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ABSTRACT

A simple current-sheet model of a hydromagnetic shock is employed
in an attempt to explain the origin of the Bg and vpoloidal observed
in the hydromagnetic vortex ringsu’z)produced in the conical 6 pinch.
Although this simple model has its limitations, it nevertheless shows
clearly that the Bg and the vortex structure are due to Hall currents
which are driven by shear in acceleration, and that the existence of
any right-handedness and left-handedness and of the plasma vortex
structure itself depends upon the fact that negative electricity
(el ectrons) are light and positive electricity (protons) are heavy.
The model also gives a plausible explanation and description of the

origin of 6 rotation, i.e. vg in the © pinch.
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l. This paper treats the process of production of plasma vortex motion and

Bg in the conical © pinch,.

2., The analysis of the coaxial plasma acceleratorrwith a large ratio of outer
to inner radius has been made(s) with the model of a simple current sheet.
Even this simple model predicts the plasma vortices, perturbation magnefic
fields in the O direction produced by Hall currents,and a different behaviour
when the polarity of the center conductor is reversed. The present paper
applies this same type of analysis and model for the conical © pinqh‘and pre-
dicts the formation (with the correct sign) of Vpoloidal and Bg, both of which

(1,2)

have been observed n the plasma vortex rings produced in the 6 pinch.

The Bpoloidal is, of'course, also observed in these vortex rings.

3. Fig.l shows a conical 06 pinch coil with the applied magnetic field B, and
with the dimensions shown. The induced © electric field Eg and the induced 9

current density Jg ind are also indicated. A first estimate for the thickness

m 1
0 of the current sheet would be the Rosenbluth sheath thickness, (EHEEEE)Z or
o

the Larmor radius of the positive ion. For n=10"%/cm®=102%/m®, the
Rosenbluth sheath is about 0.4 mm. For a hydrogen ion of velocity 107/cm/sec
the Larmor radius is 0.2 mm in a magnetic field of 50,000 gauss and 1 mm in a
magnetic field of 10,000 gauss. These values for 0 are less than the observed

1 cm thickness for hydrogen reported by Burkhardt and Lovberg(4) and the 5 cm

thickness for argon reported by Keck et a1(5) for a coaxial accelerator. The
processes which go on within the current sheet and which control its thickness
are thus obviously more complicated than we might first estimate. For simpli-
city in exposition we will nevertheless assume a simple current sheet which
acts like a shock, even though a substantial amount of current flows behind

this current sheet.

4, The co-ordinate £ is introduced in Fig.l to represent displacement in the
direction perpendicular to the surface of the coil. The co-ordinates m and

r0 are introduced to denote displacements parallel to the surface of the coil.
Fig.2 attempts to show the flow through the current sheet (which is essen-
tially a shock front) where, for example, é1 represents the & componenf of the
plasma velocity before entering the shock front and &, the £ component upon
leaving the shock front., Even though some current will flow also behind the
shock front, it will be assumed for simplicity that a large spacial step in
the field B occurs in the shock front or current sheet because of the large

portion of the total current which flows there.

5. The various portions of the shock front are acted upon by an applied field

B_(z) which depends upon the position z. Therefore the acceleration E of the



various portions of plasma in the shock front is different. The electrons
carry the major portion of the current Je ind and are acted upon by the force
Js ind X Ba which drives them in the E direction. The heavier positive ions
lag behind, thereby producing the electric field EE = :;é. which is an active
emf and which is prepared to drive currents wherever they are permitted to
flow.

(3) for the flow of the Hall
currents driven by this emf is partially through the metal electrodes. In the

6. In the coaxial accelerator the return circuit

conical © pinch the flow of these Hall currents which are poloidal currents

jp,is through the plasma and is diagrammed in Figs.l and 2 and produces Bg as
shown. In the coaxial accelerator these particular Hall currents undoubtedly
play some part in setting up the shear in velocities which produces rotation
in the vortex or eddy. In the conical 6 pinch the £orce,'fe = ]P x B,, which

acts primarily upon the electrons, is shown in Figs.l and 2.

7. 1In order to understand some of these effects in a semi-quantitative way
we start with the equations of conservation of flow of mass, momentum, and
energy across the current sheet of thickness 0. An eddy (the observed
Vpoloidal) 2) will be produced as it is also expected to be produced in the
coaxial accelerator when the center conductor is negative. Under these condi-
tions the coaxial accelerator exhibits a planar current éheet. We will there-
fore assume that the current sheet in the conical © pinch remains parallel to
the coil as it moves inward. In the frame of reference of this current sheet
the unshocked plasma approaches the current sheet with a velocity év as shown
in Fig.2 and recedes from the current sheet with a velocity which is the
vector sum of éz + ﬁz. The conservation equations for any value of z are
thus: -

L 6 L) » ~ .

Mass: nmi&, = (1 + g=)ngmiE, + nmin, T nomg&, + n,min, (1)

if $E<< 1
. 32 . ‘
Momentum: nmi2 = == = n m;E> (2)

VR Ry Ho 27172
a B d
-63,}-] (-z-ﬁ-o) - éa,r—l(nkT) = nzmiﬂaaa (3)
b(jp x By) =0 g = nzmei?(re)e = 2mi52(ré}i (4)
later
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- 2
_ . Tn,m;iE] : B, - .
Energy: E1L——E__- + n1kT1} + E,; i KT, = Zbo B; ~ Eyn kT,
Rate of Energy Transport Rate of work by pressure terms at
into current sheet the boundaries of the current sheet
=2 L2 B.2
: Egﬂi?a nmilly 0
= &, [ 5 + n kT, + —=5 + FTTN (5)

Rate of energy transport away from current sheet.

8. The limitaions of assuming that all the physical facts can be explained in
detail by the conditions at the boundaries of the shock or current sheet are
evident from these equations. To keep n,from becoming infinite at z = o it is
necessary to have some T flow in equation (1). We assume that this n flow is
generated within the sheet and we attempt to account for the momentum change
in the 1 direction with equation (3). Equation (3) is not completely satis-
factory because the conversion of flow to the m direction is occurring within

B2
the sheet due to the build-up of a grad nkT and to g% 23 ) within the sheet,
o

and we are purposely trying to avoid the exploration of conditions within the

2
n,miN,&
sheet. The _2_§_£_£ term in equation (5) is not adequately covered by any of

the rate-of-work terms in equation (5). Nevertheless, we will proceed with
this simple shock model and the equations (1)-(5) because they predict several

of the physical effects which are observed.

9. The value of the magnetic field at the exit boundary of the current sheet

is: | ﬂrg - ﬂrg I B, sin wt (ﬂrgo _-%rzo)
By = (Bo sin wt(ﬂtrg - ®r2) " mlreo+z tan a)® - Wrge+ z tan a)?
By sin wt B, sin wt
=7 + 5z tan O = 1+ 2z tan @

oo T Teo 2r.o- Efcos a

For the initial stages where

~ . ( 1 ) _ rco :
E << Tggs B, = By sin wt (1 Tz tan ) T I Bosin wt. (7)
Tco
In the later stages where rg is essentially zero at z = o, and
2
Ty << T @t & = 3y, B, = (r;co) Bo sin wt. (8)

10, As an alternative between the varying conditions represented by equations
(7) and (8), one might assume, for computational simplicity, that B, would
fall off linearly with a characteristic length 2z, which would be somewhat

greater than the length of the coil.



z ; cm - Tc ;
Thus B, = (1 - ;;]Bo sin wt = (FZE_:—?E;)BO sin wt (9)

B, 2 . i
For the quantity (Ei) at z = zy (i.e. at ro = rgy) equation (7) gives §,
equation (8) gives gT’ and equation (9) gives zero, for

Tem relz = zm) _ 35

= Te = a -
Tco Tclz o)

Thus it can be assumed that the magnetic pressure step across the current

T
sheet at effective values of rzi = 3 is essentially zero. In these circum-

stances equations (1) and- (2) tell us that at z = zp, 52 ~ é1, n, ¥ n,, and

hence ﬁa % 0. This situation is then analogous to the case of the coaxial
accelerator where the radial flow is assumed to be zero at the wall of the

outer conductor.

11. In a situation similar to that of the coaxial accelerator(s),
2
i 8 B
ek T O = 2
E.;.ITI.I E:, €1 + 52 2“'0 ]
2
and for the situations where éz & é1
2
- 1
°Y = 2ug * In,0
r
Let us take, for example, the case where tan a = 0.5 and ;ﬁ% =

Then at z = zp, ﬁz is expected to be zero and equation (1) gives
n1miE1 = n,(zn)mE (zy) (10)
and equation (2) gives

Bg sin®wt
Lo

n1miéf - (30 = ng(zm)miég(zm) (11)

at z = o, £, is assumed to be small compared to é1 and equation (2) gives

2
Bo sin wt
v o Sin _
n,m&? - . =0 (12)
Thus - i -
nmiEi(l - 3) = na(zm)miég(zm)
and . .
g, (z,) = % €,, and n,(zy) = %n1.
dn ... .
12. There must be a large grad n = N within the current sheet in the absence

(3)

of N flow. We will assume, however, as we have in the coaxial accelerator
that the 1| flow is adequate to keep n,(z=o0) ¥ n,(z=2y). Then the value of

E, at any value of z is given by:



2
L2 T .
n,mi&y (1 - r§° = N,m;i&,(2)
c

where n, = % n
2

. . i
so  E,(2) = £ (8(1 - 289))7, (13)
c

An alternative calculation for éQ(z) is to assume that before any ﬁ velocity
develops the mass flow equation which is applicable is n1mi§1 = ngmiaz. This

equation, together with (2), (7) and (12), gives
i '
g (2) = E, (1 - =5°). (14)
Te

13. The velocity differential in the £ direction in the shocked plasma between
z = o and z = zy is approximately éz(zm). This velocity differential which is
a measure of the shear in velocity grows with time as

g Bo_sin wt

S e 15
9 Vzlg nymjy s VE[lg n ymj (15)

E (zg) = 2 &, =

Tco
cm

for sin wt = wt and = 3, if equation (7) is used.

14. The growth of Bg can be computed roughly on a lumped-constant basis by
HodZm
2% + l.5r; cos a

~

assigning an inductance, L ¥ 3} to the current loop on the

periphery of the current sheet. The net emf driving current in the loop shown
in Figs.l and 2 is Eg(z =o) - Eg(zz Zm) -

B2 sinwt

Now ’ Eg(z:o) ='2f_—21_-11—56-

(o]

B3 sinwt | & + &, B} sin‘wt

For Z= Zy, Eg(zm) = Eﬁ;ﬁ—iﬁjsz & 2%1 = 4M0n153 +
Hence Eg(z= o) - Eglz=2y) » Eg(z=o0) (16)

15. If we assign a resistance to the loop R, the differential equation for the

lumped poloidal current ip is
di B2 sin®wt
k5 2] i = =9
L3v + 1R = 375, e (17)

In the early stages when the current is limited by L and sin wt 2 wt,

2 2 3
io= A Bo @™ t
P =iz pu, n, beL ’

(18)

Mo i

2%+ I.5r 4 The Bg which, in the early stages, grows as t® while

and Be =

the velocity shear in éQ grows only as . t is of the correct sign to close this

velocity shear into an eddy, just as it should also close the velocity shear

(3)

into an eddy in the coaxial accelerator when the center conductor is



negative. When the ip is limited by the resistance R, the current,

2 2
. B, sin Wt
tp T 4Ly, n,0eR
still grows more rapidly than the velocity shear which grows only as t or
sin wt. In this simple-shock model, the division of energy into transla-
tional and rotational energy can be estimated in the same way as was done for

the coaxial plasma accelerator(3).

16. It is well to examine in more detail the process of closing the shear

in the velocity é2 in the shocked plasma into an eddy which gives the Vp ¥

Vpoloidal of the toroidal plasmoid which is ejected. Fig.3 shows schematic-

ally two different possibilities in the collision of two columns of plasma in
z

the frame of reference of the shocked plasma in the vicinity of z = j?. In

Fig.3(a) the two columns with the shear in velocity E, just touch each other

Ul s
at the center line m = 1?, and al though the fields En = £, x Bg exist as

shown, no Lorentz currents or Hall currents flow. There is then no alterna-

tive of the velocities 52 in the columns.

17. Fig.3(b), on the other hand, describes the situation which actually exists

in the conical O pinch where a velocity 1 is picked up, as shown, within the

shock, As time transpires the column (n<:%?) moves up into the column (n:>2?)

as shown in Fig.3(c¢). The electric fields E; can now drive braking currents,
and the mutual deceleration of the two columns gives rise to the Hall electric
fields Eyg. The resultant current J driven by both Ep and Eyg produces the
forces JJ(BB on each column as depicted. These forces lead to the closing of
the velocity shear éa into an.eddy as indicated. 1If Bg were in the opposite

direction, the‘] x Be forces would oppose the closing of the eddy.

18. We must now investigate the effects of the poloidal Hall currents JP ~ iP
produced by the differential in Ex along the co-ordinate m. Where the poloi-
dal currents flow across B,, there will be the force density JP x B, =‘}e
shown in Fig.l, which is primarily on the electrons and produces the currents
Jou as shown. The way in which’ge = Jp x B, produces the 6 currents is

different from the way in which Eg produces the induced O currents,

ind
JG S5 because the former produces an angular momentum about the coil axis in
thej}e direction and the latter produces no net angular momentum. The impulse
density %fﬂédt = (ré)e mgmM is imparted directly primarily to the electrons and
they by collision can eventually impart this momentum to the positive ions, as
(réi)min. It can be noted that in the regibn z < ;? the current_ﬂeH opposes

the induced currentqﬂé ind but that in the region z > %?,_ﬂeﬂ adds to JS ind*



B2
Thus the currents JGH in some measure compensate for the shear in E&; which

exists along M since they produce the perturbation poloidal magnetic field

BpP (shown in Fig.l). The Bpp in the -£ direction should be looked for
experimentally in the region of =z £ %F . The 6 angular momentum produced by

z z
‘ﬂé is in one direction for z < T? and in the other direction for z > ig as

shown in Fig.l, and the vector.sum of these two 6 angular momenta should be
zero. Therefore a net O angular momentum (spin) in the toroidal plasmoid can
exist only if some process separates one of these regions from the other.

This separation is to be expected because it should be initiated by the magne-
Zm

tic pressure (arising from Bpp in the -£ direction) in the vicinity of z= -3

(see Fig.1). Another way of visualizing the repelling force between the two
z 2z
regions z < TF and z > f? is that the currents, gy, in the two regions are

in opposite directions and therefore repel each other, as two oppositely
directed ring currents should. Once the separation starts, the axial pinch-

ing action of the currents‘ﬂe ind should gather the plasma from the region
z

z < i? into a ring current, which has a rotational angular momentum in the
direction in which a positive ion would execute its gyrorotation in the field
Ba. The plasma in the region z > %F is expected to be gathered together
axially, again by the action of_ﬂa iid (i.e. Bpoloidal)» and the resulting
torus here should have an equal and opposite 6 angular momentum. This latter
torus, which is very likely the type which has been observed(I'Z), should
therefore be expected to have also a vg. This vg will not be observable on
the sur face of the torus because the torus is expected to be a force-free type
structure whose circulationvelocity v should be anti-parallel with the resul-
tant B throughout. Therefore the velocity vg should be observable only in the
region near the circular center-line of the torus, i.e., vg is expected to be

buried below the surface.

19, The experimental progress coupled with the foregoing analysis not omnly
provides a reasonable hypothesis as to the origin of Bg and Vpoloidal>? it also
thus sheds an explanatory light on the origin of rotation in the 6 pinch. We

can now predict that a © pinch with a cylindrical coil will, on a compression
2
cycle, give rise to a triplet of vortex rings. The necessary shear in'iﬁ—
o

and hence in Eg and ée is provided by the flaring of B at each end of the
cylindrical coil. If the magnetic field By is in the same sense as that
shown in Fig.l, the vortex ring (ring 1) emitted at the right end of the
cylindrical coil should be right-handed in both its Bg + Bpoloidal and its
vp *+ Vpoloidal® The vortex ring (ring 2) emitted at the left end of the coil
has Bg in the opposite direction but vg in the same direction and should be
left-handed in both Bg + Bpoloidal and vg + Vpoloidal The third vortex ring

(ring 3) should be collected by axial contvaction into the midplane of the



cylindrical coil. Ring 3 has an angular momentum which is equal to the sum of
the other two rings, which is just twice that of each of the other two. That
is, if ring 3 has a spin of 1, then ring ! and ring 2 each have a spin of -3.
The rings 1 and 2 not only have the right-handedness and left-handedness which
comes from Bg + Bpoloidal and vg + Vpoloidali they also have the right-handed-
ness and left-handedness in the same sense as that possessed by the anti-
neutrino and the neutrino: the spin (vg) and the direction of translation are

tied together.

20. Ring 3, before it is axially contracted, has Bg and Vpoloidal of one sign
on one side of the median plane and Bg and Vpoloidal of the opposite sign on
the other side of the median plane. These are expected to cancel one another
during the axial contraction, leaving only vg and Bpgloidal for ring 3.

Ring 3, once it has contracted, should contain no right-handedness or left-
handedness of any kind. Rings 1 and 2 have relatively large diameters and
large moments of inertia, and they are encountering a large radial component
of B;. Therefore, even though their magnetic moments are anti-parallel to
the applied field B, it is unlikely that they will {flip rapidly, if at all.
However, ring 3, when it has been axially contracted, can be expected to start
to flip, as observed by Clark and Wuerker(é) and by Bodin, Niblett, Green, et

al(7), If the effective ring current in ring 3 is i and its radius is rg,

its magnetic moment is WUy = iaﬂrz. The torque Wy x ga which tends to produce
the flipping must contend with the angular momentum, I,w,, of ring 3 and thus
should produce a precessional angular frequency wj. There is apparently some
dissipative process which permits the angle Y between {; and B, to change
from its inital value of 180° towards 90° and eventually toward 0. The aspect
of the ring 3 as it is observed along the axis then should grow from a circle
to an ellipse of increasing ellipticity. The major axis of this ellipse
should be observed to rotate with the precessional frequency given by

Ly x Byf= Iaww; = uaBa sin Y. The excellent framing camera pictures by
Niblett et al seem to show such an ellipse with increasing ellipticity and
increasing observed speed of precession during the early stages. The above
analysis should be amenable to quantitative verification through the observa-
tions by Niblett et al; the observations should make it possible to measure

' - - .
w, and the ellipticity simultaneously as a function of time. The ma jor axis

of the obse?ved ellipse should be initially 2r,. If the minor axis is called
z . B, sin
Zr;, then ri = cos Y, and we expect from the analysis that w; = Eﬂ,? Y 3
3 I.w
33
Thus w; E% should be proportional to tan y. It is to be expected that the
r

3
ring will distort and disintegrate as y approaches 90°.

21. A magnetic couplihg loop located on the surface of the vacuum tube should

be able to measure the radial component of L; at the ifrequency w; i



22. A cylindrical coil or two conical O-pinch coils back-to-back should thus,
as we have seen, produce a torus right-handed in Bg and Bp at one end and
another torus left-handed in Bg and Bp at the other end on the first compres-
sion half-cycle. On the expansion portion of the first half-cycle the values
of Bg will reverse, but Bp remains the same, and another pair of toruses of
opposite handedness should be produced if nothing interferes. On the second
half cycle, on compression the Bg's remain the same as on the compression in
the first half cycle, but the Bp's are reversed, thereby reversing the handed-

ness from the first half cycle compression, if nothing interferes, and so on.

23, The plasma vortex rings observed(l'Z) to be produced in the conical ©
pinch have vp, Bg and Bp in the directions which agree with the foregoing

analysis.

24, The tendency towards the production of Bg, Vpoloidal, and vg should occur
in all compression mirror machines and cusp machines as it does in the conical
® pinch. This tendency should also occur when plasma from a plasma gun is
fired into a cusp or conical coil. This automatic formation of Bg produces a
certain amount of shear i1 the magnetic field and thus should offer some
protection against flute instability. The assessment of this effect has not
yet, to the authors' knowledge, been taken into account in the stability

theories in mirror and cusp machines.

25. The parallelism between the asymmetry in the behaviour of the coaxial
accelerator a.ud the non-conservation of parity in weak interactions has

already been noted(3:8) | This asymmetry in the coaxial accelerator should
change its sign with charge conjugation C, i.e. with the substitution of anti-
matter plasma for ordinary matter plasma. In the conical © pinch, as in the
production of plasmoids with a plasma gunta), the left-handedness in a plas~-
moid with ordinary matter should turn to right-handedness if anti-matter plasma
is used. The individual plasmoid structures are not invariant to space inver-
sion, P, (equivalent to a mirror reflection) which changes right-handedness to
left-handedness. They are not invariant to charge conjugation C, but are
invariant to CP. They are invariant to time inversion. Time inversion rever-
ses the sign of the resultant velocity in the helical velocity pattern,

v+ Vpoloidals and therefore does not reverse the handedness of vg+ Vpoloidal:
Time inversion reverses both the sign of translational velocity and vg(spin)
and therefore does not reverse the handedness of the combination of these two.
Time inversion does not reverse the handedness of BO+ Bpoloidal: Thus, the
parallelism between the production of right-handedness and/or left-handedness
in plasmoids and the two-component neutrino theory of Lee and Yang(gﬂlo) and
non-conservation of parity is remarkable. However, there is no actual viola-
tion of parity conservation in either the cylindrical € pinch or the conical

6 pinch.



26. The experimental results and foregoing analysis on the production of
right-handedness and/or left-handedness in plasmoids teaches us that right-
handedness and left-handedness are a consequence of the fundamesntal property

of nature that negative electricity (electrons) are light and positive electri-
city (protons) are heavy. The switch from matter to anti-matter reverses these
electrical roles and, as we have already seen, changes right-handedness to

left-handedness and vice versa, in all three forms: Be'proloidalnV6‘+Vp010jda1

and vg + Vtranslational- An interesting corollary to this lesson is that not
only the right-handedness and the left-handedness would vanish if the plasma
were made of positronium,Abut the plasmoids themselves would vanish. Indeed
the spin or angular momentum in plasma structures in general is produced mainly
through the action of Hall currents which depend upon the heaviness of protons
and the lightness of electrons. The spin we speak of here is, of course, the
spin which naturally develops out of velocity shear in a magnetic field, not
that coming from a homo-polar device constructed by man. Likewise the right-
handed or left-handed structures are those where the plasma develops its own,
Bg or B, and not those created in a pinch with a B, field from a coil such as

(12)

I-Jew.rine(11 produced in the U.S. and Golovin produced in Russia.

274 Nesterikhin(la)

Plasma, each containing its own Bg and Bpoloidal' These cells seem to evolve

has reported that his 'fountain pinch' produces cells of

from a great turbulence which involves m=1 (kink) instabilities., In the
light of the foregoing analysis perhaps we can eventually understand how the
shear in acceleration and hence ia electric field which occurs in the kink of
a pinch can drive © Hall currents and create a B, just as in the conical 6

pinch the shear in acceleration drives poloidal Hall currents to create a Bg.

28.The senior author (W.H. Bostick) wishes to express his thanks to S.Lafleur,
C.Lafleur and F. Engelmann at Fontenay-aux-Roses with whom he had many clarify-
ing discussions on this subject. The senior author also wishes to thank the
National Science Foundation for the opportunities provided by its fellowship’
programme and EURATOM-CEA at Fontenay-aux-Roses and the U.K.A.E,A,, Culham

Laboratory where his work was performed.
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CLM-P 13 Fig. 1 Diogram of a conical & pinch coil which generates a current
sheet of thickness 5 in the plasma by applying @ magnetic
field Bg.

ClmM-P13 Fig. 2 Fnicrged section of the current sheet.  !n the frame of
reference of the current sheet the siasme approaches the
sheet with a velocity §;, and recedes fram the sheet with
velocities which are the vector sum of £, and 5 es shown.






CLM-P 13

Fig. 3

Fig. 3(a)

Schematic drawing of the effects which occur in the shocked
plasma when a shear in £, has been established in the presence
of Bg. The frame of reference is that for the plasma velocity

z = Zm
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An academic case where the two counter-streaming columns
barely touch at n = 0m._.
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CLM-P 13 Fig. 3(b) The actual case in the conical 8 pinch where the f produced
. within the sheet carries the lower column into the upper column.
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CLM-P 13 Fig. 3(c) The Hall currents and J x B ¢ forces which occur as the two
columns stream through one another. The ]| x B forces are in
the direction to close the velocity shear into an eddy.






