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Abstract

Both dynamic and equilibriumz pinches are mostly described, whether in theory or in simulation, by conventional
magnetohydrodynamic~MHD! fluid equations. However there are several key phases inz-pinch behavior when
kinetic effects are important. Runaway electrons can occur close to the axis especially in anm5 0 neck or during the
subsequent disruption. Large ion-Larmor orbits can, if sufficiently collisionless, lead to stabilizing effects. During a
disruption, ion beams can be produced. For deuterium discharges, the interaction of an ion beam with the ambient
plasma can lead to a significant neutron yield. If the drift velocity of the current-carrying electrons exceeds a
threshold for generating microinstabilities~lower-hybrid or ion-acoustic instabilities!, this leads to anomalous resis-
tivity. This can occur not only during a disruption, but also in the low-density~usually outer! plasma boundary of an
equilibrium or dynamic pinch. Related to this is the open question of whether current reconnection can occur in fully
developed magneto-Rayleigh–Taylor instabilities in the low-density coronal plasma. Two other kinetic effects are
new toz pinches. First, there are the collisions of low-density energetic ions from a wire array as they pass close to
the axis to form a precursor plasma. Second, there is the possible erosion and ablation of wire cores in the necks of
m 5 0 coronal current-carrying plasma by flux-limited heat flow with its attendant deviation from a Maxwellian of
the isotropic part of the distribution function.

1. INTRODUCTION

Kinetic effects can play an important role in any plasma that
is insufficiently collisional so that there are significant de-
partures from a Maxwellian distribution. Such departures
occur, for example, when large electric fields or temperature
gradients are present. Linear transport theory such as devel-
oped by Spitzer and Härm~1953! for zero magnetic field,B,
or by Braginskii~1958! for B Þ 0 is strictly valid only for
arbitrarily small thermodynamic fluxes and forces. In the
case of a finite electric field, it is possible for electrons to
grow in velocity into a runaway regime. If the electrons are
well magnetized,vcetei .. 1, then runaway cannot occur in
the plane perpendicular to the magnetic field. Here,vce is
the electron cyclotron frequency andtei is the electron–ion
collision time. In this case, the runaway electron effect is
confined to the axis of azpinch where the magnetic field is
zero.

It is generally assumed that in the fast, high-densityz
pinches currently being studied~see, e.g., Matzen, 1997!
that the line density of ions,Ni , and of electrons,ZNi , where

Z is the mean charge number, is so high that mean drift
velocities are very low compared to thermal velocities or the
sound speed,Cs, that conventional MHD theory applies
together with linear transport theory.

However we will find regions in space and phases in time
when this is not so, and kinetic effects are important.

In Section 2 we will briefly review the standard MHD
theory and linear transport theory, and discuss the limits of
applicability. In Section 3 we will consider when runaway
electrons will occur. It is important here to distinguish off-
axis guiding center orbits and the snake-like singular orbits
in the vicinity of the magnetic axis~Haines, 1978!, and
especially to consider the occurrence of runaway electrons
at the time of a disruption caused at the neck of anm 5 0
MHD sausage instability. Such MHD instabilities can, how-
ever, be mollified by similar orbit considerations of the ions.
In Section 4 the stabilizing effect of large ion-Larmor orbits
will be reviewed.

A z pinch can be formed from a wire or solid fiber or
indeed from an array of wires, when after a period of heating
and phase transitions to liquid and vapor in the case of a
metal, a coronal plasma is formed following surface break-
down and ionization. Because of its higher electrical con-
ductivity, the current switches to this plasma. Though forming
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only a small fraction of the total mass, it carries nearly all the
current. However as the magnetic pressure rises relative to
the plasma pressure, this plasma tends to go unstable to
m5 0 instabilities~Beget al., 1997!. Simulations by Chit-
tendenet al.~1999! show this and, furthermore, identify that
the observed bright X-ray emitting regions are rings of dense
plasma in the necks in which heat flux is strongly flowing to
the dense core. In this region, the temperature gradient can
be so strong that nonlinear heat flow might arise, similar to
that found in the laser–plasma approach to inertial confine-
ment fusion. This will be discussed in Section 5. Indeed a
recent analytic model~M.G. Haines, in prep.! shows that
flux-limited heat flow in the magnetically compressed plasma
in each neck leads to a time consistent with experiment to
convert the wires to a plasma. It also is effective in clamping
the electron temperature of the coronal plasma, so that both
vcetei and the magnetic Reynolds’ numberRm are less than
unity. The first condition, however, will permit runaway
electrons and ion-acoustic turbulence to build up, while the
second condition allows the plasma in them5 0 bulges to
leave the current and magnetic field region and to become
force-free flares. In a wire array, the effect of the global
magnetic field is to convert these flares into radially inward
flowing low-density field-free plasma jets. In Section 6, we
consider how ion–ion collisions can cause these radially
converging and relatively collisionless plasma ions to accu-
mulate on the axis of the wire-array as a stable column of
precursor plasma as observed by Aivazovet al. ~1988! and
Lebedevet al. ~1999!.

In Section 7, we review the triggering of microturbu-
lence, both lower-hybrid and ion-acoustic, which leads to
anomalous resistivity. This effect could be important at an
early phase of coronal plasma formation; also in the low-
density boundary regions of the plasma; and, most impor-
tant, in the necks of anm5 0 instability as the line density
drops and the mean drift velocity increases. Section 8 deals
with the disruption itself and a discussion of the many and
controversial theories to explain the occurrence of ion beams
as well as electron beams, the former in turn leading to
neutron production if deuterium is employed as the ion
species.

2. DEVIATIONS FROM EQUILIBRIUM

Considering first the electron plasma, the Fokker–Planck
equation can be expanded in a tensor expansion~Johnston,
1960! so that the distribution function is of the form

f 5 f0 1
rf1{ sv
v

1
r rf2:vv

v2
1 . . . . ~1!

In the rest frame of the ions and for a Lorentz plasma~i.e.,
neglecting electron–electron collisions, valid for large
atomic Z!, the dimensionless vectortF1 in steady-state is

related to the Maxwellianf0 5 fm by ~Epperlein & Haines,
1986; Haines, 1992!

tF1 5
Fm

11 V2V 2n

3 ~2V n11 se2 VV 2n11 tb 3 se2 V n12 st 2 VV 2n13 tb 3 st !, ~2!

where seand st are the dimensionless thermodynamic forces,
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, ~4!

and the other quantities are defined byF 5 4pvT3 f0n, V 5
v0vT, vT 5 ~2Te0me!

102, tb 5 B06B6, nT 5 3!p0~4tei !, and
V 5 vce0nT where the electron–ion collision time and Max-
wellian fm are

tei 5 4
32~4pe0!2me

102Te
3020~2102p102ni Z2e4 ln L! ~5!

and

fm 5
n

p302vT3
expS2

v2

vT2
D. ~6!

Here the collision frequency for an electron of dimension-
less velocityV is vTV2n, and for a fully ionized plasma
n 5 3. It is from this velocity dependence of the collision
frequency that~a! runaway electrons can occur, and~b! in
linear transport theory the thermoelectric term and the Nernst
term ~proportional to tb 3 ¹Te! arise in Ohm’s law and the
Ettingshausen term~a heat flux in the direction ofJ 3 B, J
being the current density! arises in the heat flux equation.
Chittenden and Haines~1993! showed how in azpinch, the
large heating per electron in the outer, low density region of
the z pinch did not lead to a thermal instability; rather the
Ettingshausen inward heat flow~associated with anE0B
inward drift of the hotter, less collisional, electrons! re-
moves this excess energy, while the Nernst effect ensures an
inward convection of the magnetic field~and associated
current! through it being more frozen to the hotter electrons.

The condition for onset of runaway electrons was found
by Dreicer~1960! for electrons with a velocityV such that

V 5
v

vT
$ S vTvDD

102

, ~7!

where the classical drift velocityvD is given by

0.381
vD
vT

5
eEf

mnT vT
~8!
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for a Z 5 1 plasma. On the other hand, the condition for
F1~V ! . Fm~V ! for the casest 5 0, n 5 3, V 5 0 is

V 5
v

vt
$ S vtvDD

104

, ~9!

which is a much lower velocity. Thus a significant depar-
ture from a Maxwellianf0 will occur for V approaching
and greater than this critical value. An intermediate criti-
cal value ofV 5 ~vT0vD!103 was found by Dreicer~1960!
above which the Joule heating exceeded the downscatter
of electron energy by electron–electron collisions. These
critical velocities are illustrated in Figure 1~taken from
Haines, 1996!. A similar condition for6 tF16 . Fm exists for
temperature gradients when nonlinear heat flow~Sect. 5!
applies.

To consider large ion Larmor radius effects, the tensorr rf2
@Eq. ~1!# has to be evaluated.

3. SINGULAR ORBITS AND RUNAWAYS

Following Haines~1978!, the radial pressure balance for
electrons can be written as

0 5 2neeEr 1 neevezBu 1 ~P5e 2 P4e!0r 2 ]P4e0]r. ~10!

On rearranging to give

vze5
1

neer

]

]r S rP4e

Bu
D1
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2
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]r
2

P5e
neeBu r

1
Er
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, ~11!

it is seen that the center-of-mass velocity of the electrons in
thez-direction is equal to the diamagnetic velocity plus the
three guiding centre components due to¹B, curvature and
E 3 B0B2 drifts. On multiplying by2*neer2p dr and in-
tegrating over the pinch it is found that the currentI is the
sum of the singular current for electronsIseand the current
due to off-axis guiding center motion, where

Ise5 22pF rP4e

Bu
G

r50

5 2
4p

m0
F P4e

Jz
G

r50

. ~12!

Iseis the current caused by electrons of thermal velocity that
are within one Larmor radius of the axis, and travel on
average in the direction from the cathode towards the anode,
that is,

Ise5 2neev4epRe
2, ~13!

where

Re 5
v4e

vce~Re!
5

2mev4e

em0 Iz~r 5 0!
~14!

andP4e is 1
2
_neme v4e

2 .

Fig. 1. A sketch of a Maxwellian distributionF0 5 exp~2v20vT0
2 ! versusv0vT0, showing the values ofv0vT0: ~i! ~vT00vd!104 at which

there is a strong distortion ofF0 from a Maxwellian;~ii ! ~vT00vd!103 at which the Joule heating balances the electron–electron
downscatter; and~iii ! ~vT00vd!102 at which runaway electrons will occur. The value ofvd0vT0 is also indicated, wherevD is the mean drift
velocity of the electrons relative to the ions~Haines, 1996!.
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There is a similar singular currentIsi for ions that move
with snake-like orbits in the opposite direction, given by

Isi 5
4p

m0
F P4i

Jz
G

r50

. ~15!

If the axial ion center of mass velocity is zero, thenIsi is
equal and opposite to the current associated with the mean
guiding center motion of the ions. For the special case of
Z 5 1 isotropic pressure andTi 5 Te, it follows that Isi is
equal toIseand each is half of the total current. If the plasma
is relatively collisionless~vcetei .. 1!, then the singular
orbits are important and can lead to runaway electrons and
energetic ion beams~see Sect. 8!, especially at a disruption.

Figure 2, taken from Chittenden and Haines~1993!, shows
how a hot electron is filtered towards the axis with aEz0Bu

guiding center velocity as it forms part of the radially in-
ward Ettingshausen heat flow. It then converts to a singular
electron orbit and is prone to run away in the appliedEz field
if Eq. ~7! is satisfied.

It should be pointed out that the off-axis guiding center
particles interlink orbits with the singular particle orbits,
that is, for the electrons, the diamagnetism redistributes their
effect so that the current density can be small on the axis
even though half the current can be carried by the singular
electrons.

However, if there are no or insufficient off-axis electrons,
as in the case of a diode, thenIz becomes2neevzeandP4e5
nemevze

2 so thatIse becomes Alfvén–Lawson limiting cur-
rent,IA given by

IA 5
4p

m0

me

e
v4e ~16!

or, relativistically,

IA 5 17,000gb ~Amperes! ~17!

whereb 5 v4e0c andg 5 ~12 b2!2102. It is unlikely that a
runaway current greater than this can penetrate through and
leave the anode of az pinch.

4. LARGE ION-LARMOR RADIUS
AND STABILITY

As shown by Haines and Coppins~1991! in a classification
of stability regimes for thez pinch, there is a regime in
I 4a2 N space wherevci ti . 1 andai 0a . 0.1 wherevci is
the ion cyclotron frequency,ti the ion–ion collision time
andai 0a is the ratio of the ion-Larmor radius to the pinch
radius. Incidentally, this is the regime for a D-T fusionz
pinch.

Linear and nonlinear stability has been studied by numer-
ically solving the Vlasov equation for the ions usually with
the electrons treated as a cold Hall fluid background, freez-
ing them to the magnetic field. The growth rates are com-
plex. The Vlasov model naturally allows anisotropy through
r rf2 to develop and it can be used for arbitrarily large ion-
Larmor radius. Arberet al. ~1994! show that for them5 0
mode, there is a considerable reduction in the growth rate as
compared to the Chew–Goldberger–Low~CGL! ordering at
zero Larmor radius. Both a linearized initial value code,
FIGARO, and a variational code show that for a parabolic
density profile, the growth rate has a minimum of 0.3 the
CGL model atai 0a > 0.2. The reason for increased growth
at largerai is not fully understood, but is probably because
as the ion-Larmor radius increases, the time to complete an
orbit becomes comparable to the MHD growth time, and so
there is less time for kinetic smoothing of the MHD mode.
The variational code has also explored them51 mode, and
it is interesting to find that there is a more marked stabilizing
effect here with a 80% reduction in growth rate atai 0a >
0.2.~Arber et al., 1995!.

There is good experimental evidence~Davieset al., 2001;
Haineset al., 1990! for a reduction in growth rate under
large ion-Larmor radius conditions. Unfortunately it would
seem from Arber~1996! that nonlinearly, them 5 0 insta-
bility continues to grow exponentially without saturation,
presumably until the plasma column disrupts.

5. FLUX-LIMITED HEAT FLOW

During the evolution of a solid fiber to form a surrounding
coronal plasma that carries most of the current, there is a
boundary between the plasma and the expanding core where
a steep temperature gradient can occur. Indeed, it is the heat
supplied through this temperature gradient that could be the
main source of energy for ablating or eroding the core and

Fig. 2. Trajectory of an electron with five times the thermal energy~vr 5
vz, vu 5 0! in r–z space in micrometers~Chittenden & Haines, 1993!.
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converting each layer to an ionized plasma, though there
will also be both the Joule heating by the residual current in
the core and the internal energy stored in the core. A steep
gradient is required to transfer sufficient energy, and under
this condition the heat flux becomes nonlinear,f0 departs
from a Maxwellian distribution, and a full Fokker–Planck
calculation is required such as carried out for laser-heated
plasmas for inertial confinement fusion by Bellet al.~1981!.

Fortunately it is quite often the case that a crude flux-
limiter f where f 5 0.1 to 0.2 gives adequate representa-
tion, so that the heat fluxrq can be given an approximate
upper limit of fnemevTe

3 02!2 where vte
2 5 2Te0me. A

comparison of this approximation, another nonlocal approx-
imation based on a convolution or Green’s function ap-
proach, and a Fokker–Planck solution was published by
Holstein et al. ~1986! for the case of heat flux from a
laser-heated plasma~at the critical surface! to the near
solid density ablation surface.

It is perhaps pertinent to consider the particular case of
st Þ 0, e 5 2 5

2
_ st, V 5 0 in Eq. ~2!. The critical velocity at

which F1 is equal toFm was employed by Shvartset al.
~1981! as the upper limit to the heat flux moment equation.
This critical velocity is~LT0lmfp!

106 5 6 st 62106 whereLT is
Te06¹Te6. Linear transport theory, if defined as valid if 90%
of the Spitzer heat flux occurs for electrons with velocity
less than the critical velocity, gives a critical velocity of
3vTe. For steeper temperature gradients, it is a good approx-
imation to take the geometric mean of the Spitzer heat flow
and the heat flux calculated by limiting the integration to the
critical velocity in order to obtain agreement with Fokker–
Planck calculations.

6. ION–ION COLLISIONS

Ion–ion collisions are important in two phases of a wire
array implosion. The first is during the formation of the
precursor column, while the second is at stagnation when
the kinetic energy of the imploding ions, perhaps 70–1000
keV, is randomized by viscosity to give an ion temperature.
This, in turn, leads on to equipartition to the electrons, fur-
ther ionization and the observed intense X-ray emission.
The second process can be very fast due to the high stagna-
tion density.

Of more novel interest is the first process, because the ion
mean-free-path can be large compared to the dimensions of
the inner low-density plasma. Once the density on axis rises
above a critical value, then ion–ion collisions begin to dom-
inate and a stagnated plasma column appears on the axis.
Prior to this, the ion streams interpenetrate each other.

The more general problem of collision between counter-
streaming ions of chargeZ and Z ' and of velocityv and
v1, gives a collision timetii for the scattering of an ion of
chargeZ:

tii
1 5

3

4

mi
102e302~4pe0!2

!2pni
1Z2Z12e502 ln L ii '

, ~18!

where

ln L ii ' 5 ln~lDe0l0ii ' ! 5 49.942 lnS ne
102

Te
102{

m 1 m1

mm1 {
ZZ1

bD
2 D,

~19!

e 5 1
2
_mi vD20e, vD 5 v 1 v1 5 bDc, m 5 mi 0mp, andm1 5

mi 1 0mp. The ion relative energy,e, is in electron volts, and
in ln L ii , the maximum impact parameter is determined by
electron screening, assuming that the electron thermal speed
is greater thanvD; however the minimum impact parameter
l0ii 1 is for ion–ion 908 deflections. In Eq.~18! the units are
m23 for ne and eV forte.

Considering like-like species of aluminium plasma with
vD 5 4 3 105 ms21, ni 5 6 3 1024 m23 ~1024 of solid
density!, Te530 eV, the Thomas–Fermi ionization level isZ
~5Z1! 5 8, lnL ii 5 7.28, ande 5 22.53103 eV. Thentii is
1.4 3 1029 s and the mean-free-path of the ions in the
laboratory frame wherev 5 1

2
_vD is 0.29 mm. Thus these

conditions are on the margins of being collisional. In the
Imperial College MAGPIE experiment, a precursor plasma
column is formed of radius a few mean-free-paths.

On repeating this calculation for tungsten plasma with
vD 5 4 3 105 ms21, ni 5 6.3 3 1024 m23 ~1024 3 solid
density!, te510 eV, this givesZ5 7, lnL ii 5 7.57, ande 5
38.43 103 eV. But nowtii is 1.33 1028 s and the mean-
free-path is 2.6 mm, both an order of magnitude larger.
Therefore interpenetration of the tungsten streams will oc-
cur. Indeed in the experiment, a narrow plasma column only
appears when another phenomenon, namely radiation cool-
ing or collapse occurs, so increasing the plasma density
through contraction under dynamic pressure effects.

Experimental evidence from end-on laser interferometry
attests to more collisional behavior from the interaction of
adjacent inward moving streams as they converge towards
the axis in aluminum plasmas; in contrast, tungsten streams
have no shock-like structures and no sharp density variation
occurs.

When a tungsten wire array plasma streams to the axis
and interacts with a plastic foam cylinder on the axis, for
a larger tungsten streaming velocityv of 4 3 105 ms21,
te 5 10 eV, Z 5 7, ni 5 6.3 3 1024 m23 and, assuming
the carbon has been photoionized to form a plasma,ni ' 5
1.753 1027 m23 5 ne ~Z ' 5 1!, then lnL ii ' is 6.96 ande is
154 keV, givingtii ' 5 2.033 1028 and a mean-free-path
of the tungsten of 8 mm. Clearly no shock will form at the
tungsten–carbon boundary, but interpenetration of the two
species will occur. Such a process cannot be modeled by
the standard fluid code. This mean-free-path will be re-
duced when the radial electric fieldE set up to yield an
equal inward electron current flow is included.E is hni Zev
and for aZ ' 5 1 carbon plasma at 10 eV discussed above,
h is 3.3 3 1026 V-m and E 5 9.2 3 106 Vm21 so that
154-keV tungsten ions will be slowed over 16 mm in the
absence of ion–ion collisions. For these parameters, the
resultant slowing down distance is 5.5 mm. The released
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energy will obviously raise the electron temperature and
degree of ionization, which will only increase the effective
mean-free-path.

In this model, the electric field is well below the Dreicer
runaway electric field, so that a Spitzer resistivity is appro-
priate. A more extreme case was considered by Simnett and
Haines~1990! to explain the emission of hard X rays at solar
coronal footpoints due to 1-MeV ions~and accompanying
electrons! impinging on the relatively dense, cold chromo-
sphere. The incoming electrons are scattered by the chromo-
spheric plasma and an electric field is set up to maintain this
inward electron flow to neutralize the inward current. Some
of these electrons can attain an energy approaching 1 MeV
and emit hard X-ray bremsstrahlung. If, however, the ratio
of the plasma to beam density is high enough or the temper-
ature of the chromospheric plasma is increased, this plasma
itself ~like the above case! provides the neutralizing current;
if the Dreicer condition for runaway is also not violated, no
energetic electrons and no hard X rays are produced.

It should be stated, however, that if the interior material is
un-ionized, the mean-free-path of the incoming tungsten
ions might appear to be less than 1mm. However in these
collisions, carbon atoms will acquire about 10 keV and will
ionize. However, it is likely that photoionization and early
precursor plasma interaction will lead to the foam becoming
an ionized plasma earlier.

A remark should be made about the nature of ion–ion
collisions within the precursor plasma stream itself for den-
sities in the range.1024 solid density. Assuming that the
ion temperature is the same as the electron temperature, for
the values given above~10–30 eV!, it is found that the
Debye length is less than the Landau parameter. Thus the ion
plasmas are strongly coupled and binary ion–ion collisions
dominate. This is not the case for the more energetic colli-
sions between interpenetrating streams.

Last, in the area of laser-produced plasmas, the phenom-
enon of interpenetrating plasma streams has been studied
experimentally and theoretically by Boschet al.~1992! using
aluminum and magnesium, with results consistent with the
arguments here.

7. ANOMALOUS RESISTIVITY

When the drift velocity vD ~5J0nee! of the current-
carrying electron exceeds some critical velocityvcrit ,
which is typically of the order of the ion sound speed,Cs

~5 !@~ZeTe 1 Ti !0mi #!, some form of micro- or velocity-
space-instability will be triggered. It will rapidly grow in
time and saturate in amplitude. The resulting turbulent elec-
trostatic or electromagnetic wave structure will interact
with the drifting electrons, causing them to be scattered.
This scattering can be much larger than that caused by
Coulomb collisions with ions; hence an anomalous resis-
tivity will be generated.

The microinstability that is generally thought to be the
most relevant for thez pinches is the lower hybrid drift
instability, because in thez-pinch configuration the current

density and drift velocity are orthogonal to the magnetic
field. Related to the lower hybrid instability is the modified
two-stream instability studied earlier by Bunemen~1961!
and Ashby and Paton~1967!. Krall and Liewer~1971! de-
rived the first linear, electrostatic kinetic model of the lower
hybrid instability. Davidson and Gladd~1975! developed a
quasi-linear model to find a value for the anomalous resis-
tivity. Huba and Papadopoulos~1978! considered electron
resonance broadening as a saturation mechanism especially
in finite b plasmas. Particle simulations by Winske and
Liewer ~1978!, in contrast, find that ion trapping is a satu-
rating mechanism in the high drift velocity regime, while
Davidson~1978! found current relaxation and plateau for-
mation can cause saturation at low drift velocity.

Perhaps the two most important papers to yield in 2-D
nonlinear modeling a value for the anomalous collision fre-
quency at saturation are Drakeet al. ~1984! and Brackbill
et al.~1984!. The former considered nonlinear mode–mode
coupling showing that energy is transferred from long-
wavelength modes to short-wavelength modes which are
damped. The anomalous collision frequencynanomso found
from this model is

nanom5 2.4~vevi !
102~vd 0vi !2. ~20!

Here~vevi !
102, whereve andvi are the cyclotron angular

frequencies of the electrons and ions, respectively, is the
lower hybrid resonance frequency, whilevD and vi are
the electron drift velocity and the ion thermal speed,
respectively.

In contrast, Brackbillet al. ~1984! employed a 2-D im-
plicit particle-in-cell code VENUS with 90,000 ions and
electrons, initially with a Harris equilibrium. This was fully
electromagnetic with finiteb. The suggested saturation mech-
anism was electron kinetic dissipation with wavelengths
greater than the electron Larmor radius. The resulting anom-
alous collision frequency found in this numerical simulation
differs from Eq.~20! and is

nanom5
C

4pbi

~vevi !
102~vd 0vi !2, ~21!

whereC is 0.13 to 0.38 andbi is the ratio of ion pressure to
magnetic pressure.

Before applying these results to thez pinch it is perhaps
worthwhile to recall the basic physics underlying the lower
hybrid resonance. Though the ion cyclotron frequency is
present in the formula, the ions are, in fact, to a good ap-
proximation unmagnetized. Figure 3 illustrates how the lower
hybrid resonant frequency arises when the ion plasma fre-
quency is much higher. Consider a plane electrostatic wave
propagating in thez direction. The unmagnetized ions will
oscillate to and fro in the6z direction. With a steady mag-
netic field in they direction the magnetized electrons will
have an oscillatoryE0B drift in the 6x direction. Super-
posed on this is the polarization drift,E0~Bvce! in the 6z
direction that will convert the electron guiding center tra-
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jectory into an ellipse. The resonance occurs, that is, a ten-
dency for zero charge separation, when the spatial amplitude
of the ion oscillationeE0mi v

2 is equal to the width of the
ellipseE0~Bvce!; this givesv 5 ~vcevci !

102.
The lower hybrid instability arises when a density gradi-

ent is present in the2x direction; then the electron elliptic
motion leads to an increase of positive potential and charge
at the positive peak of the wave and a similar amplification
of the negative charge at the negative potential peak. The
density gradient corresponds to a net diamagnetic drift of
electrons in the2z direction. Hence such a current is re-
sponsible for the growth in the wave amplitude.

It is to be noted that nearly all the simulations and theory
have been undertaken for a collisionless plasma. However
the coronal plasma around each wire of a wire array is
typically so collisional that the Hall parametervetei is less
than unity. This is also true for single wires, and it is only in
the very low-density outer corona that the Hall parameter is
large enough to be able to apply these models of lower
hybrid turbulence. However it is very useful~see Chittenden,
1995; Chittendenet al., 1999! to apply such an anomalous
collision frequency as one approaches the plasma–vacuum
boundary.This anomalous collision frequency leads to a more
realistic reduction of current density, and, in particular, a non-
singular electron drift velocity as the density approaches zero
~or the value ascribed to the vacuum!.

When modeling the magneto-Rayleigh–Taylor instability
in the r–z plane~e.g., Petersonet al., 1999; Douglaset al.,
2000!, the inward moving bubbles of plasma leave behind

extended spikes. A current reconnection across these spikes
in the lower density “vacuum” would generate lower hybrid
turbulence; it is doubtful whether the large anomalous resis-
tivity would permit much current to flow despite the low
inductance path. This is an active area of research. Indeed
current reconnection is an intrinsic feature of the model
proposed by Rudakovet al.~2000! to explain the dissipation
of magnetic energy at stagnation.

Introduction of lower hybrid anomalous resistivity will
change the formula for the Pease–Braginskii current, a point
followed up by Robson~1989!.

In the next section, anomalous resistivity will be intro-
duced in a new model of disruption when gaps of low-
density plasma exist between density islands at the time of
anm5 0 disruption and thereafter.

It is to be hoped that with the new generation of comput-
ers, further work, perhaps in 3-D full electromagnetic, will
be undertaken on lower hybrid turbulence, and the related
modified two stream instability.

Meanwhile, attention could be drawn also to the need for
better-diagnosed experiments.A recent paper by Takeda and
Inuzuka~2000! presents measurements of anomalous resis-
tivity associated with large amplitude noise at the lower
hybrid frequency. Here the ratiovD0vi was large~;102! and
the anomalous collision frequency was essentiallyve. This
leads to Bohm diffusion. It is perhaps permissible to specu-
late that the formula fornanomgiven by Eq.~20! is only valid
up to a value ofve, when it becomes independent of~vD0vi !.
For a hydrogen plasma, this will occur atvD0vi equal to 4.2.

8. DISRUPTIONS

During the nonlinear evolution of them5 0 instability of a
stagnatedz pinch or plasma focus employing deuterium as
the working gas, a significant pulse of neutrons appears,
typically a yield of up to 1012 neutrons~Bernardet al., 1979;
Maissonier & Rager, 1979!. The origin of this has been a
great source of debate and controversy that has still not been
resolved. Several of the proposed mechanisms are kinetic in
nature and, in this short review, will be the main focus of
discussions.

Normally the principal pulse of neutrons at the time of
m5 0 disruption is the second pulse~Schmidt & the Posei-
don Team, 1983!. The likely explanation of the first pulse is
essentially kinetic in origin. It was first hinted at in Trubni-
kov’s ~1986! paper~Sect. 2.10! and developed more realis-
tically by Deutch and Kies~1988!. Here it is considered that
there is a sheet current piston that compresses the plasma as
the first pinch is formed. Unlike the snowplough model, it is
postulated that the ions, on encountering this moving piston,
are effectively reflected by it and effectively are kicked
inwards~by the radial electric field in the current sheet! with
twice the velocity of the piston. It is then assumed that they
are essentially collisionless and also conserve their angular
momentum~a point made by Trubnikov, 1986, and earlier
by Haines, 1983!. On encountering the moving piston a
second time, there is another gain of energy; indeed the

Fig. 3. Orbits of oscillating ions and guiding-center electrons, showing
equal amplitude in theZ-direction at the lower hybrid resonance.
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faster ions have more reflections and gain more energy, a
feature of this Fermi acceleration mechanism. There will be,
as a result, a high energy ion tail and ion–ion collisions that
will grow in number when the piston reaches close to the
axis and will also yield D–D nuclear reactions, but of a
superthermal nature. If the incoming piston is conical in
shape, it will also lead to a growth in axial motion. It should
be noted that multiple collisions of essentially collisionless
ions are needed for this, a condition that might pertain in
certain conditions in the precursor plasma of an imploding
wire array.

Four important features of the principal pulse of neutrons
are~i! it originates at the time ofm5 0 instability, a point
confirmed experimentally by Bernardet al. ~1979!; ~ii ! the
neutrons have an anisotropic distribution consistent with
originating from an ion beam in thez-direction~the direc-
tion of ion current, also confirmed by Bernard who em-
ployed a deuterated target on axis to verify this point!;
~iii ! there is an associated relativistic electron beam travel-
ing towards the anode~verified by measurements in a hol-
low anode by Nardiet al., 1979!; and~iv! there is a voltage
spike and drop in the current.

Dealing briefly with the fluid models, Andersonet al.
~1958! pointed out that at the time of necking off of them5
0 instability, there is a large transient increase in inductance
and associated electric field. In turn this electric field will
accelerate the ions leading to an energetic ion beam and, by
collisions, neutrons. The argument was based on ideal MHD,
and as pointed out by Haines~1983!, in the moving plasma
the electric field as seen by the ions~E 3 vvvv 3 B! is zero.
Furthermore it was shown that there is up-down~or 6z!
symmetry each side of a neck, even for resistive MHD, so
that if any ion jets occur from the necked region, they will
occur equally in both directions. It requires introduction of
the Hall term and, or, the finite ion-Larmor radius terms in
the stress tensor to break this symmetry and allow a beam to
form ~Haines, 1983!. Filippov ~1979! proposed a moving
boiler mechanism to explain the experimental results, a mech-
anism closest perhaps to that proposed by Vikhrev~1986!.
He claims that dense hot thermonuclear plasma is formed in
the necks of anm50 instability, and bases this on 2-D MHD
simulations. This is at variance with experimental measure-
ments ofzpinches, especially fiber pinches~Mitchell et al.,
1998!, though Kassapakis~2000! has shown in a 2-D simu-
lation that a suitable initial finite amplitudem5 0 deforma-
tion can lead to high density and temperature in a neck.
Yan’kov ~1991! proposed a propagating burning thermo-
nuclear wave triggered by ignition at them5 0 neck.

One of the difficulties in a kinetic model to give ion
beams is to obtain consistency with overall conservation of
a momentum; the question “where is the equal and opposite
axial momentum deposited?” needs to be answered. A sim-
ple electrostatic model of a diode relies on a breakdown of
quasi-neutrality so that the net charge densityqv provides a
force per unit volumeqvE in an electric field. Because of
Maxwell’s equation this force ise0E¹{E. To explain the

Bernardet al. ~1979! experiments where 1.9 MA of deu-
teron current of energy 300 keV was generated, it would
require an outrageous electric field of over 1011 Vm21. The
equal and opposite force would occur where the correspond-
ing negative charge is situated. Indeed in one dimension,

e0 Ez]Ez0]z 5
]

]z
S1

2
e0 Ez

2D
will clearly integrate to zero across any double layer, show-
ing that there is no net momentum transfer. A more realistic
sheath acceleration was proposed by Haines~1981, 1983!;
but this was confined to the anode sheath, in which a radially
inwardEz0Bu drift of magnetized electrons would constitute
the necessaryJr Bu force, while the ions accelerated in theEz

field. The sheath thickness would lie between the Larmor
radii of the electron and ion. The electrons on reaching the
axis would exit axially through a hole in the anode. The
equal and opposite force is transmitted to the anode itself
through the magnetic pressure. It is difficult to see how such
a mechanism could operate in anm 5 0 neck in the main
plasma column.

Haines ~1983! proposed a model based on finite ion-
Larmor-radius effects. Without anm 5 0 perturbation, a
collisionless pinch has ion trajectories that are singular or
betatron-like with one Larmor radius of the axis with a
guiding center flow in the opposite direction off-axis and,
through diamagnetism, a net center of mass velocity of zero
~see Sect. 3!. During a dynamic creation of anm5 0 neck, a
large amount of energy is given to the ions in this region,
leading to a beam of energetic singular ions proceeding
towards the cathode, and, off-axis, an equal and opposite
momentum in guiding-center ions. These ions are more nu-
merous, and so the energy change in these is much smaller
than in the beam. Nevertheless, Tiseanu and Mandache
~1994! have inferred such ions from measurements.

If the line density drops to a low value in the necked
region, the drift parameter~e.g., the ratio of the electron drift
velocity to the ion sound speed! increases past a critical
value leading to the onset of microturbulence. Ryutovet al.
~2000! discuss the onset of this, and the subsequent forma-
tion of a high energy ion tail as proposed by Vekstein and
Sagdeev~1970!. However the problem here is that the ener-
getic ion tail evolves in the direction of the electron flow; on
the contrary the ion beam that produces the neutrons flows
in the opposite direction. The fraction of ions involved is
~me0mi !

104 and the opposite momentum is transferred to the
remaining majority ions.

Trubnikov~1986! considered the sudden onset of micro-
turbulence in the neck of the unstablez pinch ~indeed the
Buneman two-stream instability!. Keeping the total current
constant, he postulated a rapid transfer of this current to a
peripheral plasma. The drop in inductance leads to a high
voltage across this, and he considers furthermore that the
peripheral plasma has a dielectric constant of~c0VA!2 where
c is the velocity of light andVA is the Alfvén velocity. The

V
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ions in the peripheral plasma get accelerated in the high
transient electric field by diode action and subsequently
impact the adjacent dense plasma to produce neutrons.

While there are difficulties over conserving the total mo-
mentum, the large electric fields needed for diode action and
the concept of a dielectric under these conditions, there are
some interesting and useful features for a more refined model.
It can be shown that when the line densityN of a z pinch
drops below a critical valueNc based on the Bennett relation,

16pNKBT 5 m0 I 2 ~22!

whenI 5 NeCs andCs
2 5 kBT0mi , giving Nc 5 ~16p0m0! 3

~mi 0e2!, it is impossible for a pressure balance to occur if
the drift velocity is unable to exceedCs because of micro-
turbulence. Thus in the necked region, while earlier the
large ion-Larmor radius acceleration scheme might apply at
first, asN drops, a runaway electron current and microtur-
bulence will occur. The plasma in this region will heat up by
this anomalous resistance and not be confined, but expand
radially. Likewise this will lead to a redistribution of current
in a time of order 50 ps and a reversal of axial electric field
Ez is possible at larger radii~]Bu0]t is large and negative and
therefore so is]Ez0]r !. The ion acceleration that could oc-
cur will be in one direction near the axis and in the opposite
at larger radii, thereby allowing axial momentum to be con-
served. The electron current in theZ direction will be driven
between these plasma density islands by a largevr Bu elec-
tric field, this situation then continuing in the benign decay-
ing phase after the disruption~Beget al., 1997!. More work
needs to be done on the theory and also on more experimen-
tal diagnosis of turbulence, current distribution, and elec-
tron temperature in the low-density region before there is an
understanding of this phase of thez pinch.
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