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Hall Magnetohydrodynamics and Its Applications to
Laboratory and Cosmic Plasma

E. A. WITALIS

Abstract-With early critical views by Lighthill [1] as the starting
point, a revision is performed of the classical magnetohydrodynamic
(MHD) theory for the magnetized plasma properties. The importance
of retaining the Hall term and using a two-fluid plasma description is
stressed. The plasma Hall Magnetohydrodynamics (HMHD) descrip-
tion is derived by accounting for the noncentral character of the inter-
nal particle-particle forces sustaining the plasma charge neutrality.
Plasma properties with similarities to the Meissner effect are pre-
dicted. The HMHD model and its extension to a current-tube plasma
description are used to explain experimentally observed characteristics
of magnetic confinement plasmas, with application also to cosmic plas-
mas.

I. INTRODUCTION
A N early theoretical paper by Lighthill [1] on mag-

netized plasma properties in the magnetohydrody-
namic (MHD) description has the title "Studies on MHD
Waves and Other Anisotropic Wave Motions." The pa-
per, mainly mathematical, contains in its physics sections
criticisms about the applicability of ideal or resistive MHD
theory for plasmas. Specifically, these concern the ne-
glect of the Hall term in the generalized Ohm's law, a
simplification still made almost routinely in magnetic fu-
sion theory. The criticism and its implication will be re-
viewed in Section III.

In one of the physics parts of [1] there is an intriguing
claim discussed with plausible arguments, but not proved,
about the partition of electromagnetic field momentum
transfers between the plasma charged-particle species.
This reasoning, which conflicts with generally accepted
past and present MHD theory, will be reviewed and
proved correct in Section IV.
The two objections to classical MHD theory and their

consequences give rise to doubts about the validity of the
theoretical foundations for thermonuclear fusion research
of the magnetic confinement type. Meissner-effect-like
properties of magnetized plasma emerge in the corrected
MHD plasma description instead of the classical "fro-
zen" or diffusing fields. This will be discussed in Section
V here, followed by experimental and theoretical argu-
ments in Section VI for the belief that the new MHD
plasma description, in agreement with experiments, also
provides prospects for nonthermal fusion.
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II. THE MHD EQUATIONS
For simplicity, a pure and fully ionized deuterium

plasma will be considered. The extension of this to plas-
mas with multiply charged ions or a hydrogen isotope
mixture is almost trivial and nearly so also the technique
to account for incomplete ionization degree [2]. With
usual notations and SI units, the ionic and electronic mo-
mentum transport equations read

nimi dti = eni(E + Vi x B) - V - Pi + Ri (1)

dVe (
neme dt - ene(E + Ve x B) -V * Pe + Re. (2)

Note the nonlinear character of the convective velocity
derivatives and their expansion:

dV dVa1dt a
+ grad V2 - Vi x curl Vi. (3)

Ri is the friction force upon the ionic motion by collisions
with electrons, and Re is to be interpreted similarly. Then,
it follows that

Re + Ri = 0. (4)

With the electronic inertia term in (2) taken to be negli-
gible compared to that in (1), the addition of these equa-
tions yields the familiar single-fluid equation for MHD
fluid mass motion, with Vi = V

dt

where P is simply the sum of the species pressure tensors.
The excess charge density Pe' as well the current j, has
been obtained from

j = eniVi - eneVe = ene(Vi - Ve) + PeVi (6)

The near absence of excess charge, Pe = e(ni - ne)
0, is a characteristic property of the plasma state; how-

ever, this does not mean that electrostatic fields are un-
important. In particular, Chen [3] has given a clarifying
discussion about the paradoxical "plasma approxima-
tion" ne = ni but div E * 0, apparently conflicting with
the Maxwell equation

so div E = Pe (7)
which thus becomes redundant in the MHD fluid approx-
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imation. With the mentioned simplifications, i.e., negli-
gible electron fluid inertia, no excess charge, and the ion
fluid velocity taken equal to that of the mass flow, (2) can
be written as the familiar generalized Ohm's law:

E + V x B j x B - V Pe+ Re. (8)
ene ene ene

The friction Re is directed as the velocity difference be-
tween the ions and the electrons, i.e., the current density
j so that

(Ilene)Re = (9)
where the constant of proportionality i1 is defined as the
plasma scalar resistivity. Its inverse is the scalar conduc-
tivity. Any electrical conductivity a is always a product
of a charge density, here ene, and a mobility, here te:

or = ene He

He = eeilme. (10)

Tei is usually explained as the time between momentum-
randomizing collisions with ions for the average electron.
Actually, it is corresponding effect but caused cumulative
small-angle scatterings.

Provided 'Tei is long enough, plasma electrons will gy-
rate magnetically. The Hall parameter

IleB = cgeTei

Wge =eBlme
expresses the number of radians passed through in
gyrations between collisions.

seen by writing (8) as

(E + V x B)/AOLVo

= (lLeBIRm)(I x BIB) - eV * Pe/Rm +ilRm. (15)
A large magnetic Reynolds number Rm >> 1, because
of a high scalar conductivity, will indeed make the last
resistive term small or negligible compared to the left-
hand-side (LHS) term; however, Rm >> 1 is not an ar-
gument for neglecting the Hall term. The Hall parameter
IAeB = wge Tei also takes large values whenever the elec-
trons are free to gyrate magnetically.
The central qualitative argument given in [1] is easily

seen by rewriting the electron fluid momentum transport
equation (2) as

d 1 B *dS =
d me Ve

m
ds

dt Ve dt Ve e

+ -(VPe-Re) ds.
Ve ene

(16)

The integrals in (16) refer to a closed-loop, length ele-
ment ds, defining the boundary of a simple closed surface,
surface element dS. To obtain (16) from (2), the Maxwell
equations (12) and

div B = 0 (17)

(11) are needed in addition to an identity

-Ka * dS =
dt v

aaXa +
v at div aV

v

* dS - V x a * ds
v

III. THE NEGLECT OF THE HALL TERM IN MHD
THEORY

In ideal or resistive MHD theory, presently fundamen-
tal for thermonuclear fusion research of the magnetic
plasma confinement type [4], [5] the j x B term in (8),
called the Hall term, is taken to be negligible. Mathe-
matically, with the aid of a curl operation and the Max-
well equation

curl E = -aBlat (12)

(8) then takes a diffusive character. The field diffusion
magnitude is determined by the magnetic Reynolds num-

ber Rm = ,AOo uVOL where V0 is a characteristic fluid veloc-
ity and L is a characteristic length. The Maxwell equation

Ixoj = curl B (13)

is used to express the resistive last term j/l in (8) also as

a function of B, and consequently the factor L in Rm is
obtained by (13) as

Ioj = BIL. (14)

The basic error in neglecting the Hall term was first
emphasized in [1]. The central quantitative argument is

applied to the vector field

a = B Me curl V.
e

(19)

The loop considered in (16) is attached to the moving
electron fluid frame, i.e., the loop is "frozen" to the elec-
trons so that it follows their motion. The last integral ac-

counts for effects by electron fluid viscosity and ion fric-
tion, i.e., resistivity, upon the motion of the loop. In
addition, the diagonal gradient part of Pe gives a contri-
bution, however, normally small as it requires grad ne x
grad Te * 0. With the last integral negligible (16) ex-

presses in the usual limit me -* 0 magnetic flux conser-

vation in the electron fluid frame, not mass frame. As
stressed in [1], the incorrect neglect of the Hall term in
(8) implies that the electron fluid frame is confused with
the mass (ionic) frame.

Equation (15) shows that the magnitude of the Hall cur-

rent term is by a factor IlleB = coge Tei larger than the re-

sistive one. The magnitude of the latter has been obtained
[5] by an estimate based upon quasi-static conditions,
which means that the characteristic length L is given by

(18)
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(5) as

jB pIL

p ni kBT. (20)

The condition for neglecting resistivity was then proved
to be

mi VOTei() «

rLi = (pilnimi)1121wgi
(gi = eBImi (21)

where rLi and Wgi are the ion Larmor gyration radius and
angular frequency, respectively.

If, more generally, L is based on the Maxwell equation
(13) and given by (14), another condition replaces (21)
[6]:

m L 2

mi VOTei\L/

X i = mil/oe2ni (22)

where X i is the ion collisionless skin depth, or magnetic
shielding distance for ionic currents. It is also called the
ion plasma wavelength by its relation to the ion plasma
frequency

xi = C/Wpi

w
2
= nie2/C0mi. (23)

Surprisingly, the choice between the quasi-static (21) and
the more general (22) is not critical. This is seen by eval-
uating their ratio

(Xi/rLi)2 = B oPi PmagnPi (24)

which should not differ from unity very much regardless
of whether one considers fusion as the magnetic confine-
ment of a thermonuclear gas or the conversion of mag-
netic energy into, eventually, thermal particle energy.
For the full and detailed derivation of the Hall current

magnitude, subject to reasonably dynamic conditions and
the scaling length (14), reference is made to the compre-
hensive analysis in [2, ch. 9-3, pp. 435-448]. The gen-
eral criterion, given by [2, eq. 9-57)] is simply

X2 IL2 << I

X2= mil1ioe2ni. (25)

Two observations should be made about (25) expressing
validity for the nonstatic, resistive, or ideal MHD theory
in which the Hall term is taken to be negligible.

1) The criterion may be well satisfied in the dense in-
terior region of a magnetically confined high-density
plasma. However, the decrease of plasma density towards
the plasma boundaries causes the local Xi value sooner or
later to exceed any characteristic length L of the plasma
entity, and then to go to infinity when reaching the vac-

uum or neutral gas region surrounding the plasma. In other
words, ideal or resistive MHD theory breaks down near
the boundary region of any high-density plasma.

2) The pertinent dimension and densities of the plas-
mas in present magnetic fusion research assemblies of the
"main-line" types do not satisfy the criterion (25) for re-
sistive or ideal MHD theory validity. For reasonable sta-
bility they have to operate at too low density with, ap-
proximately, L XXi as their limit for the obtainable
plasma density in a quasi-steady-state operation. Fully
ionized deuterium of density 103' cm-3 yields Xi = 10
cm. Generally, increased plasma volume size requires de-
creased plasma density, with the line density of straight
and toroidally bent discharges being of the order of the
inverse classical ion, not electron, radius.

IV. THE ELECTROMAGNETIC MOMENTUM TRANSFERS TO
ION AND ELECTRONS

Lighthill writes [1, p. 420]: "The idea that E + V x
B vanishes has already been criticized; this is the mean
Lorentz force on the ions, which in practice will be bal-
anced against their rate of change of momentum. How-
ever, one might expect the rate of change of electron mo-
mentum to be far smaller, in which case it would be more
accurate to put E + Ve X B = 0."
The later and generally accepted view about any direct

electromagnetic momentum transfer to the plasma parti-
cles is that plasma quasi-neutrality implies an equiparti-
tion in momentum transfer between electrons and ions,
contrary to the cited suggestion, with the result of no or
negligible net effect on the plasma total motion. The early
analysis by Dungey [7] is central. It concerns a cylindri-
cally symmetric plasma column, globally but not neces-
sarily locally charge neutral, without inflows or outflows
of currents and subject to a radially and magnetically
driven compression by the increase of an extemally im-
posed axial magnetic field. Using generally accepted sin-
gle-fluid plasma theory, Dungey proved that the rotational
electric field in such an arrangement, usually denoted as
the theta pinch, cannot give rise to a net column rotation
around its symmetry axis. This proof is actually the origin
of the still-raging controversy on the origin of rotation in
magnetically confined plasmas [8], [9].

Experiments prove that theta pinches start to rotate
globally when being permeated magnetically, as pre-
dicted in the citation above, and up to such tremendous
speeds that their emission of fusion megaelectronvolt neu-
trons is found to be rotationally shifted [10]. The rotation
was a well-established fact by 1961 [8]. The plasma al-
most behaves as if the electrons were just a massless
charge-neutralizing gas, with only the heavy ions capable
of gaining angular momentum from a rotational electric
field. (This successful "ad hoc" plasma description was
called by Freidberg [11] the "ion Vlasov fluid model.")
The flux-preserving electronic plasma surface currents, to
be expected from an equipartition in momentum transfers
to ions and electrons, have never been observed. Instead,
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the field-plasma interaction region is wide with its thick-
ness given by the ion collisionless skin depth Xi [12].

In order to resolve this conflict, (1) is rewritten in an
integral form similar to (16):

-G B * dS = _ _ ( iV ds
dt Jvi dt vi e

- + ~(V.Pi - Ri). ds. (26)
Vi ene

By making an apparently trivial (but manifestly incorrect)
elimination of the LHS flux derivatives between (16) and
(26) one directly arrives at the mentioned result of near
equipartition in the inductive electric field momentum
transfer between ions and electrons. But the LHS convec-
tive derivatives in (16) and (26) refer to differently mov-
ing loops! It may then be argued that quasi-neutrality
compels that the ionic and the electronic loop remain
coincident once being so, however, the result about equal
and oppositely directed momentum transfers becomes in-
correct again! That very quasi-neutrality in a magnetized
plasma is sustained by internal electromagnetic forces of
noncentral character. This invalidates the usual mechan-
ical law about equality between torque and rate of change
of angular momentum. The response of the ions to the
electromagnetic torque does not have its counterpart in
the electronic response to the same but oppositely directed
torque.

For a more detailed physical explanation, it is helpful
to regard magnetism as the effect of a small deformation
of the electrostatic field surrounding each moving charged
particle. This deformation arises from special relativity
theory. Because of the approximate plasma charge neu-
trality the macroscopic effects of the strong electrostatic
fields are very nearly canceled in the plasma. However,
the mentioned small deformations do not cancel but add
up to large values in cases of nonvanishing average rela-
tive motions between particle species with different charge
sign. If so, the internal plasma particle-particle interac-
tion forces sustaining the average charge neutrality attain
noncentral character, thus violating Newton's third law
about central force interaction. Basic treatises on electric-
ity have since the time of Maxwell recognized this prop-
erty of the fundamental Biot-Savart law of the magnetic
interaction force between line current elements. These
texts also prove that this property becomes irrelevant for
systems of closed line currents, and they extend the same
result by strict mathematics to continuum volume cur-
rents. To my knowledge only one basic treatise on elec-
tricity, that by Panofsky and Phillips [13] explicitly warns
that this result does not apply to charged particles.

The question is often raised as to how contradiction
with the third law can be avoided if each current element
is considered, not as a part of a closed loop, but as a
charge moving with velocity u. In that case the first term
in Eq. (7-26) would not vanish, and therefore Newton's
third law is not satisfied. This situation, however, repre-

sents nonstationary conditions of electromagnetic field,
and one cannot exclude the possibility that momentum will
be carried away by the change in electromagnetic field."

In deriving the full consequences of this for a magne-
tized plasma it should be realized that the hydromagnetic
concept of "amount per moving unit volume" is devoid
of physical meaning if it refers to a plasma consisting of
two or more particle species obeying different equations
of motion. As explained by Penfield and Haus [14], the
correct fluid formulation variables must be momentum,
energy, etc., in the volume assigned per particle. It should
also be noted that microscopic drift or guiding center rea-
sonings do not generally allow for the correct handling,
either of charge neutrality or of inertial effects.
Noncentral particle-particle interactions invalidate the

equality between externally applied torque and rate of
change of angular momentum for a particle system. An
analysis has to delineate the torque distribution from the
total electromechanical stress tensor upon a plasma in the
mentioned correct fluid description and subject to the ex-
ceedingly important approximate global charge neutrality
restriction. This analysis [6] just extends [14, sec. 4.7].
Simply by imposing the quasi-neutrality condition ni =
ne, the result directly comes out

d d
n (r X me V') + ni - (r x mi1/')e dt e dt

= V * (T0 x r). (27)

V' and V' represent the individual and peculiar velocities,
not averages. T 0 is the total electromechanical stress ten-
sor. Equation (27) states that right-hand-side (RHS) torque
"slips" in transmitting torque to magnetically gyrating
electrons as the first LHS term is then small and vanishes
in the limit me-+ 0. The electronic angular momenta, pro-
portional to their magnetic moments, become constants of
motion in this limit that cannot be made to apply to the
second LHS ionic term which represents the preferential
transfer of torque upon the heavy ions. Thus the rotational
electric field associated with magnetic field variations
drives the plasma ion gas into rotation. Contrary to estab-
lished plasma theory there is little or no counteracting an-
gular momentum transfer to the electrons. My name for
this ion rotation effect has been simply "magnetically in-
duced plasma rotation" [6], [23]. Of course, the phenom-
enon is physically better described as the shifting between
the field and the matter part of the approximately con-
served canonical angular momentum for the plasma ions.
Plasma Einstein-de Haas effect is another name com-
monly used to describe this phenomenon.

V. THE MEISSNER EFFECT IN MHD PLASMAS
Equation (16) expresses the approximate conservation

of the flux of the generalized or canonical vorticity Qe =

curl Ve - eBIme along the streamlines of motion defined
by the velocity Ve. The same applies to (26), Qi - curl
Vi + eBImi, and Vi, respectively. In the preceding section
it was shown that the crucial restriction of plasma quasi-
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neutrality violates the approximate conservation of Qe,
but not of Qi

It is assumed that the mechanical part of Sii is of elec-
trically inductive origin, i.e., initially Qi = 0, and there-
fore remains zero, so that

curl Vi = -eBIm,. (28)

If the current density is taken to be entirely ionic

curl B = AOeni Vi (29)

a Meissner effect London equation is obtained from (28)
and (29) assuming moderate variations in plasma density,
grad In ni 0:

V2B _ -2B= (30)
with the London penetration depth given by the ion col-
lisionless skin depth Xi, consistently with the criterion
(25).

Classical derivations of the superconductivity Meissner
effect, explicable in terms of quantum mechanics, are
usually rejected by invoking the so-called Lin constraint
[15] which, in effect, ensures that the identity is retained
for any considered fluid element. However, for a two-spe-
cies fluid, like a plasma, the Lin constraint "does not seem
to have any clearly identifiable physical significance," as
discussed by Jackson [16].
The restriction in (29) to ionic currents is not critical

since it can be seen [6] from an estimate based on the
usual inertia-free electron fluid equation that electrons
will be efficiently "frozen" to magnetic field lines. If
guiding-center theory is used for such an estimate, care
must be taken to include also the effects of the cyclic de-
formations of electronic orbits [17], which are usually
taken to be nearly circular in first-order orbit theory.
To my knowledge there is as yet only one investigation

[18] directly aimed at comparing specific superconductiv-
ity phenomena with properties of a laboratory plasma,
taken as the current sheath in a plasma focus discharge.
Detailed agreement was reported about features like bound
vortex-antivortex pairs, pinning, collapse, and magnetic
flux rope structure of vortices.

Alfven has long and correctly argued [19] that the
spontaneous formation of current filaments ("magnetic
ropes," "current constrictions," "plasma rays," etc.) is
a fundamental feature of magnetized plasmas in the lab-
oratory as well as in space. His explanation for this, in-
cluding the magnetic pinch effects and the usual Bennett
relation

NkBT = ,Ao I2I87 (31)

was shown not to be convincing [20]. N and T are the line
density and average particle temperature of the "rope,"
respectively, and I is the total axial current flowing in it.
However, Alfven's general views can be proved to be both
correct and convincing by replacing (31) by the general-
ized Bennett relation [21]. This is nothing but a straight-
forward rewriting and evaluation of the basic MHD mo-
mentum transport equation (5) in a general integral form

best denoted as the Chandrasekhar-Fermi-Schmidt virial
theorem for plasmas. The generalized Bennett relation,
when strongly simplified so as to apply to a charge-neutral
nonviscous stationary magnetized rope or current filament
reads, instead of (31),

WkI + Wmz + NkBT = [Lo 128Xr. (32)

In Section IV the conservation of ionic canonical an-
gular momentum was proved. The transfer of its field part
into its matter part is a plasma Meissner effect. Equation
(32) expresses energy relationship of such transfers, be-
tween the rope transverse kinetic energy Wk l and its axial
magnetic field energy Wmz.
The spontaneous formation of separate ionic vortex

structures ("magnetic ropes" or "islands," current fila-
ments, etc.) can be expected and indeed, does occur in
any moderate or high-density "magnetically stabilized"
thermonuclear fusion research device, whether of the
straight discharge type called the z pinch, the toroidally
bent type called the tokamak, or their many hybrids in the
field topology with names like the spheromak and the
field-reversed pinch [4]. Usually this formation is referred
to as m-number instabilities, originating from a mathe-
matical "Ansatz" exp [i(mO + no)] in the "normal
modes" linearized stability analyses based on the ideal or
resistive MHD theory criticized here.

It is interesting to note [4] that such "instabilities" nor-
mally proceed more or less violently with plasma particle
emissions and decrease of the inferred m number towards
a density limit roughly characterized by L XXi. Thus it
seems that an observed m number is the number of
"ropes" being formed near the plasma surface. The mag-
netically confined plasma would thus evolve towards the
single magnetized vortex structure! The low thermonu-
clear fusion power densities obtainable under the typical
but low plasma densities for L -X i [6], are one of the
reactor technology arguments against present "main-line"
fusion research [22].

VI. THERMAL AND NONTHERMAL CONTROLLED
MAGNETIC FUSION

Introductorily, the dense plasma focus assembly and
characteristics, discussed recently [23], will just be men-
tioned. The focus assembly is a coaxial-electrode single-
pulse discharge compression device producing a disrup-
tively unstable high-density plasma column. It originates
from purely experimental work in the early 1960's, mainly
concerning the combinations and ranges of parameters
under which intense neutron emission could be recorded
from localized regions of fusioning. Its performance dif-
fers drastically with respect to usual beliefs about ther-
monuclear fusion; e.g., its deuterium plasma can be ex-
tremely dirty, a positive center electrode polarity is a
prerequisite, like one or more violent channel-current-flow
disruptions, and most reactions occur during the so-called
dissipative phase long after the instant of channel peak
compression. The reaction rates in the fusion regions are
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orders of magnitude higher than that expected from a ther-
mal plasma there.

It has been stressed that focus experiments verify a
carefully worded description: "Most neutrons are due to
the interaction between relatively low density (1017_1018
cm-3) plasma structures and medium energy (< 100 keV)
ions confined for a long period of time in a self-sustained
magnetic configuration" [24]. Note the implicit nonther-
mal fusion reaction mechanism in this description.
The moving frame equations ((16) and (26)) suggest a

plasma description in terms of moving resistive deform-
able magnetically and mechanically interacting current
tubes, each with its identity retained during its motion.
This is a valid fluid plasma description (e.g., how the
magnetic energy of a current system is derived can be
found in basic texts on electricity [25]). In the absence of
excess charge accumulation the incremental and exter-
nally applied electric energy dW imparted during the time
dt upon the terminal pairs of a current-tube system is dis-
tributed as [26]

dW
3

I I,kldLkl+dW= 2 k 1 + d IkIlLkl)

+ 3kRkJdt (33)
k

where the RHS terms mean the mechanical and magnetic
energy increases and the resistive losses, respectively. The
double summations of course include the self-inductances
Lkk among the tubes' mutual inductances Lkl. Note in (33)
that the magnetic energy buildup term dWm includes a
contribution equal to the mechanical term. In fact, the
mechanical force or torque associated with the accelera-
tion or twisting of a current tube element, coordinate ar
is given by

F
a WmFr -
aar
1 aLklFr =2 E E IkIl (34)2 k 1 aar

In the derivation, Becker and Sauter [26] emphasize that
mechanical forces are derivable as positive partial deriv-
atives of a potential energy W,. This result appears to be
in error. Magnetism always arises from charged-particle
motion and it will be shown that Wm is actually the field
part of a canonical kinetic energy.
With the flux kk enclosed by the kth current Ik given in

terms of the magnetic vector potential A as

'k = E Lkl(j = A ds (35)
k

and further relaxing the hypothesis of discrete current
tubes

Ikds = jdv (36)
the magnetic energy in (33) can be expressed as the well-

known volume integral

13=I E IkA * ds I

k ,)
k

Aj A dv. (37)

The plasma is now taken as the superposition of sepa-
rate electron and ion current tubes. The mechanical term
in (33) accounts for energy gained or lost by displace-
ments of the tubes relative to each other, like a plasma
pressure buildup between them; however, the directed ki-
netic energy associated with charge transport by heavy
particles must be included separately in the ionic version
of (33). It becomes

0 = I >3IkIIdLkl + d (2 j * Adv)
+ E RkI2dt + dWkinllIk (38)

The LHS expresses the fact that ions do not flow in metal
conductors so there cannot exist any terminal pair for the
direct electrical energy input into a current tube. Index k
in (38) refers to ion current tubes, i to all tubes including
the electron flows in external metallic conductors which
also contribute to the vector potential A. j = eni Vi is the
ionic current density. Equation (26), written in integrated
form, is

°k = COk- +i Vi * ds
e

k

(39)

where the integration constant Cok (tO) is a reference ca-
nonical angular momentum, consisting of the magnetic
flux Ok(to) encircled by the kth ion current tube at an
earlier time to plus its mechanical part with correspon-
dence in time and space. Upon the integration of (26),
viscosity and baroclinic vector effects contained in V * Pi
have been neglected, and resistivity is as seen handled
separately in (38). By exactly the same technique as shown
by (35)-(37), the ionic species canonical energy is found
generally from (39)

I E COkIk = 2 j j Adv + Wkinll (40)

and the plasma ion species energy equation (38) then be-
comes

2 1
E E IkIldLkl + 2 E CkdIk + E RkIkdt.kI ~~~k k

(41)

Some observations may be made about (41).
1) The sign and magnitude of COk will strongly affect

the global plasma properties. Experimentally this is well
known by, e.g., the drastic bias field influence on theta
pinches, or "memory" effects especially pronounced in
the plasma focus.

2) Apart from effects by resistive dissipation, varia-
tions in ion canonical energy are primarily brought about
by plasma-current redistributions, of basically mechani-
cal nature. This may be a part of the explanation for pres-
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ently poorly understood MHD phenomena with names like
''magnetic activity," "saw-teething," "ballooning,"
"field lines reconnection," "fishbones," etc.

3) There is a built-in local or global current choking
mechanism because an inspection shows that the first RHS
term mechanical response to a second term current de-
crease will norrnally be directed so as to further impede
the current. (Minor or major current disruptions are a
characteristic feature of tokamak discharges.)
The concept of thermonuclear fusion arises from the

fact that, generally, the probability for fusion reactions
between colliding charged particles is far smaller than that
for elastic scatterings. A fast relaxation towards a nearly
thermal energy distribution is therefore usually assumed.
Small deviations from the thermal distribution can greatly
affect the fusion reaction rate [101.

Equation (40) follows from (39) which is a conse-
quence of the nonequipartition of the inductive-field an-
gular-momentum transfer to the plasma species. These
equations describe a direct transfer between magnetic en-

ergy and directed ionic kinetic energy, and verify obser-
vations [24]. However, turbulence effects are probably
important in dissipating the directed kinetic energy to-
wards the extremely reactive distributions seen experi-
mentally [27].

VII. SUMMARY AND CONCLUSIONS

About the time when extensive laboratory research
started on the interaction between plasmas and magnetic
fields, critical views were expressed by Lighthill [1] about
the validity of a set of equations called "ideal MHD the-
ory," [4], [5]; then, as now, normally taken to provide
an acceptable description of astrophysical MHD phenom-
ena and magnetic fusion systems. The criticisms have
been reviewed here and found to be justified. The cor-

rected MHD fluid equation, expressing approximate mag-
netic flux conservation in the electron fluid frame, not

plasma mass frame, leads to questions about the electric
field momentum-transfer distributions between the plasma
species. The Lighthill [1] reasoning about this, in conflict
with later generally accepted theory [7], [8], was proved
to be correct.
A new MHD fluid plasma description, hardly more

complicated but strongly differing from classical MHD
theory, emerges. Meissner-effect-like plasma properties
with inductively driven ion flows corresponding to the
quantum "supercurrents" are predicted, and the ubiqui-
tous rotation and filamentation of magnetic plasmas are

seen as inherent properties. A mathematical plasma de-
scription in terms of moving and deformable current tubes
was found to bring advantages.
Some of the remarkable properties of the dense plasma

focus were mentioned as a background to suggestions
about nonthermal or quasi-thermal fusion. In addition, the
preferential acceleration of ions in the presence of an elec-
tron background can be expected to have important con-

sequences for cosmic plasmas, e.g., ion acceleration

in planetary magnetospheres [28], cometary magneto-
spheres [29], [30], solar flares, and galactic and extraga-
lactic radio sources [31].
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