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Abstract: Plasma vortex tubes surroanding the cors of

a high density plasma are induced by means of a new model

of rotaving plasma beams., Hydromagnetic inverpretation of
& the induced plésma vorticity is derived from the meesured

plasma streamlines.

The study of vorticity in megneto-fluid dynamics is o

=

great interést in exploring the properties of bobth lalo-
ratory and stellar plasmas. As an exémple, the formal
analogy between the behavior of vorticity in hydrodynamics
and the behavior of magnebtic fields in plasmas of snfinite
conductivity 1ed o the concept of frozem magnctic linss
of force in stellar plasmas.

But, besides the diffusion of magnetic fisld lines in
plasmas of finite conductivity, the question of fiuid
vorvicity in laboratory plasmas has no% yet been suffi-
ciently explored tTheoretically, while elmost no experi~
rental investigations have thus far been'reported.

The new model of rotating plasma beems presented in

This letter induces plasma vortex tubes around the

9

cere of a high density plasma. The reported data on
plasma streemlines suggest a deséription of the plasna

vorticity by means o a set of equations similar o
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those describing the classical HELMHOLTZ thecrems of hydro-
dynamics. On the other hand, this experiment discloses =&
.new possibility of confining high density plasma by means
of controlled induction of vortex tubes which surround the

core of the plasma axisymmetrically.

As shown in Fig. 1a, this modecl is realized by means of
six 2lectrodeless I~sources of plasma /1/, each 2,6 em
i.d. and 8 cm in length, which are embedded in the walls
of a 4.5 cm thick, 8 om long ceramic cylinder whose inte-
rior diameter of 8 cm is not screcned with mesal.

The system, which is assembled inside a discharge tube,
17 cm i.d., is positioned in the linear section of a
linear magnetic mirror (mirror ratioc 1.2 : 1 ).
kach of the sources is excited with r.f. power up to 100 W,
2.4 Ge/s in C.W. oOperation.

As shown in Fig. 2, the accumulation of plasma occurs-

not along the axis of éach plasma producing souvrce, but

in a new equilibrium position centered on The axis of

the main discharge tube,

Electron densities N > 4013 cp~3 s corresponding to cub-off
of an ordinary 8 mm wave, have been obtained at the
‘maximum available r.f. power level of 100 W fed toc each

of the six coils. The distribution of the electron energy
was very Maxwellian, Ty= 15 eV, with a flat temperature
profile across the plasma column.,

These measurements where made with the uniform magnetic
field strength ( extending 200 cm in the central part

of the mirror). set at the aximum available value of

11 kG. Owing to the cut-off dimension of the six sources s
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no r.f, power is radiated axially into the main vacuum

: tube; therefore almost complete burnout of the neutral
gas is assured by the high concentration of ».f. power
and by a capillary gas feed in the sources.
The working gas pressure at which the plasma can be main-
tained may be as low as 2.10™7 torr. De~excitabion of
the sources raises the neutral gas pressure %o 5eﬁo-%
torr, indicating neutral burnout of more than one order

- of magnitude. The diseharge, besides being maintained

for any value of magnetostatic field strength satisfying

the condition . u)ﬁf, has a remarkably low level

of density fluctuations ( < n,>) < 5 %. Spectrosco~

> pic measurements of the radiated light have shown a
coﬁplete absence of impurity in the discharge.
Undoubtedly, in order to understend the inbricate pPro«
perties of this plasma source, a visualization of the
plasma stream or potential lines would be of great help,
Unfortunately, no method has thus far been sveilable for
measuring stream or pobtential lines in hydromagnetics,

@%’ However, as will be shovnm in the following, & map of
the floating equipotential lines such as that shown in
Fig. 1b corresponds qualitatively to a cross section of
the plasma streamlines in steady state flow,.
The floating potential lines of Tig. 1b were measured
at a plasma cross section 80 cm distant from the source,
Liocal variations of the‘floating potential in a Maxwellian
Plasma may be due to several factors, the most important

of which are : i) loss of ions to the walls, iij)inertial
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Torces on rotating plasmas and iii) pressure gradient
/2/c e

The balancing or driving energy for such losses or forces

VvV p forces

is provided in this model by the rotating plasma beans,.
Under conditions of axial symmetry and of flat temperature
profile of the plasma, configurations such as that of

Fig. 1b are foutinely napped by means of the floating
potential profiles I and II of Fig. 2, which are measu-
red respectively along the radii I and II of Fige. 1b.

From I'ig, 1b one is tempted to write the following set

- of hydromagnetic equations:

1) |V xV, dF = Const. = K[ J.. dF
afa [
2) vV = K Jop 2 vV, = O
b 4
i m S

where %L ié”thé macroscopic plasma velocity transversal

to the axial uniform magnebtostavic field BI[ H JiI is ‘the
current density distribubion due to the axial steady state
flow of the excess charge of the quasi~-neutral plasma;

K is a dimensional constant; Ef is the transversal electric
field due to the mentioned local variations of the plasma
potential and takes asccount of all the usual terms of the
equation of motvion of hydromagnetics; q is the excess charge
densiby of the quasi~neubtral plasma, which may be derived

Y is

the potential distribution associated with the parallel

from the Poisson equation q /g = -A{ o where

flow of the electrical excess charge.
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Equation 1)'is similar to the THOMSON theorem of hydro- .
dynamics. As is well lmown, the three classical HELMHOINTZ
theorems of vorticity in hydrodynamics can be derived
from the Thomson theorém° i}

A3 a consequence of eq. 1), the formal analogy between
The Helmholtz theorem of vorticity v x V = o ;

VV = 0 {swhere (0 is the vorticity distribution )
and the equation of electromagnetics VYV xB = J 3

VB = 0 is extended by means of eq, 2) to hydromagnebics.
One can therefore deduce the following statement:

* as in hydrodynamics a distribution of vorticity produ-
ces a velocity distribubtion and as in electromagnetics

a distribution of current: produces a disfribution of
magnetic field, in hydromagnetics a distribution: of
electric current produces a distribution of velocity".

In reality, both equations of hydrodynamic vorticity and
of -electromagnetics are valid for hydromagnetics,

However, assuming a fluid of low magnetic Reynolds numbernr,
the magnetic field induced from a current distribubion
VxB = J can be neglected in comparison to the applied
magnetostatic field. At the same time, owing to the low
value of viscosity in plasmas as compared to that of *
fluids or of dense neutral gas, the velocity distribution
induced from the vorticity of a neutral plasma can be -
neglected relative to the velocity distribubtion due to

Ef s BIf forces as stated by equation 3).

Thus the current Jii of eq. 1), which is interpreted as

the current due to a suream of excess charges along the
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applied magnetic field, corresponds to the sinks and to
tﬁe sources of hydrodynamic vorticity.

Iﬁ Fig. 1b sinks are indicated by a clockwise rotation '
of the strealines corresponding to an axial flow'of ne=
gative charges, while sources which are indicated by a
counterclockwise rotation of the stresmlines correspond

to an axial flow of positive charges / 3% /.

Equation 2) follow immediately from eqe 1), but ¥V V = 0
can also be derived from the squation of mass conservation
6;;/6{ + VpV =0 by assﬁming ar isobtrépic and incom-
pressible £luid D-p A-Db =0,

In order to relate the set of équations 1) ='4) to the
flow configuration ¢f Fig. 1b, one has to consider the
boundary conditions of the discharge.

In hydromagnetics the boundary problem is complicated
because of combined hydrédynamic and nagneboelectric
effects,

Eowever, the flow configuration of the plasma is con-
trolled in this model by means of strong r.f. fields

at the boundary of the plasma., These "controllad" boun-

. dary field effects are much larger than the previously

mentioned "passive" boundary effects,

In particular, leakage r.fe fields through the interior
of the large diameter‘of the plasma-source, have a "wavy"
field strength, as shown in Fig. 1b,

This undﬁlating field has a strong stabilizing effect.
This can be seen in Fig., 1b, where the induced vortices

near the core of the plasma are disposed like KARMAN' s




vortex trail of hydrodynamics / 4 /.

According to KARMAR ' s analysis a stable vortex pattern
must have a geometry such that h/1l = 0,28, where h and

L aré,the distances between two vortices respectively
across and along the flow direction., In Fig. 1b, although
the geometry is circular rather than straight, the value
of h/1 is very close to that corresponding to the con-
ditions of stable flow in hydrodynamics.

The analogy between hydrodynemic and hydromagnetic ﬁor;
ticity may be extended to the more important field of
laminar isolation of solenoidal flow. 7

As a vorticity trail represents an increased resisténce
of hydrodynsmic flow, an electric current trall such as
that shown in Fig. 1b may represent a reduction of the
transverse conductivity of the plasma.

This high confining cffect of the induced hydromagnetic
vorticity surrounding the core of the plasma is demon-
strated by the steep radial profile of the plasma density
shown in Fige 1b and in Fig. 2 .

Measurements made with different gases have shown a gas

number dependence of the madial position of the sinks

~and sources of Fig. 10,

This is expleined in the following by assuming that the

azimuthal steady state flow perturbation (due to the

azimuthal position of the rotating plasma beams) propa-

gates transversally with the ATFVEN velocity: /
V, = (B/@)cose

The azimuthal position of the six rotating placsma beams

fixes the wavelength of the steady state flow perturbation.
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Enowing the azimuthal velocity given by eq. 7), where

Ef is given by V({ ( in Fig. 1b and Fig. 2, V{ is of

the order of 102 V/em ), oné can deduce vhe frequency

"of the perturbation, £ .

Assuming the radial distance between the sinks and sources
as & standing wavelength A , one can compare the wave
velocity V = f)A with V, o Knowing the plasme density,
the derived value of B cos © 4 which represents the ra-
dial component of By, proves to be very close to the mea-
"sured value of the axial non-uniformity of the applied
magnetostatic field.
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For a Maxwellian plasma having a-flat radial
profile of vemperature, the difference between
floating and space potential cén be considercd

as almost constant. The floating potential which
is obtained for the condition nVe = ma¥e

is very sensitive to any local departure of charge
neutrality of the quasi-neubtral plasma and to any
local variation of velocity distribubtions of the
two plusma components. bxbensive measurements on

this subject will be reported elsewhere,

The distribubion of excess charge strecams exially
with thermal velocity. For a directed current, due,
for examples to sn induced or to an electrode vol—
tage, the solenocidal velocity distribution descri—-
bed by eq. 2) woculd break up in burbulence if +he
poloidal field associated with the current, became
significant relative to the epplied magnetostatic
field. | '

Ixtensive measurements, to be reporfed elsewhere,

have demonstrated that the floating potential con-

- figuraticn of Fig. 1b does not depend on the multi-

mode distribution of the leakage r.f. field out of

the plasma sources,




Figure Captions

Fig, 1

Fig, 2

a) System of six robating plasma sources
assembled symmetrically avound the axis
and close to the inside wall of a main
discharge tube,

b) Cross section of the plasma streamlines.
€0 cm distent from the sources.

Radial profiles of floating potential

Ve 3 and of electron density Ry e
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