and their radial velocities were
identical, but their axial velocities were initially
oppositely directed. In type I the deuteron gains
considerable energy within a fraction of a gyro-orbit
and then gradually gains more energy during subse-
quent orbits. Type II is seen to be the more interest~
ing case, though, for then the energy gain on
succeeding orbits is much greater. Even more
important is the fact that these ions not only reach
very high energies, but their average axial velocities
attain very high values. The apparent discontinuities
in the radial velocity occur when the trajectory
passes through the axis. As already mentioned,
consideration of the azimuthal motion of the ions
would give a similar motion, but without the sharp
discontinuities in the trajectory plots.

Trajectory calculations were made for the different
current distributions using a wide range of initial
values for the ion energy, different orientations of
the initial velocity vector, and several initial values
for both the boundary radius and the ion position.
Rather than trying to give many plots and tables
of all the results, only the salient features will be
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Fre. 3. Time dependence of deuteron radius r, speed vr,
radial velocity »,, and axial velocity v, for two types of ion
acceleration. Energy proportional to 72 (10 X 107 cm/sec =~
10 keV. Discharge current I is 700kA.

given. Although there is uncertainty about the
actual shape of the current distribution, the form
expressed through Eq. (4) appears to be quite
reasonable for use in explaining the neutron pro-
duction. But before discussing the results using this
expression, it is instructive to examine the types of
energy gains resulting from use of Eq. (3), which
defines a redistribution of the current density and
those resulting from use of Eq. (2), which represents
a simple contraction of the current distribution.
Calculations for the redistribution case with a
fixed boundary R, Eq. (3), show that 2.5 keV
deuterons increase their energy by up to six times
(to 15 keV) for the parameters I = 700 kA, B =
2 mm, and 7 = 20 nsec. Similar calculations show
that ions with an initial energy of 10 keV gain up to
a factor of 5 in energy (to 50 keV), when the same
parameters are used. The energy gain was found to
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be essentially independent of r and R. As might be
expected the energy gain was slightly higher for
smaller values of « and larger values of 8, corre-
sponding to initial and final distributions more
sharply peaked on the boundary and axis, respec-
tively. Only the discharge current played asignificant
role in the energy gain: an inerease in the current by
a factor of 2 resulted in about a 409, increase in the
final energy.

When we consider the constricting, axially peaked
distribution, Eq. (2), then the energy gain is some-
what larger. Deuterons with an initial energy of
2.5 keV will have their energies increased by factors
of 2, 7, and 16 (to about 5, 17, and 40 keV) as the
boundary radius shrinks down to 0.5, 0.2, and 0.1
of its initial value, respectively. Ions having a higher
initial energy will increase in energy by slightly
smaller factors. It is important to note that this
energy gain depends only on the ratio of initial to
final boundary radii. In contrast to the previously
discussed case the energy gain here is pretty much
independent of the discharge current. Compared to
the previous case, it was surprising to find that the
energy gain was slightly higher when the distribution
was less sharply peaked on axis (larger ). Again in
this case the energy gain is essentially independent
of the boundary velocity which corresponds to a
transition time. As already mentioned, caleulations
were also made using Eq. (1) and the energy gains
were significant. However, this form does not corre-
spond to the assumed discharge behavior, although
it may contribute to somewhat higher initial
deuteron energies.

We are now ready to discuss the energies resulting
from use of the distribution defined by Eq. (4).
The results given in Fig. 3 show that the fields
generated by a time-varying current distribution
can accelerate the deuterons to very high energies
and that their time-averaged axial velocities attain
high values. For example, the type II deuteron
illustrated in Figs. 2 and 3 had an initial energy of
2 keV which inereased to energies of 18, 60, 150, and
260 keV as the boundary shrank down from 4.5 mm
to values of 2.0, 1.0, 0.5, and 0.3 mm, respectively.
As found previously for the simple contracting
distribution, the gain in energy depends only on the
ratio of initial boundary radius to final radius. In
fact, the calculated energy gain is limited only by the
minimum radius of the contracting current bound-
ary. An estimate for this value can be obtained by
assuming the electrons have an average axial velocity
of only 1 X 10° em/sec and an average density of
10" em™. Then the boundary could shrink to a
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radius of less than 0.2 mm and still carry a current
of 1 MA. Since this distribution represents a com-
bination of the distributions given by Eqs. (2) and
(3), we would expect that the energy gain depends
somewhat on the magnitude of the discharge
current. The calculations bear this out; a factor
of 2 increase in the current results in about a 20-309,
larger energy gain. A factor-of-2 increase in the
boundary velocity also adds about 259, to the
energy gain. The effect of the velocity orientation
is illustrated in Fig. 4 for four typical ions which
start out at the same radial position with the same
energy. Here the energy is plotted as a function of
time and, in addition, the axial position of these
four ions is also shown as a function of time. This
figure illustrates that the energy gain is not propor-
tional to the magnitude of displacement in the
direction of the electric field. It is an interesting
result that the final energy of an accelerated ion is

>0 T T I
#4200
40 |
S 30 £
rsg =
s s
- £
s 20
w &
a
w
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HEIGHT , z{mm)

TIME (nsec)

Fia. 4. Time dependences of deuteron speeds vy and axial
displacements z for ions having initially the same energy and
radial position but starting with different velocity orientations.
Initially v = 2.5 X 107 em/sec, r = 1 mm, and B = 2 mm
with V, =2 X 107 em/sec and I = 700 kA.
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only weakly dependent on its initial energy. To drive
this point home, the expected energy gains for ions
starting from rest have been calculated, as illustrated
in Fig. 5. One finds that the energy gain for an ion
initially at rest is approximately the average of the
energies achieved by a group of ions starting from
the same point with a random orientation of initial
velocities. Of course, the highest energies will be
attained by energetic ions which start off in the right
direction, but these calculations show that even ions
with small velocities in the r-z plane can be accel-
erated to high energies. On the basis of these various
calculations it is estimated that around 259, of all
the ions could be accelerated in a type II trajectory.
It was also found that some ions start out in a type I
trajectory for a few orbits and then reach the axis
to continue their acceleration in a type II mode.
Values for the initial boundary radius and boundary
velocity were chosen to be consistent with visible-
light photography and rates of neutron and x-ray
emission. Also the calculated axial displacement was
found to be proportional to the initial boundary
radius and these displacements had to be consistent
with the length of the neutron source.

The limitation on the actual number of ions which
will be accelerated to high axial velocities is limited
by the collision probability. As is well known the
collision frequency decreases rapidly with an increase
in the ion energy, so it is largely a question of what
fraction of the ions can run away in the fields. The
collision frequency will be discussed later in the
paper. However, for ions with a random energy dis-
tribution averaging about 1 keV, it appears that at
least 19, of the ions could be accelerated unimpeded
by collisions.

The magnitude of the ion velocities is not limited
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to values obtained in the previous ecalculations.
As already mentioned in Sec. II, the energies and
axial velocities of the deuterons can be boosted
by a sort of tandem acceleration. The accelerated
ions move up the plasma column and enter a region
where the current distribution undergoes a transition
and collapse at a somewhat later time. Various
neutron-energy measurements indicate in a rough
manner that the neutrons emitted in the middle
of the pulse farther up the column do exhibit the
largest energy shifts. Yet another phenomenon
which could aid some ions in achieving still higher
energies is the effeet of collisions. Small-angle
Coulomb collisions could redirect some ions in a
favorable way so that they could gain more energy
from the electric field than if they orbited unimpeded.

IV. JUSTIFICATION OF ASSUMPTIONS
A. Collisions

The effects of ion—ion collisions were neglected
in the calculations and we examine the justification
of this assumption. For a distribution of ions the
usual thermalization time is given by

t,~2 X 10T¥*/nln A sec,

where T, is the deuteron temperature in electron
volts, n is the density in em™%, and In A is the usual
logarithmic factor, of order 10. For ions with energies
much greater than the random energy of the back-
ground an appropriate collision time is'”

t,~1 X 10E?/nIn A sec,

where E, is the deuteron energy in electron volts.
As the worst case, we assume a density of 10%.
Then for ions with energies of 1 and 10 keV the
corresponding collision times are 0.6 and 10 nsec,
respectively. Therefore, within a few nanoseconds,
a significant number of ions could run away.

B. Plasma Resistivity

It was assumed that a large increase in the plasma
resistance occurred as the plasma column became
tightly constricted and that this increase was
associated with an axial loss of plasma. The usual
expression for the plasma resistivity » is given by

7 =25X10"%In A/T%? Q-cm,

where T, is in electron volts and the resistivity is
very insensitive to the density. An extension of
this analysis showed that the resistivity transverse
to a strong magnetic field obeys the same expression,
with a factor of 2 increase in the coeflicient because
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of a change in the electron-energy distribution.
However, this expression does not take into account
the situation when the electron eyclotron frequency
w, is much larger than the electron—ion collision
frequency t,; given by

t,: = 7 X 10°T**/n In A.

In this case the resistivity is expected to be increased
by the factor [I + (w.t.:)°]. Now for densities
approaching 10°° and for temperatures in the vicinity
of 100 eV, values of ¢,; will be of order 107** sec.
Thus for w,t.; to be greater than 1, a magnetic field
greater than 10° G is required. Such fields will occur
only when the discharge current constricts to a
radius of less than a centimeter. At this stage,
electrons are forced to run away on axis to maintain
the discharge ecurrent, resulting in the assumed
current transition. And as current begins to flow on
axis the effective resistivity near the axis rises sharply.

Another way of looking at this enhancement in
the plasma resistance is to consider the rapid
decrease in the cross-sectional area of the plasma
column. Since the resistivity is insensitive to density,
the resistance will be greatly enhanced if the plasma
compression occurs more rapidly than the electron
temperature can rise to offset the diminished area.
In the same way the discharge current can be
maintained only by high-energy runaway electrons
on axis.

C. Ion Trajectories

For ease of computation, it was assumed that the
ion trajectories were confined within the current
boundary. Certainly the real current distribution
has no sharp boundary and ion trajectories are
likewise not limited, but calculations for many
different ion trajectories showed this assumption
was not restrictive. In fact the trajectories of very
high energy deuterons tended to overstep the
boundary only when the current distribution had
shrunk down to a very small radius. Yet in no way
does this affect the conclusions that were reached.

V. NEUTRON PRODUCTION

For the two simple models of neutron production,
moving boiler and beam-target, the neutron yields
are given by the following expressions'’:

Ymb = ang(Uv)ALtny
Yy, = Foon,ALL,,

where n, is the ion density, op_p i1s half the total
energy-dependent D-D cross section, A is the
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cross-sectional area of the hot plasma, L is the source
length, ¢, is the production time, and F, is the flux
of high-energy deuterons. It has already been
established that the neutron source is about 3 cm
long and the production time at a given point is
around 40 nsec.® For the sake of comparison it is
useful to first consider the neutron yield from a
thermonuclear plasma. If we assume an average ion
density of 10°° across a radius of 1 mm, then a
neutron yield of 10'° requires a deuteron temperature
of 1.4 keV. Such a temperature could be realized
from thermalization of the total energy in the
imploding sheath, if this energy is assumed to be
divided initially between directed kinetic energy
and the thermal energy within the collapsing sheath.
However, this does not allow for the energy needed
to explain the high-velocity axial motion. In addi-
tion, the average density is probably lower, so that
a yet higher temperature is required to achieve the
observed neutron yield. In any case, other observa-
tions provide strong evidence that the neutron
souree is not thermonuclear.™

Let us now consider the linear beam-target model.
A stream of deuterons with energies averaging 160
keV are assumed to be axially directed through a
plasma column having a density of 3 X 10™. Then
to aceount for a neutron yield of 10'°, an ion current
of about 20 kA is required, which represents about
39, of the discharge current in our device. As already
discussed earlier, such a model gives a calculated
flux anisotropy much larger than what is measured.
Also one would expect very little neutron production
near the anode where the acceleration would pre-
sumably begin, which is contrary to the experi-
mental results. Yet another point of conflict in this
model, is that the above estimate for the ion current
is too large by two orders of magnitude to be
consistent with conservation of momentum with the
electron current. Of course, this question of momen-
tum balance could also apply to the moving boiler
model.

The model presented in this paper appears to
satisfy the problems inherent in these other models.
We have seen how a large number of deuterons can
be accelerated to high energies in the crossed fields
and how the trajectories of these ions loop around in
the magnetic field. It must be emphasized again that
the energy gain of an ion does not necessarily
correspond to a net displacement along the axis.
In fact ions can gain appreciable energy even when
they suffer a net shift against the electric field. The
curved trajectories of the accelerated deuterons help
explain several facets of the experimental observa-
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tions. First of all this orbiting motion produces an
anisotropic distribution of velocity vectors, which
can account for the neutron-flux anisotropies
observed on most devices. Second, many of these
high-energy ions can now make fusion collisions near
the anode. And third, the average path length of an
ion in the plasma is much greater than its average
axial displacement, so that even fewer accelerated
ions are necessary to produce a given neutron yield.

To estimate the neutron yield on the basis of the
present model requires calculations very similar to
those for the linear beam—target model. Consistent
with the observed energy shifts, the accelerated ions
are assumed to have energies ranging up to 600 keV.
Of course, collisions between two such ions could
result in even larger center-of-mass energies, but such
collisions will be rare. The net result of these con-
siderations is that the ion current necessary to give
the same neutron yield under the above conditions
is reduced by about a factor of 5 below that re-
quired by the linear beam-target model (to less
than 19, of the total current). These high-energy
deuterons represent less than 109, of the actual ion
density even if one assumes they are confined to a
radius of only 0.1 mm. Thus it appears that most
fusion collisions take place with low-energy ions.
This still leaves the sticky point of momentum
conservation with the electron current. It is believed
that this is accounted for by the retrograde motion
of many low-energy ions. Certainly the axial jetting
of plasma accounts for more ion momentum than
do these few high-energy ions.

The apparent discrepancy between the assumed
transition time for diffusion of the magnetic field
(5-20 nsec) and the observed duration of neutron
production in a plasma focus (70-150 nsec) can be
accounted for by two phenomena. First, the accel-
erating electric fields are not generated simul-
taneously along the axis, because there is a time
spread of over 30 nsec, for the nonsimultaneous
collapse of the plasma column to the axis. Second,
after the deuterons have been accelerated to high
energies, they will continue to orbit in the azimuthal
magnetic field, thereby extending the neutron pro-
duction time.

VI. CONCLUSION

The assumed rise in the plasma resistance and a
consequent transition in the current distribution
appears consistent with the sharp pulse of hard
x rays which are generated by the discharge. As we
have seen, deuteron velocities of 6 X 10° cm/sec and
even more can result from acceleration in the fields
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generated by this rapid current transition. The
trajectories of these high-energy ions appear to
satisfy all aspects of neutron emission from plasma
focus discharges. In addition, it seems that the
neutron production in long, linear pinches arises in
a similar manner even though axial ejection of
plasma is limited by the length of the plasma column.
Direct verification of the model presented here would
require detailed measurements of the radial distri-
bution of the current density, plasma density, and
neutron production with submillimeter accuracy.
However, such measurements appear beyond the
present state of the art. Attempts to calculate the
acceleration of electrons to very high energies in a
manner similar to that for the ion acceleration have
so far been unsuccessful.
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