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ABSTRACT

Plasma of approximately 100 electron volts ion energy was
injected into and trapped within an octupole magnetic field with
closed lines of force contained within a region of magnetohydro-
dynamic stability. A zero field locus was near the middle of
the region, and fields of 1,000 gauss to 8,000 gauss existed
along the wall and around the current carrying hoops forming
the multipole field, Most of the experiments wére made with
4,7 to 9.6 gyroradii across the stable plasma region. Plasma in-

jected from the outside penetrated the magnetic field transverseiy
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by_E X B drif£ céused by a .transient polarization,elecfrié
field. Th'e self short circuit current on the looping

contained lines of force waé detected and measured és it
stopped and trapped the plasma cloud. Flow of plasma followed
the low field region around the toroid rapidly with the ion
speed and generated an octupole electric field during filling.
Fluctuating electric fields ejected some plasma to the wall,
and there were evidences of inward instability wheh there were
density voids near the center. fE x B floﬁ velocities ané

- plasma densities were determined throughout the volume with
électrostatic probes. Probes and microwave observations showed
that the electron component had 10 eV temperature and remained
the 2.5 milliseconds that the magnetic field continued with

no sudden or catastrophic loss such as would accompany insta-
bility. The hot ions were extracted from the plasma interior
by a field-free iroh pipe for times of the order of a milli-
second also with no catastrophic sudden losses. The observed
meén life for the exponential decay of 100 Volt ions was 0.4
milliseconds which agrees with calculated loss onvprpbés and
hoop supports. Ionsof other energies héd lifetimes ﬁropor-

tional to the reciprocal of their velocities. Densities at



the injection region were 1012 per~cm3, and after spread-
ing throughout the confining region, the density was ﬂv109
per cm3 with more than 10%-trapping efficigncy.

After 100 microseconds, the large electric fields
present during filling died away the plasma apparently acq-
uired a boundary with small electric potential differences
compared to the 100 eV energies of contained ions. This
quiescent condition continued while the plasma was gradu-

ally being lost on probes and supports.
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"I, Introduction

The idea of containing a hot plasma in a multipole or
"cdsped" magnetic field has early origins} and it now has a
revived interest in the form of the study of "Minimum B" con-
figurations. In'spite of the attraction of magnefohydrodynamic
stability expected from the increase of-field strength with
outward displacement? the plasma leak along escaping lines of
forqe has been a major disadvantage to the‘containment-of.plagma
in "cusped" systems; -In the original cusp, the leak is:large
and it increases with temperature. S. I. Braginskii and B, B,
Kadomtsev2 bointed out the possibility of having a multipole
vacuum chamber by current' carrying conductors so that lines of
force do not escape to the walls;, as in the original cusp, but}
rather so that they return to the multipole field region by
passing around the current carrying rods. Thus the plasma would
not be lost by following lines of force, and net magnetohydro;
dynamic stability could still be maintained. Several structufes
for accomplishing this were pointed out by J. L. Tuck? and the

value of such systems was brought up and emphasized by him.
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These suggestions make use of the fact that magnetic lines
are continuous and the plasma leak can be closed by allowing
the lines to come back into the cusp region (Figure 1 );
however, . where lines are brought back; the curvature of the
lines is such that they do not bulge into the plasma. Then
outward plasma displacements would be toward weaker fields and
stability would not be contributed by such a region. These
are the regions where lines of force pass around the current
carrying rods--the ''bridge'" regions of Tuck. As Figure : shows,
lines of force outside the yu = 0 éeparatrix are alternately
convex toward the plasma and concave toward the plasma. Ihe
net effect can be stability if the communication along the line
.of force is sufficient to cause the tube of flux to act as a
. whole in flute production. However, far out from the rods,
there is a limiting critical flux line, #’c, beyond which there
is no interchange stability since the volume of a tube of unit
flux increases. Earlier considerations of stability gave various
ways of looking at this pr‘oblem,z’4 but for a real case to be
constructed, the field pattern must be well known, and digital
computer methods have proved necessary for finding the most useful

shapes of conducting rods and walls and for finding 3Z’c.
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The experiments described here use equipment of the minimum
size that seems capable of giving useful experience and interest-
ing plasma results in the study of multipoles. However, one can
hardly expect to fill such a multipole (105 cc.) to its stability
limit4 with existing guns even with perfect trapping efficiency
since they would proVide orders of magnitude too little 100 ev
plasma. The size chosen was sufficient for about eight 100 ev
proton gyroradii across the stable region, and the vacuum problem
wés greatly simplified by choosing this ion energy so that the
charge exchange cross section is very low in molecular hydrogen.
Hydrogen lifetimes for charge exchange plasma loss can‘bé much
greater than 10-3 seconds for easily attained wvacuua of 10m6 to
10”7 torr. of molecular hydrogen. Even in the pessimistic case
of background atomic hydrogen gas where, from zero to 80 kev.,

= loz;y sec., a density of atomic hydrogen 7, ~ 1010,

7v
ex
which is near 10“7 torr., would give the lifetime for charge
an=3 |
exchange of 10 sec.
The structure contains closed current-carrying hoops near
the interior corners of an approximately square conducting toroi-

dal vacuum box. These hoops must either be levitated magneti-

cally by shaping the box corners and by inducing current in
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the hoops, or they méy have small mechanicalisupports.5 Cur-

C . .
rent can be bfought to the hoop from the outside by the con-
‘ductor pairs which support ‘the hoops.. Tﬁree narrow- supports
on each éf the four hoops were used in this experiment, and the
Acurréntiwas induced in them by a transformer core cérrying
magnétic fiux through the center of the toroidal vacuum box.

The goal was to limit:the unavoidable losses of plasma due
to charge exéhangg plus loss on suppérts so that plasma lifetime
from a11‘such causes would be'10-3'seconds or greater. This
requires that.the magnetic field pulse be maintained for sev-
eral milliseéonds. A pulse length of .005 seconds for a half
siﬁe wave was used. In the time of the puléeg'the magnetic field
diffuses iﬁto the'conducting hoops and walls. This diffusion
sﬁould be slow enough to maintain a useful field pattern for
the duration of the experiment, and hoop hangers must be small
enough so that they do not annihilate plasma foiloWing lines of
force too quickly. A rough estimate of the lifetime due to loss
on supports can be made as follows: 3

T/= ACAN |
whereJV is the plasma volume,'AL the area of the support perpendic-
ular to the field lines, and v is the average velééity of the

ions along the field lines.
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The supports are .15 cm. thick by 1 cm. wide, three to a hoop on
four hoops. To be conservative, the area should include two ion
gyroradii in its width. The length of the support between the
outer rods and the critical 90 line is 2.8 cm. or 8.2 gyroradii
plasma width for 100 ev hydrogen ions. Many runs were made at
lower fields with 4.7 gyroradii plasma width. At the low field
amplitude with 100 ev ions spiraling at 45°, there are 4.7 le—

gyroradii and an effective veiocity of (L.5/J2) x 10’ cm./sec.

Th 3'7/ _ 170 x 103 cm.3 x 2
u “%x3 x 2.8x1.35% 1.5 x 10/

= 0,5 x ‘.‘i.Om3 seconds,

At the higher fields, 100 volt ions would survive longer. Also in
the pessimistic case of an isotropic ion flux to the haﬁgers,

‘the lifetime is 0.5 x 10-3 seconds., 'The'ion plasma component

is collisionless in the time of the experiment so the lifetime

is not limited by plasma diffusion,

Since the lines of force are all contained in the piasma
confinement region, it is necessary either to form the plasma
within thé region somehow, or to inject plasma across lines of
force. For this experiment, plasma from a gun giving a spectrum
of ions in the 100 volt region passed through a differential

pumping chamber to trap gas from.the gun, then through slots
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in a wall opening with area 5 cm. x 5 cm. The slots were circum-
ferential allowing wall currents to flow so that the wall opening
would not perturb the multipole field shape greatly. The colli-
mated ion motion, produced by the 150 cm. flight from gun to
multipole, Figure 2 | provides a plasma cloud in which approxi-
mately unidirectional ions hold together the coincident electron
cloud. The plasma need not create a large diamagnetic current
around its perimeter where it enters a.magnefic field. The
small displacement current created at the entéring surface of
the cloud is sufficient to make a polarization field which allows
the following and the interior ions to continue on straight paths.
Thus the plasma and the field penetrate each other. The detailed
descriptions of the densities and the motion of the plasma
cloud and its fragments determined by ,é;VC = -E-xcﬁ/Bz at the
injection port and at all points in the toroid where plasma
flows during filling are some of the main results of this experi-
ment.,6’7
Excitation of the octupole generates some electric fields
which have an influence on plasma motion. First there is the

necessary split in the conducting toroid wall which encircles

the exciting transformer core.. At peak magnetic field, there
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is no dI/dt, and hence no voltage across this gap except for

the losses or IR voltage drop in the wall. Thus injection at

or near peak field eiiminates the large part of the gap electric
"field which would influence plasma motion. On the rising part
of the field wave, the wattless gap electric field would push
plasma circumferentially away from the gap, and on the falling
part of the field, the plasma, which has been injected, would
move into the gap bva‘x'§ drifts. The strategy is to use a
slowly rising and falling magnetic field so the gap voltage is
small (about 40 volts peak in this experiment), and to thereby
obtain a sufficiently deep penetration of currents into the wall
so that skin resistance, and thus wall IR voltage drop, is low.
If the wall skin resistance is low, the tangential electfic
field is low, and it is this tangential electric field which
drives plasma into the wall. In other words, a low resistance
skin produces a very slow diffusion of the flux plot into the
'surfaceg and thus the plasma which follows the diffusing field:
lines is swept very slowly into the wall. In this experiment,
_the'total wall voltage drop has been kept. down to approximately

7 volts. This is less than the ionization potential, and the
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’EE x'§7B2 drift velocity into the wall, which it generates, is
~— 200 cm./sec. Thus in a millisecond, the flux plot and the
plasma would only move a couple of millimeters into the wall or
rods.

It is possiﬁle to program the wall current as a function
of time so that the surface electric field can be zerpfof even
reversed for short periods of time near peak field. Such pro-
‘grams have been tested by D. Béker at Los Alamos.8 Normally, by‘
the time the field has been brought back to zero after the pulse,
all the plasma has been carried by the lines of force out the
‘gap or into fhe wall.

Diagnostic techniques, which were available, were deter-
mined largely by the densities used for this experiment.,.Near the
injection region, .= 1012 per cm.3, and later when the plasma
‘was distributed arpund the confining region, typical densities
were generally 109° This made the Langmuir probe and other
electrostatic probes especially suitable for obtaining a wide
variety of data.6 In fact, four phenomené were immediately con-
spicuous with such probes. First, the plaéma stream generates

a polarization electric field at the injection region which gives
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—

it an E xfg drift toward the zero field locus in the multi-
pole. Thé observedAdiamagnetic displacement of field lines
is not sufficient or necessary for inward motion even with
the szt intense,collimated plasma streams.9 Second, the
plasmé'flowslaround the toroid near the zero field locus
crossing field lines as it flows with the same traﬁsit speed
at which it traveled in field-free flight from the gun to the
injection port in the multipole wall. Third, large electric
fields accompany this field crossing and give the right—E x B
drift velocity showing that the motion during filling is dom-
inated by this drift and that a good speed detector for the
plasma velocity perpendicular to the magnetic field is such .
electrostatic probe. Fourth, the density of'the-clouds can.be’
‘followed in space and time with such probes using the satur-
aﬁed ion current as a measure.l

In addition to electrostatic probes, magnetic probes in
the form of coils and Rogowski loops (current transformérs)
could be used with amplification at these densities. Currents
and magnetic fields accompanying the depolarization and trap-

ping of plasma and the bending of plasma around the toroid

were determined with such coils.
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One other useful probe was a combination electrostatic

. . 10, 17
ion energy analyzer -

and a small diameter -long tube of
magnetic shielding material to extract hot ions out of the plas-
"ma. The tube was inserted into the center of the confining regioﬁ
to bring the ions:through the multipole field to the external en-.
ergy analyzer. This equipment gave observations of the time
dependence of the densities of ions of any energy for different
positions in the plaSma; The'irgn pipe was inserted along a
plane-of constant scalar magnetic potential to minimize the dis-
tortion of the magnetic field.
Three cm. electromagnetic waves were used to determine the

total number of electrons in the éonducting vacuum box which
acts like a multi-mode resonant cavity. The shift of the re-
sonant frequencies is proportional to the average plasma dens-
ity in the cavity.7

" All these diagnostic device$~showed only gradual disappear-
ance of electron and ion.componenfs of the plasma as the magnetic
field decreased or as plasmé &as lost én probes or hangersd On-
ly during the filling time were bursts of plasma loss seen. Also

during filling, occasionally the density gradient became
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inverted compared to the stable density distribution (for
example, the density at the zero field locus should be mexi-
mum; sometimes there was a transient minimum). TImmediately
radio-frequency electric fields were generated as the density
redistributed itself. OQuite different diagnosfic methods
ére used in a related experiment being carried out by Ohkawa
and his associates;18

I1. The Field Configuration and Absolute Containment.

Four straight unidirectional currents of the same magni-
tude at the corners pf a square in free space will make a linear
octupole field about the zero field locus witﬁ the B lines clo-
sing around thé rods. There would be a single field minimum,
and a vacuum tank wall carrying the return current can be coin-
cident with one of the field lines which encloses all four
currents without distor;ing the field shape. For the endless,
or toroidal, case, the four currents are not the same, aﬁd thé
zerovfield locus generaily splits into three minima if the'hoop
currents are not correctly adjusted; These cases, the linear
and the toroidal, in free space can be plotted by conformal
mapping or by tabulated functions respectively. Either case can

‘be excited to give the correct rod currents by induction (in a
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sﬁall skin depth approximation) if the wall carrying the return

current coincides with a free space field line, and if the rod

surfaces coincide with the free space field lines--provided

there is the same total flux linkage around each rod surface.
Construction is difficult and expensive if it must conform

to the free space plot. In addition, the toroidal plots are

distorted and the fields around the outer rods or hoops are far

weaker than the fields around the inner hoops,11 A minimum ratio

of major diameter to minor diameter of the toroid is desirable

to minimize the size of the apparatus; but for shapes one might

hope to use, the magnetic pressure on the inner hoops might be

as much as an order of magnitude greater than the magnetic pressure

on the outer hoops for the>free space flux plot. To simplify

construction and to make the magnetic forces similar on the

outer and inner hoops, the problem was cast in the form of a

boundary value problem. A simple square minor cross section was

adopted for the toroid and this is a flug,.or 90 , surface,

The closed hoop surfaces are likewise constant }D surfaces, and

with inductive excitation, they all automatically link the same

total flux. Thus separate rod surfaces are also all at the
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samey’.° The differential equation Satisfied by ;& is

[02/0%2 - my 970w + % a22}¥ - o,

which is not quite. the Laplacian, but which éan be solved by

- relaxation methods. -

| Figure 3 shows severa1_cases of digital computer flux
plots made for (a) toroidal rectangulér cross section, (b) the -
same with.corners‘cut off, (c) the same with corners cut off
and walls brought in. The critical, 9Dc’ line of the outer
'limit of stability is indicated on the plots for zero plasma
pressure, It was .determined by the computer ﬁhich calculated
- the volume of equal flux tubes. Tﬁe minimum volume occurs at
SUC, Figure 4. The program used was‘quy's "TORMESH" .

These plots are the final results of several trials for
 different relative sizes and positions of inner and outer hoops.
The trials with changes were neceséary‘to form the degenérate
single zero field locus which has a tendéncy to split; The |
inner hoops were moved farther from their corners thaﬁ the'outér
hoops to make the fields passing around the rods comparable and
to make the forces on inner and outer hoops similar. The computer

program gives these forces. Figure 3d shows a. linear octupole
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for comparison with the toroidal cases of 35.8 cm. square box
width and 50.8 cm. inner box diameter. The figure shows that
with this fat toroid having a small ratio of major diameter to
minor diameter there is very little distortion in the flux plot
due to the radius of curvature., The free space four hoop plot
would be very distorted. Figure 5 shows the field magnitudes
as a function of position along the vertical central line
through the vacuum box and along the median plane.

The box cross section adopted is shown in Figure 3b.
Although 80% of the flux is stable in contrast to 90% for
Figure 3c; construction was much simpler with the choice:: of
3b. The improvement of 3b o?er 3a, which has‘70% stable flux,
was sufficient to warrant simple filling of the corners withA
conducting material.

It is possible to construct,thelcondﬁcting.walis witﬁ poc-
kets in which the current carrying rods are magnetically sus---
pended. This can eliminate the plasma loss on tﬁe supports, -
For a pulsed mégnétic field, the supports would 5e withdrawn
aftef the mégnetic field has reached its peak and before the
plasma is injected. A few computer experiménts were made to

study these configurations.
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The planar quadrupole case, a cross section .of which is
shown in Figure la, is especially interesting. It consists of
two hoops in the median plane, and hence the magnetic forces
provide only compression. The design of this type of multipole
has been extensively examined at the Los Alamos Laboratory.

All these configurations have a zero field minimum, but
the influence of a uniform added Bz, such as a stellarator has,
should be pointed out. To avoid toroidal effects consider a
linear multipole. The curve of unit flux tube volume, dV/d¥/,
would be like that shown in Figure 4 where the volume is the
volume within a flux surface,‘yr= constant. However, if a uni-
form field Bz, is superimposed along the length of the structure,
we must take equal area cross sections in the plane perpendicular
to Bz for equal quantities of flux. Thus unit flux has the same
volume for all flux tubes. The addition of Bz thus destroys the
strong V'"<0 which gives interchange stability to multipole sys-
tems without Bz° We have instead V'"=0 or there is no change in the
volume of unit flux and this would imply neutral stability. The only
inhibition tolthe interchange would be topological entanglement or

shear. Attempts 12 are being made to restore some interchange
stability over a useful volume to such stellarator-like struc-
tures with Bz° The rotational transform of the stellarator would

keep the lines of force contained without their passing around
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the multipole conductors which produﬁe the minimum B. Then
the multipole conductors would not be imbedded in plasma
and théy would be accessable which is a technical advantage.
In addition the existence of BZ eliminates the zero B locus
of a pure multipole and makes possible the adiabatic invariant
orbital magnetic moment. Without Bz the ‘magnetic moments of
orbits change on passing near the zero field region. However,
it should be remembered that for a multipole with no Bz the
mégnetic moment is constant all around the plasma edge since
the‘peak plasma density is at the zero field point and the
plasma edge is in a high field everywhere. 1In addition there
are zones of absolute containment in the multipole without Bz
because of another invariant, P9 = constant°13-
Writing the Hamiltonian for a particle in the toroidal case:
- amy @2l Ryl - (efe) 1D + éz_(r-,z) - ?%/2m.
This is a constant and so also is Py —mr? é + (e/c) Ar con-
stant for-the axialiy symmetric case with’K~in the © direction

c——
but with A and_g-independent of 8. Thus

P2 = 2me (r,z)}g[Pe/r - efc A]2 singe}%igira'ﬁs,}/= 27rA.
This gives, for _ZT= 0, (e/27rc)')”= P9 * rP (1)

as the zone of absolute containment in terms of EVL for an orbit
with any chosen Pg and P, The total flux within a given zone is

proportional to r; that is, an absolute confinement 'zone does
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not coincide with }0 lines in the toroidal case. (In the linear
case, the absolute containment zones do coincide with yb lines).

If we have a sufficient number'of gyroradii across the
plasma region, then.the outer absolute containment zones do
not contain small values of B, and the plasma is thus surrounded
by regions where there is an adiabatic invariant, u = magnetic
moment, even though some & dependent electric field might devélop
to destfoy the constancy of Pg; The liBration limits of a
particular particle orbit with 4 = constant can be obtained if
P, (r) and”zr are used in 1) instead of just P. Figure 6 shows
the absolute containment zones, two of which do not contain the
zero B region, but which come between the zero B region and the
external walls.,

The question of how particles can ever get into an absolute
containment zone when they come from outside will be discussed
in the sections on injection and transit.

IIT. Structure

Although a planar quadrupole consisting of two hoops, which
‘have no net magnetic forces to move them (Figure la ), has many

constructional advantages, the octupole had a bigger volume at -
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low field and seemed to be easy to construct for a modest
experiment. A square box, with a small major radius and
with only the box corners cut off was simple and easy to
build rapidly. ..

Hoopé were 1 3/4 inch and 2 inch diaﬁéfér hard copper
bar rolled into circles and welded; The hangérs to hold the
hoops were beryllium copper properly heat treated to reach
200,000 psi tensilé strength. 'Thrée hangers 0.15 ceﬁti-
meters thick and 1.0 centimeter wide support each hoop. The
forces were aetermiééd by the computer iﬁ the course of solv-
ing the boundary vélue problem. The h;ngeré éreléhock mount -
ed on "Viton A" cushions. These cushions are in Qacqum
chambers at&achéd oufsidé the vacuum box through which a
hanger continuatiqn passes} Viton is especiélly suitable
within the vacuum chamber. The'recoil buckling is more
.daggerOus than the initial tension for breakiﬁg'thin

hangers, therefore the Viton cushions for the initial power
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stroke-were 0.3 cm:thick‘anaAS qm‘in‘diaméter, while fqr.
the recoil stroke, they wefé 1.45 cm'tﬁick and the same
diameter, Viton saturates or iﬁcfeases its stiffness
greatly if it is éompressed more tﬁéﬁ 30%.

A useful property of Vitoﬁ‘made:its choice espec-
ially suiﬁablelfdr‘afCUShionfin Vacuuﬁz‘ It was found that
aboﬁt,90% of the e;ergy ofléompréésion is‘abgorbed if satur-
ation does not occur. This helps greétly in'minimizing
reéoil° |

The vacuum seals between the lidlof_the toroid and
the box were continuous Viton "0" rings. The azimuthal
insulated slit of 0.075 cm in this 1id and in the box,
where the voltage is established by the iron core, have
Viton strip gaskets thch end bﬁﬁting against the circu-
lar 1id gaskets. This preééing connection between Viton
gaskets has been trouble-free, and it ’provided the solu-

tion to a difficult topological sealing problem.
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Plasma was generated in a simple conical Z pinch
gunn14 The spectrum of hydrogen ion energy from this
gun is shown in Figure 7. The plasma cloud travels 150.
cm to the zero field point in the multipole, Figure 2.
This flight distance through a differential pumping
chamber eliminates a rush of neutral gas from the gun. The
pressure in the multipole béfore injection'is;VB tO‘é'x i0f7
torr. It takes about 350 microseconds before room temper-
ature'gas from the gun expanding into vacuum would reach
the multipole in sufficient quantity to raise the back- .
ground gas pressure in the multipole by 10-7 torr, To pre-
vent this collimated gas from entering the confining region,
a fast mechanical shutter capablé of shutting in 200 micro-
seconds was constructed. 15 Its rotating Qanes,:Whéﬁ
‘open, are in liné with the bars between the slots in the -
-multipole ﬁall so that they intercépt no additionalﬁplasma.
An glectrical impulse rotates éhese vanes which stay shut
for ”*10-3 seconds,

The sequence of events during one pulse is -- first, the

triggering of the ignitrons which discharge 3,000 microfarads

charged as high as 3,500 volts into the 0.8 x 10-3 henry
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primary winding on the iron core of the octupole. Second,
"the gas vglve which admits hydrogen into the gun. is elec-

" trically opened neaf the peak field éf the 1004cyc1e'pef
second half oscillation of the ﬁultipole field."Third, if
the gas shutter is psed, it is triggered about 100 micro-
seconds after the gas Valye, ,Fourth; about 175 ﬁicrosegonds
after thg gaé valve trigger, fhe ignitron discharges 9 micro-
fafads of 10& inductance capacitors éharged toA18 kilovolps
through the plasma gun. A damping resistor of Q,l ohms-lim-'
its the gun to one discharge of 4 microseconds dﬁration.

IV. Theory and Qbservations of theAInjéctiOn Process

Since it has been shown in (1) that thgreQare zones of
absolute containment for particles provided all magnetie and
electric fields in the plasma havé no dependence on 0, we
- cannot take particles out of or put them intoASuch zones un-
less we cause a O dependence of a field dﬁriﬁg injecfion and
later remove it, or unless we create charged particles with
the proper'P9 within the zones. 1In this experiment, a pias-
ma cloud is injected "through the multipolé field, from the
outside, where the lines of force are concave toward the on-
coming plasma. The gun is at port 1 (Figure 8) in the median

plane.
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Two actions cause penetration of the field by the plasma:
First, the cloud's ions are deflected in the magnetic field ih
one direction while the electron componeﬁt of theAplasma bends
in the opposite direction. This charge‘éeparation produces
opposite charges on the opposite boundaries of the finite'sizéd:
cloud of particles. Only eﬁough.charge particle density is -
~necessary to make the'dielectric constantAK¥1+47rhan§2/B?;,24,A
for the resulting polarization electric field to be sdffiéient
to cancel the magnetic force on the moving cbllimated ions,
where'Mi is the ion mass and m is the ﬁumber of ions pef cubic
centimeter. The interior of the cloud can thus drif# across
the magnetic field with its field-free flight speedf9 v=cE/B.
This action has provided a 9 dependent elecfric field wﬁich tem;
porarily destroys abéolute containmént orhébsblute;excluSibn.
Second, the configuratioﬁ is unstable'inwardly to'flute génér-
ation where the lines of force are éoncave toward the-bncom—
ing plasma. Thus the grad B drifts in the entering plasma
cloud, which is equivalent to the protruding flute, add charge
separation and cause more polarization electric field thereby
aiding the plasma entrance by this inward instability. The
plasma does not enter by displacing the magnetic field by

diamagnetic pressure -- there is practically no tranverse
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pressure in a collimated beam.

We can estimate the ratio of these two polarizing cur-
rents. To form the polarizing field E = (v/c)B, we need
IP = o-Av/(clL) e?m.u,'pfAcurrént if A is the area of the
charged side of the cloud, L is the length of the cloud,

v the drift velocity of the cloud, and ¢~ the charge per
unit area. The current due to a grad B drift is:

1 G:~(Am,ufa elc (V lB“ /B)
WherféA<Zis the velocity of a particle in the cloud perpen-

- -

dicular to the E x B drift and a is its gyrorgdius° The ratio,
Ty / gl (v/e) B/ {av [B) /(1)) x 10%).
With v/Mf»‘loy v/c=3 x 10"‘*, B/ [ avVv , BU ~~10, we find

7

_IP/IG ~ 10" B/(m L), (2)

In our entrance field of approximately 103 gauss, IP"‘IG
provided nL=1010. Thus the .gradient B charge separation cur-
" rent can contribute mucﬁ of the polarization for an injected
streaﬁ of plasma'with densities of 1012 with penetrations or
‘flutes of only a fraction of a centimeter during injection.

An estimate can also be made-of the~po§sibility that a

small group of particles with a nonisotropic velocity dis-

tribution causes a large loss of already trapped plasma which
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has an.isqtrqpic velocity distriBution. The small direct-

ed group, of density/wi - if it should succeed in generating

a pblgrization electric field - would start to drift out of

the confined plasma by forming a flute and taking along all the
other particles of density ~»w. 'However the c7’B' drift of all
the particles in the flute protruding into an increasing field,
BI’ discharges the electric field and stops flute growth, The
loss in directed energy in moving all the particles with orbital

magnetic moment, #¢, ‘to B, from B, is /QVQ(BI-BO)O The directed

1
kinetic energy, (1/2 nlelz, is removed when

(Bl-Bo) /Bo= 1/2 cmi//nb<vi[ei?,2 Thus for trapped plasma

with V1AA€Z=1, an ‘o~7 10% of./nawould not cause a loss of plas-
ma but would merely flute to ¥each a field 5% greater.

Since a nonisofropﬁc vélocity distribution enables plasma -
to enter the confining region, we can equally well expect some
groups of plasma particles to polarize and to escape across the
field at -early times before the grad B drift of background part-
icles has built up; Obserwvations showiﬁg just such occurrences
will be described in Section V on transit,

After the plasma enters by polarization, the stream of
plaSma'is prevented from continuing on across the multipole and

out through the field on the other side by the propagation of

potential along field 1ines; The lines of force encircling an
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outer hoop are crsted by - the plasma stféém firstiwhere these:
lines are directed downwardly; and fafther'iﬁ;'the streém meet?
the same lines directed upwardly. At the first encounter, a
polarization occurs in the plasma of a polarity which provides
the inward E x B drift. To continue acfgss the line of force a
‘'second time requires an opposite polarity because the direction’\
of'the line of force is now upward; Swift discharge of the
'original polarization fiéld by flow of electrons along the line
of force would result from the attempt bf continued mdtion of
the plasma stream inward. Thus the innermost plasma is brought
to rest by the flow of this depolarization current. Thé plasma.

stream has short circuited itself by moving into a reversed field.

composed of the same lines of force it crossed on entryS(Figure 9).

The same comments hold for the lines of force outside ‘Vf"=0.
which pass around all'foﬁr hoops. -The plésmé»would encounter
these lines a second time if it crossed the ceﬁter»éf thg oétu-
pole, but the discharge pafh in this éase‘is iopg.

The observations bearing on the expectations just described
were carried out by probes of two types, Figure 10. 'Densities
;of-plasma were deterﬁined By the saturated ion cur;ent between
the electrodes of the low impedance floating double probe.

Floating potential, \Y was determined by one of the electrodes

f b4

on a high impedance floating double probe. The impedance
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between the electrode tip and ground was 100 ohms and the fre-
quency.respoﬁse was good up to 5 megacycles. Electric fields
were read by the difference signal between the two electrodes
of this probe. The impedance of this circuit was 2 x 106 ohms
with a 5 megacyéle frequency response. The common mode rejec-
tion was always over 100 to 1.
These probes entered the plasma at the.numerous ports thfough
ball swivel joints bearing on Viton "0" rings. Scales outside
the vacuum chamber gave the three podréinates which were conver-
ted by tables to the coordinatesij‘i 0, and 0, of the tip of the
probe within the plasma. 1In addition, the probe could be twisted
to give E9 or some other components of the electric field.(Figure
Polaroia pictures of the oscillograph traces were reduced
to the graphs 6f data presented here either by eye piece measure-
_-ment, or, for casesAof volumiﬁousvdata; by digitizing the traces
'and using a digital computer to interpolate,bto collate, and to
draw the graphs. Digitizing was done by meéns of the high: energy
particlé-phyéiés gfoup's track measuring equipment applied to

oscillograph traces. o .

The first effect, namely polarization of the piasma as it
entered the magnetic field, is .shown in Figure 11. The floating

potential is shown. It has the correct polarity and the magni-

8)
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"tﬁde of the inward drift,vglocity caléulated from vé=cE/BA
is~1.2 x.107 cm/sec;‘ This égrees_with thé11,2fx 107 cm[Seqv
speed of the plasma in the field-free region between the gun -
and the multipole. | |
Next the density distribution in the difettibn of the stfeam
within the multipole is shown in Figurelizﬂ At early timés‘the
_dénsify wa; highz(f;1012) just'within the entfance? 'Léfer:ié:
built up farther in near the zeré field position, but.practicélly
no plasma got;mbfe thaﬁ'S'cm beyond the zepoAfield.point. It
was stopped beforeAit reached the centerAby the self short cir-
cuiting effect on tﬁe 1ines'aroupd the outer hoops and by spread-
'ing around in the © direction. Furthéfmofé,'plaéma.entering 1a£e
and encountering the shofﬁ circuited iﬁitial segmenfmofwéhe stream
should split and pass to the'+9'and to the -0 sides of fhe ini-
tial segment because the direction of the eléctric‘fiéld'causing
: drift_would be turﬁéd from the @ direction to the‘/odirection By .
the short circuited stopped plasma. | ‘
To cause‘the'capture'of the plasma, a ghqr; circuit depol-

arizing current, J should flow along the lines of force under

N’
the hoops, and a resulting {L B force would remove the directed-~'
momentum of the plasma. Figure 13 shows the current determined

by a Rogowski loop or current transformer circling these lines

of force. Calculation of the impulse absorbed by the J x B
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force ‘using the Jl, which was also measured by the Rogowski
loop and which flows to attempt to recharge the depolarized
plasma showed it was great‘enough to stop the stream of density
1012 cm., -3 in the 2 microseconds observed.

On the opposite side of the low field region from
the injection port, electric fields occurred in spite of the

lack of much plasma density. The potentials, V_. of Figure 11, .

f
juét inside from the injection port might be expected to
propagate along the lines of force outside'y’= 0 to the opposite
side of the multipole. Figure 14 shows that the resulting EQ
changed sign suddenly. First the plasma penetrated toward the
wall according to the sign of Ee; then in suddenly reversed
direction and moved inward. 1In this same region opposite thg
injection port, a few energetic ions overshot their associated.
electrons and caused a large radial potential gradient, Figure

15. This has also been observed in linear octupole test sec-:

tions,

V. Transit of Plasma Around

The Octupole

The collection of plasma, which built up inside the
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injection port behind‘thé short circuited front of the

plasma stream .lost its inward momentum and spread in both
directions around the:toroi;?]° The detectors for this motion
were also the floating double ﬁrobes used to deterﬁiné den-
sity, electric field, and floating potential. There were
eight probe positions normally available (Figure 8 ),'
Vacuum locks allowed the rapid interchange of probes.

At some interestiﬁg times and regions, the plasma. to probe elec-
trode impedance was found té approécﬁ 2x105 ohms. Both th=

2 x 106 ohm - high impedance and the 5 Mﬁz‘high fre-
quency'response were important for observations needed

to determine the motion.

The construction of hoop supports was such that the.
hqops could be insulated from the multipole wall, coﬁnected
to the wall, or biased at a potential. The possibility
that potentials applied to the hoops might influence the

motion of a plasma cloud during filling was investigated.



- 33 -

With a linear multipole structure, the two-dimension-
al magnetic field plot would be orthogonal to and coincident
with an electfic field flux plet formed by holding all the
current-carrying rods at an electrostatic potential relative
to the wall. Single particles in this structure would then:
travel lengthwise with the E x B drift of the same magnitude
and direction at all points. In the three-dimensional toroi-
dal case, magnetic field lines ére not equivalent to electro-
static potential lines as they are for problems in two dim-
ensions with a voltage on the hoops. Nevertheless, thé_fhiiif
drift in a toroidal multipole would be circumferential.

Little influence on the piasma motion during filling
has been observed due to applied hoop potentials. First
of all, the plasma splits at the injection port and goes
both ways around the octupole. If it were guided by hoop
potential, it could drift only one way . Secondly, poten-
tials, applied or'acquired by the hoops, would tend to-be
shielded by the plasma itself., The electrostatic boundary con-

ditions would then be noticeable only clese to the conductors

where the plasma is very tenuous. In this close region,
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—E x-ﬁ drifts would be parallel to the wall.

Figure 16 shows what actually happened. The floating
potential in the plasma formed reversed octupole patterns
providiné_ﬁ X B drifts around the toroid in each direction.
Numerical comparison of cE/B and the observed flow velocity
of the plasma around the toroid is shown in Figure 17.
Apparently the plasma moved circumferentially as though
unimpeded by the magnetic field with a speed near to that
in the field-free drift space between the gﬁn‘and exter-
ior multipole wall.6 With the multipole field off, plas-
ma did not apﬁear at porf 5, 180; around the toroid from
the injection port.

Potential readings at‘57=12.5 cm and P=80°, below
the point of zero field for various azimuths or 6's
showed opposite polarity potential waves traveling in
opposite directions from the injection port 1 to the

collision point near ports 4 and 5 (Figure 18).

This plot does not have many points on it, but for each
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observation at each port, tﬁere is also knowledge of
be/at which allows estimation of avf/ aQ from
(v/R) an/ 26= avf/at. Thus slopes are known.

When the waves of opposite potential approached at
the collision point, an Eq was created. This Eg was in
such a direction to throw the plasma toward the 6uter wall
in each lobe of the octupole. Figure 19 shows the motion
of the mass of plasma with‘timé, and EE also shows that
the plasma mass moved close to the top and bottom walls
at the collision azimuth:

The electric field in the circumferential dir-
ection which appeared at the collision point causing
outward drift of plasma must be accompanied by a re-
verse electric field as azimuths other than the collision

— el

point<since“4g E - d1=0 where dl was along a circle
about the major axis. This is true to the extent
‘that the magnetic flukx linkage was not changing in time dur-

ing the experiment. Thus while plasma moved outward

at the collision region .it must move inward by E x B
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drifts at some other azimuths.

Figure 20 shows potentials and densities as the cloud
was passing a port at © = 50° to the right of the injection
port. The velocity of the cloud past the 50° port as cal -
culated from the observed electric field is shown in Figure
21. The speed was very close to that of the plasma in field-
free space excepf that particles at the -edge which engage in
establishing the observed electric field perpendicular to
'yylines had no velocity and particles outside the forward

moving cloud actually would drift backwards.
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An idea of the flow in the form of a motion pic-
ture is given in Figure 22, Equipotential lines are
shhown around portions of plasma, and the flow of plasma
follows these equipotential lines since it is dominated
by E x B drifts. To obtain data for flow in the whole
confinement region it Qas necessary to make simultaneous
observations at many ports. There were ten oscilloscope
' traces made on each pulse in many of these tests. Pol-
ariod photographs provided data for immediate judgement
of results. The traces on the polaroid pictures were
measured and digitized as exﬁlained previously.

Several examples of the generation of radio fre-
quency Eg signals were discovered with frequencies in
the range of one to several megacycles per sécond. (Fig-
ure 23). In all cases, these wéve trains commenced
when Vn, the density gradient, was reversed from the
gradient necessary for stability with the maximum pres-

sure at the separatrix of the flux plot. Although this
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was during theAfilling time béfore a stéady state wés
established, the phenomenon wasprobably associafed with
the redistribution of plasma density by the process of
inward flute growth.

Another observation which was made during plasma
flow showed energetic ioné striking the vacuum box wall
perpendicularly. The electrostatic ion energy analyzer
receiving ions emerging normally through a hole in the
wall showed some plasma escape at the time and place of
collision (Figure 24), and at other azimuths usually in
bursts. during the first 50 microseconds, but in some
cases up to ~150 microseconds, The'only way ions could
hit the wall perpendicularly was for them to be influenc-
ed by a tangential electric field, Eg; of sufficient
magnitude to separate the driffing particles' orbit |
loops. The electric field close to the wall must be
perpendicular to the wall, thereby allowing drift only
parallel to the wall. Thus it Waseésential that an Eg

be present approximately a gyroradius away from the wall
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~to cause these escaping orbits. This Eg -was observed

with the proper magnitude to separate 6rbitfloops at the

time of particle escape.17After 100 microseconds measured

from the time of gun current, the plasma was not flowing

and the detector did not observe ion escape to the wall.

The energy distribution of particles which struck the wall .

was $imilar to the distribution from the plasma gun (Figurev7).
The question of how the plasma was guided around a cir-

cular path in the toroid arises because the plasma cloud

was injected by forming a local EG’ Why would it not be

possible for the plasma cloud to retain its organization

within the confining region so it could again cause an Ee

and escape instead of following a circular path in the

toroid? This may happen to some parts of the plasma at

some times, but the tendency for magnetic lines of force

to be at single électrostatic potentials forces the

plasma to move on the average in a circumferential dir-

ection. The cloud could expand on all sides toward the

wall or recede on all sides from the wall; but during



i~
g

filling, tangential motion as a whole toward the out-
side generates depolarizing currents which provide the
JC x B force to give the centripetal acceleration needed
to cause circumferential motion. Attempts to measure
this guiding current density were diffiéult.because-of'
the'lafger,current density in the same regions needed

to confine the plasma pressure. Roughly the ratio would
be expected to be Jc/Jp»t?/R where Jc and Jp are respec-
tively the current density for supplying centripetal force
and Jp that for confining the plasma pressure. ‘f7is the
minor plasma toroid radius and R is the major toroid

radius.
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VI. Confinement Time

Se&éral methods of observing the plasma lifetime
‘have been used in the course of these experiments. The .
first method used Langmuir probes,6 They showed that
plasma was present from the time.of injection to the time
the magnetic field disappeared - about 3.0 milliseconds
later. .The mean life of the plasma was 0.6 to 0.7 miili-
seconds as shown in Figure 25. The saturated ion.cur-
rent shown was taken as a measure of the ion density which
decayed from an initial value of 109 cm-3 after the fill-
ing transient past. At the time of these observations
the fact that the ions retained their speeds or temper-
ature was not known with certainty so‘other measurements
were needed to be certain tﬁat saturated ion current was
proportional to density. However, the Langmpir probes
demonstrated that the electron temperature remained ~10 eV
from the time of injection on (Figure 26). The decrgase
of plasma density with time was smooth and'gave no evi-

dence that a sudden loss of plasma occured such as the
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onset of an instability might produce. Furthermore the
calculated mean life for loss of 100 eV protons on the
small hoop supports was 0.5 milliseconds. The slightly
longer lifetime observed by‘Langmuir probes couldfwell
be due to the presence of ions down to 50 eV in the dis-
tribution of ion energies. (Figure 7)
A second observation of containment was made by 3 cm
Wave length electromagnetic radiation. For low densities
the fractional shift in the resonant frequencies of the vac-.
uum toroid is Z¥[//? = 1/2 ﬁ/no, where T is the average plas-
ma density in the cavity, ng is the density for which ff is
the plasma frequency and zvf'is the shift in the resonant
frequencies. The measurement was made by setting the freq-
‘uency of a klystron on the slope of a resonance. The ad-
dition of plasma raised (or lowered) the amplitude of the
response by shifting the'resonant frequency of the cavity,
while the response is not linear for large frequency
‘changes, the method cén be used as an indicator of elec-
tron density. Figure 27 shows the electron component of

the plasma remaining throughout the duration of the



- 43 -

magnétic field. The magnitude of the frequency shift in-
dicated a density of n.n/109 cm-3 in the plasma region in
agreement with Langmuir probe determinations@7

The fhird measurement was a direct determination of
ion lifetime as a function of ion energy,19 This was accom-
plished by extracting ions directly from deep within the
plasma and bringing them out to the electrostatic ion en-
ergy analyzer., After filling, the floating potential re-
mained near zero. Hence it would not alter the -ion spec-
trum during lifetime oBservations. A long 6 mm iron tube
with 0.5 mm walls provided a field-free channel shielded
from the 800 gauss to 2000 gauss fields through which the
-ions were extracté'd° The mean life of 100 eV ions was about
0,4»mi11iseconds with the iron tube and the hoop Sufports
immersed in the plasma. ‘This agrees well with the 0.5 milli-
second life calcuiafed for 100 eV ions striking the hoop_sup-
port area.

- The numbervof ions extracted had the exponential shape
shown in Figure 28 with no sudden plasma 1osses,land the
mean life of a particular ion energy was invefsely propor-
tional to the ion velocity, as it should be if the loss

is on the hoop supports. (Figure 29) This behavior was
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what would be expected of a stable plasma.

As the background pressure was raised to 10-5 torr
‘the ion lifetime was finally affected (Figure 30). How-
ever this pressure was more than a factor of 10 greater
than normal background gas pressure (4.x 10-7'torr) be-
fore a noticeable change was made in ion 1ifetime. The
 firing-of the plasma gun introduced gas which was obser-
~ ved to raise the pressure in the multipole chamber to 10-5
‘torr in 2 milliseconds if the gas shutter was not closed.
Thus gas pressure increase ‘is not expected to be .an influence

on plasma lifetime in these experiments, as it apparently

was in some cases with more plasma density.
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VII. Discussion

The -data are not as detailed as desired to give
a very accuréte determination of the efficiency of cap-
ture or retention of the plasma aftef it has entered the
injection port; but what is known indicates that the cap-
ture is greater than 10%. When the detail énd accuracy
- of velocity and density measurements is sufficiént to sat-
isfy a continuity equation for plasma motion, the~efficiehcy
of capture and the regions of loss during filling williﬁe
known. How much of the plasma is turned back at the cél-
lision point and how much hits the wall, are not now known. -
An interesting characteristic of the plasma of
'<energetic ions which becomes qﬁiescent after 50 to 100
microseconds and which remains for a couple of milliseconds
while.thé magnetic field is decreasing is that any electro-
static potential - variations at the boundary,qf the,plasma‘
are-mucﬁ smailer than the ion energiés'ﬁ;esent, fhe large
potentials ére apparently present only in the

period. of plasma motion ‘across the magnetic

[
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field and for 50 microseconds thereafter. It is nec-
essary to know more than is now known about the distribu-
tion functions of electrons and ions to properly interpret
the floating potentials which are measured. The difference
between plasma potentials and fléating potential is usually
taken as ~~3 times the electron temperature, but this elec-
tron temperature may be different in the center and at the
edge of the plasma. The pf&cesses enabling the plasma to
evolve into this state of small electric fields at its~edges'
‘remain to be examined by further experiments.

Another detail needing examination is the process
of entry through the slotted wall. When the plasma passes
through the slots, the lines of force have already diffused
into the aluﬁinum and hence . the slots are crossed by field
lines in contact with and short circuited by the aluminum
bars forming the siots. This condition would be expécted
to lead to a depolarization of the plasma. Measurementé
show very little alteration of the magnetic field néar the
slots when plasma is injected. The ion gyroradii are 1arger
than the thickness of short circuited magnetic field region
and because of this ions may be able to pass through and to

cause the positive potential at the left just inside the in-
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jection port while very little potential of the opposite
sign is. generated just inside at the right of the port.
(Figure 11)

The energetic ion lifetime was independent of the
amplitude of magnetic field near the usual operating field.
This should be true if the gyroradius of ions is about the
size of the hoop hangers or larger. However if the ion
.gyroradius is small compared to the width of the‘hangersa
the lifetime should be proportional to B. It-may be poss-
ible to reach sufficiently high‘fieid.strengths in the
futuré°

This experiment may have escaped troubles with charge
exchange‘ioss due to gas released when the plasma is injected
into the octupole. There are two reasons: first, our injected
stream density was probably less than that for..cases where charge
exchange seems to have limited 1ifetime;20 second, our wall slots
line up with the open slots in the gas shutter. . Thus 1iberaﬁion
of gas by fast collimated plasma striking metal occurs mainly at
the shutter which is 12 cm from the entrance. to the octupole
space. Gas produced at this shutter'has a“gOQd opportﬁnity to .

flow back into the large differential pumping chamber.
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CAPTIONS

- ¢ -
Figure la. Quadrupole "Cusp" with lines of force return-
ing around current-carrying rods. The cusp configuration
is seen at the center. The last flux line with magneto-

hydrodynamic stability is 1abe1ed'YC.

Figure 1b. Octupole field with all rod currents in the
same direction and return current in the wall. A stable
plasma has its maximum pressure on the Y= 0 line as
shading indicates. The last stable line is H’é.

Plasma pressure must decrease from‘¥éo to Yé for stab-
ility.

Figure 2. Apparetus. The plasma gun is at the right.
Thg maximum excitation would provide 9.6 gyroradii across
the plasma at outer hoops and 20 gyroradii at inner hoops
for 100 eV protons. Moét observations were made at half
this exitation.

Figure 3a. Flux plot for rectangular toroidal conducting
wall with hoop sizes and positions chosen to give one
minimum B at Y= 0. 70% of the ten flux tubes are in the

stable region.
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Figure 3b. Plot with corners cut from wall. 80% of
the flux is in the stable.region,—q/ wall- xurod = 10,
| Figure 3c. Plot with corners cut off and walls filled
in. 90% of the flux is stable.
Figﬁre 3df Linear Octupole plot forvcomparison with
3b. Note the 1aék of distortion in 3b in spite of the
fat raspect of the toroid. |
Figure 4. The volumé of a unit tube of flux, dV (10/d’%
as a function of’W. The last magnetohydrodynamically
stable flux line is QK where the volume of unit tube
of flux is minimum. Y_ is at the wall and f=0 is the.
separatrix of the flux plot.
Figure 5. Magnetic field in gauss along the central
vertical line through the vacuum box and along the median
plane. The maximum field amplifude in the.box for this
excitation is at the sﬁrface of inner hoops and it is
11,000 gauss. | |
Figure 6,' Absolute containment zonés for the same
particlé momentum, P, but for different values of Pg.

The zero field minimum is thus enclosed in an absolute
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containment zone, 6b, and it is surrounded by other
absolute containment zones, 6a and 6c, having high

B and thus constant orbit magnetic moments u.

Figure 7. Proton Energy Spectrum from the plasma gun.
Figure 8. Arrangement of probe and injection ports

as seen from above and definitions of the coordinates
‘jo, fp, © of points at which observations are made.
‘Swivel probes allow exploration in the circumferential,
or @ direction between ports. The magnetic field dir-
ection is down at the outer wall.

Figure 9. The same lines of force around the rods are
crossed twice as the injected plasma stream enters. At
the second crossing, the attempt to generate reverse
polarization potential on the same line of force results
in discharge JI” of the initial polarization and a
‘current, JJ_, which stops the forward motion of the
plasma by Jl? force.

Figure 10. Probes -- a) High impedance with frequency
response to 5 mc is obtained by installing the resistance

of a resistance - capacitance divider at the electrode



- 55 -

-~ of the probe. Capacitance ¢ and c' are stray. The divi-
ders are separately balanced.

b) Low impedance probe for determining the plasma density.
Figure 11. Fldating potential a little distance inside the
injeétion port. Positive © is to the right. The gradient
of this potential gives the polarization electric field
generated by the plasma crossing the magnetic field as it
enters.

Figure 12. Plasma density distribution after paséing
through the injection port. Plasma penetrétes from the
right but only a small amount travels a few centimeters
beyond the zero field point at‘fLO. All times are meas-
ured from the time of the start of plasma gun current.
Figgre 13. Depolarization current parallel to the lines
of force looping the outer hoops. See Figure 9. |
Figure 14. Theta component of the electric field at
different points across the toroid at the injection azi-
muth. Injection occurs at the right at 10.4 microseconds.
The electric field at the pbrt gives an inward entrance

velocity“‘-].O7 cm./sec., ~~ field free plasma cloud speed.
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At 13 microsecondé; the electric field near the wall
qpposite the iﬁjection port shows a large outward.
_velocity which at 14.4 microseconds suddenly reverses
and turns the plasma inward toward the zero field
locus,Jo=O.

"Figure 15. The high potehtial near the &all opposite
thé injection port is caﬁsed by é small numbef of ioné
onershooting their associated electrons. Practically
no plasma passes the -5 cm. point. (See Figufe 12)

- Figure 16. 'Octupole Floating potentials. Upper -
The potentials on a 10 cm. radius circle about the
zero field péinf +50° to the right of the'iﬁiectioh
 port. Lower - Potentials on the cloud at -50° ﬁoving
to the left of the injection port. Hooés are at

¢ =45° and $=135°

Figure 17. -Velocity of drift around the toroid calcu-

lated from Eg/ of Figure 16 for the time 14 micro-

3

seconds after the gun fires. The speed of travel around

~the toroid observed by plasma density probes is
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1.2 x 107 cm./sec., the same as that in a field-free
region. The calculated drift velocity in this instance

is somewhat less.

Figure 18, Floating potential as a function of 8 or
azimuth around toroid. Two potential waves of opposite
polarity were generated by the injected plasma splitting
and progressing in opposite O directions. The potentials
were on a circle of different 6 values at,f’= 12.5 cm.,

f = 80° which was below the B = 0 circle. Injection

is at 8 = 0°~360°, and the potential waves progressed

to collision about 21. microseconds after gun firing.
Note the large potential gradient in .the O direction at
the collision. This E9 carried plasma out toward the wall.
Figure -19. Density of plasma at the collision of the two
streams of plasma 180° around the toroid from the injec-
tion port. The plasma arrived in the low field region and
- then spread toward ﬁhe waiis -- in this case the top and
bottom walls -- at 30 microseconds. Electric fields close
to the conducting wall must be normal to the wall causing

drift along the wall and away from the collision as in Figur§'21.



- 58 -

Figure 20. Floating potential and density in the

median plane at € = 50° for different times. The
reverse potential gradient at the outer edges would
cause any plasma there to drift backward.

Figure 21. The calculated drift velocity, v=cE/B,

as a function of position across the median plane

at 50° and at 15 microéeconds (see Figure 20). Note

the reverse drift velocity at the edges.

Figure 22. Sequence of views of the plasma clouds from
formation by splitting at injection'to collision at 180°,.

(a) 11 microseconds,injected stream stops near
B=0 line by depolarizing on lines of force lopping
over rods. Equipotential lines are given drift arrbws
since E x B flow is parallel to these lines. Plasma
splits on the short circuit near B = 0.

(b) 15 microsecondé,plasma bégins to flow in
opposite directions ‘generating the octupole electric
field.

(¢) 20 microseconds,plasma spreads-around toro-
idal chamber.

(d) 25 microseconds, oppositely directed plas-
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ma clouds approach at 180° and potentials cause E, field

(¢

driving ''colliding'' plasma outward toward.wall°
(e) 35 microseconds, plasma has moved out and back-

ward along wall by—E x B drifts.

Figure 23. Photograph of oscillographic trace of radio-

frequenéy Ee at a point where the density gradient is in-

stantaneously reversed from the proper direction for stability .

Figure 24, Ions of 160 eV energy emerging perpendicularly = .

thfough a hole in the wall, A brief burst occurs at the

collision time, 21 microseconds,and occasional particles

come .out over the subsequent 100-200 microseconds. Sweép-

speed is 20 microseconds per division.

Figure 25. Floating double probe saturated ion current

wﬁich measures plasma density as a function of time. No

sudden plasma loss was evident in the.oscillograph data.

Figure 26. Langmuir probe traces at early and at late

times giving ~~10 eV electron temperature for the whole

period. For the probe e}ectrodes used, the extropulation

of the square of electron current as a function of voltage

gave the temperature.



yFigure 27. Indication of average electron density by
émplitude-of response of éavity to 3 cm. electromagnet;c
véaves° The Klystron is tuned:to be on.fhe slope at the

éide of a resonance so addifion of_électrons to the caViﬁy:-
space changes‘the response, Sweepspeed is .5 milliseconds“
per division. Plasma is injected after the field has ‘risen
for one millisecond.A The detector output is shown for cases
of no plasma injected and plasma injected.

Figure 28. _Totalkions of 102 eV collected by ion éxtrac-
tor as a funcfion of time. The curve ié_exponential. Sweep%
speed is 290 microseconds per division. Roughness is.dug

to coun-tipg.s.tétist_ics° |

Figure 29. .’Ibn~meén lifetime as a function of:ion'eﬁergy.
The-solid line is the curve for lifetime proportional tgu
reciprocal ion velocity such as for the case of iohs;hitting.
the hoop hanéefs or probes,

Figure 30. Lifetime of 126 volt hydrﬁgen ions as a func-
tion of backgrOundﬁpreSSure, Normal Qperaping‘préssdre’was
~4 x 10--’7 torr;ahd firing the plasma gun brings the pres-
sure to 10”5 torr in 2 milliéeconds without the gas shutter

being operated,
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