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ABSTRACT
A start~up scheme for producing a plasma in the

bi~cusp

field

configuration of TORMAC which involves the radial injection and trapping
of a toroidal gun plasma is described.

The peloidal field of the

external cusp coils acts as a barrier to the outward travel of the
plasma ring.

Interferometry and magnetic probe measurements observed

the stopping of the expanding plasma ring which has a velocity of 17
cm/~sec.

Once stopped, the fields are arranged to hold the plasma in a

magnetic well.

Interferometry measurements observed a well defined

outer boundary remaining stationary during the
measurement.

20~sec

of the

The inner boundary was also in evidence as shown

particularly by the particle flux distribution emanating from the cusp
region.

The indications are that a sheath exists having a width of 1 to

1.5 ion gyro radii in the poloidial

field.

interferometry give a Te of 15eV, a 15

~sec

Measurements of Thomson and
density decay time, and a
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5 psec energy decay time.

These results show that this injection and

trapping method is successful, and thus a higher gun plasma energy
combined with a flux conserving barrier may lead to higher temperatures
for testing containment in TORMAC.

I.

INTRODUCTION

Among the possible magnetic confinement schemes envisioned for
fusion, the cusp configuration has the unique feature of being stable to
magneto-hydrodynamic (MHO) disturbances at high beta. 1- 3 As Levine
and Boozer, 4 have shown, there exists a canonical invariant for cusps
which led them to propose a scheme for particle confinement meeting the
Lawson criteria. 5 One problem in attaining the conditions for cusp
confinement is the difficulty of producing the necessary plasma and
field configuration.

Spalding~ 3 in his review of cusp confinement notes that there is a
major experimental problem in establishing a plasma with properties
approaching the free boundary equilibrium required by theory.
experiments used in~situ ionization and compression, 6' 7 shock

Previous

heating 8 or gun injection. 9 With the exception of the Centaur
experiment, 8 the technique of in-situ ionization~ compression and
shock heating has probably failed to attain collisionless conditions.
The addition of a stuffing field as desired for testing the theory of
Levine and Boozer, renders compression or shocking of the plasma to a
collisionless condition even more difficult. 7• 1 Fortunately, plasma

°
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guns have proved to be a more effective method of transferring the
appropriate energy to a plasma.
In a series of injection experiments Osher 8 used a coaxial gun
which fired into a static cusp.

These experiments produced high

temperature electrons and hot ions but did not attain the required high
beta free boundary conditions.

Evidence produced by

X~ray

for "strong cooperative effects 11 is cited as one reason.

measurements
A different

plasma gun configuration and injection technique was proposed in order
to avoid such effects.

This gun has similarities to inverse pinches

which have been shown 11 to operate stably.
A toroidally symmetric plasma gun with annular electrodes (Fig. 1)
was constructed and tested. 12 A p1asma ring produced by the gun is
observed to expand in major radius along with a small trailing plasma
density.

The acceleration of this plasma ring is aided by a resident

torodial bias field.

In addition, the application of a peloidal bias

field (not shown in Fig. 2a) induces a toroidal current in the plasma
ring as it is pushed outward.

This toroidal current is designed to

close peloidal field lines in the plasma core and to "stabilize 11 the gun
plasma in a 11 tokamak-like" configuration.
This paper presents the results of injecting the plasma ring into a
quasi-static cusp.

Most of the results are obtained with the plasma
ring velocity of 17 x 10 6 em/sec (150 eV). A few measurements 1vere
made with an upgraded plasma gun design. giving a velocity of 43 x 10 6
em/sec (1000 eV). A stuffed toroidal bi-cusp 13 was chosen for
injection and trapping of the plasma.

The bi-cusp is a two-pole
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toroidally symmetric line cusp which combines toroidal and peloidal
magnetic fields to create a minimum-S well.
The scheme for the experiment involves the transport of the MHO
'

1

stable 11 , gun plasma into the

bi~cusp

fields.

The increasing poloidal

field of the external cusp coils acts as a barrier to the radially
outward travel of the plasma ring.

This barrier is needed to stop the

outward motion in a time scale sufficiently short for the compression
and thermalization of the plasma.

Thermalization can be attained

through the dissipation of a strong shock.

To model this process a

first order attempt is made by applying the one-dimensional MHO shock
relations followed by an isentropic expansion to give pressure balance.
Since the shock is not necessarily strong, a second model considers only

adiabatic compression and expansion to the final pressure balance in the
equilibrium well.

In addition, the equilibrium configuration is

calculated by simulating a s = 1 plasma with skin currents.
In this paper it is reported that the gun plasma does not pass
through the peloidal field but settles in the field well with a thin
sheath boundary.

I I.

j}~~ct~o_f__Tr~RPing

The bi-cusp configuration for TORMAC consists of cusp-field
confinement on the outer radius of a torus and toroidal field
confinement on the inner side of the plasma torus.

These features

provide the good curvature required for MHO stable confinement of a
h·igh-13 plasma.

The coil structures shown in Figure 1 provide the vacuum

fields whose poloidal flux lines are illustrated in Figure 2a.

Contours

of constant field magnitudes which include both the toroidal and
poloidal field components show the minimum B well as illustrated in
Figure 2b.

Looking along a radius at the midplane (z = o) the intensity

of the vacuum poloidal field Bp (see Figure 6) is small (< 100 gauss)
for R < 26 em and Bp
coil current.

a

Ic(R-26) for R > 26 em, where Ic is the

The toroidal field falls off as 1/R from the center

conductors and the plasma produced by the gun flows freely through the
toroidal field except for the mild gradient forces.

However~

the plasma

interacts strongly with the peloidal magnetic field.
The plasma ejected from the gun is toroidally continuous 12
allowing the induction of a toroidal current by the peloidal field in
the interacting boundary.

Thus the decelerating force on the outgoing

plasma is the peloidal magnetic pressure integrated over the interacting
boundary.

If a flux conserving metal hoop were placed at some major

radius, then the peloidal flux trapped between the hoop and the plasma
ring would cause the field, and thus the stopping
to stop the plasma.
of 17

cm/~sec~

to rise enough

force~

For the experiments having a plasma ring velocity

the flux conserving ring is not necessary because the

poloidal field is sufficiently strong.

The stopping, of course, always

requires that the plasma ring be toroidally connected.

It is thus

appropriate to require that the plasma skin depth be nowhere more than
the minor diametr=!r.
stopped in 0.2

~sec

Typically, the skin depth for a 10 eV plasma
is 0.02 em.

A first order estimate of the stopping

position can be made by considering the momentum balance,

where N is the total number of particles of mass m with directed
velocity V and Fd is the decelerating force.

Supposing the BP field

gradient in the plasma has a scale length small compared to the minor
diameter of the plasma ring, the induced force decelerating the plasma
can be written as follows

where the poloidal field, Bp, is assumed to vary linearly with R and is
applied across a plasma width, 2a.

Integrating over the distance traveled

with the limits on velocity going from

th~

initial value, Vp , to 0 as R goes

from Ro to Rm, the radius of deepest penetration, Rm, is given by the
following expression:

where R0 is the radius at which BP is zero and Re is a radius,
exterior to any plasma travel at which Bp
measured value of N (4 x 10

18

=

BP .
e

Using the

particles) and VP (17

cm/~sec)

and

taking the best linear approximation of BP where R0 is chosen with
BP
Vp

= 3.0 kG as shown in Fig. 6, Rm is found to be 37.5 em.

e
~

For

43 em/usee) BP must be 7.5 kG in order to stop the plasma at
e

Rm = 38 em, just inside the bars.
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A necessary condition for the plasma to undergo thermalization by a
shock is for the time scale of deceleration,
Alfven wave transit time,

d' to be shorter than an

t radially across the plasma ring.

That is

'd < ' t = 2a/V A ~ 0.4 vsec

where VA is

to be 12 cm/vsec.

est~mated

From the de Hoffmann-Teller

relationships derived for a perpendicular shock, the following
expressions across a shock are related to the initial plasma beta, e1,
and the laboratory plasma Mach No., Mp.

M1 ~ f(M 1) =
=~ =~
n2 vl

n

e2 = l

5

{+

=

[BM!Mp

+% (Pl

~ = _ _L {~
B2

n[5s 1 + 4

8MI

+

2

2 M12 (1 -

1/2

+ 1)+ Sq]}

a1 + 1

2

n )] -

+

MI}"" sq

4

T

T2 = s2/(sln)
1

where

and 2 denote the upstream and downstream condition for shock fixed
coordinates where M is the Alfven Mach No., n is the local number density, T
is the temperature, and B = 8vnkT/B 2.
An estimate of the initial value of e is obtained by assuming that the
toroidal magnetic field, imbedded in the plasma, has the value of the vacuum
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field at the stopping position and that the plasma electron temperature is 10
eV.

The assumed temperature has only a small influence on the final condition

because the thermal energy density of the plasma is much less than the
directed energy density.
The final equilibrium condition of the post-shocked plasma is evaluated by
using the isentropic relationships for an expansion to a pressure equilibrium
based on the value of the vacuum magnetic field at the position where an outer
boundary is experimentally observed.
The initial conditions are:
-

electron density (assuming a uniform distribution along a 3 em
line-of-sight) 1 x lol5 cm- 3 at R = 34 em;

-

imbedded toroidal field (value at the experimental stopping
position, R = 34 em), BT = 1.7 kG;

-

initial electron temperature (assumed) 10 eV.

The resultant e1 ""0.13. Using the measured plasma velocity of 17 cm/llsec,
MP = 1.4. The post-shock conditions are r 2 =59 eV, n2 = 2.4 x 10 15
cm~ 3 .

Taking the external equilibrium field Be~ 2 kG the final

conditions are found to be:

Tf = T·1

+

Te

nf '" 9 x 10

14

~ 30

em

eV

-3

A maximum final temperature occurs for the ideal case when all the
directed energy is transformed into thermal energy through an adiabatic

expansion to the final equilibrium.

m.1
2

E

gun

Thus the gun plasma particle energy,

vp2

which is 150 eV for the above cited conditions, would result in a final
T1 = Te = 1/5 Egun = 30 eV.
However, with a plasma velocity of 17

temperature:

about 0.3

~sec

cm/~sec,

the stopping time of

is not much less than the Alfven wave transit time, so

that neither model accounts for the true experimental conditions and
they can only be considered as a guide to the equilibrium conditions.
In order to predict the plasma equilibrium shape, a a= 1 plasma
(excludes peloidal field) is simulated 14 by a set of closed toroidal
current loops on the plasma boundary.

The computer code adjusts the

currents of these loops and their positions to find a solution which has
a constant pressure and a constant flux on the boundary.

It ·is

primarily the plasma pressure which determines the size of the plasma
volume.

Since the total number of particles within the plasma and the

pressure are not known, the imposed condition for determining the
pressure on the boundary is the radial location of the outer boundary as
measured experimentally. The pressure is varied until the outer
boundary corresponds to the experimentally measured boundary.

The flux

value on the boundary is obtained by matching the location of the inner
boundary to the location of the experimentally measured inner boundary.
The plasma shape as denoted by the
solution.

~'s

in Fig. 3 is an equilibrium

The field is everywhere modified so that the field lines

extending from the equilibrium plasma location to the outside of the
coil structure of the

~
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torus ara as shown in Fig. 4b compared to those vacuum fields of Fig. 4a.
The experimental plasma is not a

e = 1 plasma. Provided that the

field on the inner boundary is purely toroidal and that the field in the
plasma is purely toroidal, the spatial dependance between the external
peloidal and toroidal field for pressure balance is independent of the
internal toroidal field. 14 That is, the toroidal beta of the plasma
does not affect the shape since the functional dependence on R of the
peloidal field, BP, is the same for any BT as is seen from the
derived expression:

where BT

is the pure toroidal field on the inner boundary at radius,
0

R • Thus the calculated shape of the equilibrium plasma should be similar
0

to the experimental one in spite of the difference in beta.

III.

EXPERIMENTAL RESULTS
A.

~pe_aratus:

The

apparatus includes the bi-cusp windings in addition
to the parts described previously: 12 that is, the gas valve, the plasma gun
experiment~

plates and the toroidal field windings (Fig. 1),

The rad·ially symmetric gas

valve directs the flow toward the inner edge of the high voltage gun plate
about 150

~sec

before applying the voltage.

The gun plates have an inner and

an outer radius of 8.5 and 19 em respectively with a spacing of 3 em between

them.

The toroidal and bi-cusp peloidal windings are a series-parallel

combination which are supplied by a capacity of 1.2 F and voltages (V)
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up to 400 V.

The resultant center-post axial current

Imax = V x 10

3

amps

has a rise time of 5 msec.

The bi-cusp windings in principle carry

equal currents, whereas in practice there are some differences due to
circuit imbalances.

The six outermost windings at the same radius are

located as shown in Fig. 2a.

The side windings with currents in the

opposite direction to the outer ones are also shown in Fig. 2a.
Plasma gun peloidal field windings were operational for some results
reported herein.

As described by Myers et al., 12 these windings were

intended for inducing a toroidal current in the plasma produced by the
gun.
The application of the peloidal windings for the cusp fields
modifies the gun operation.

Measurements indicate that some peloidal

field (100 to 200 G) penetrates the region between the gun plates.

Most

of this field is greatly reduced by the placement of two active coils
for bucking the field.

Also, some experiments were run without the

bucking coils where a peloidal field of opposite direction was applied
by the gun peloidal windings.

Once the gun produced a good plasma

ring~

measurements were made of the stopping of the ring and the formation of
a stationary equilibrium region.
B.

D_iag~ostics

The diagnostics used for these experiments are located as
indicated in Fig. 3a.

The magnetic probe located at R = 37 em was

oriented to measure the peloidal field perturbation which is caused by
the current induced in the plasma ring during deceleration.
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The time varying axial line density is measured by using a
stabilized Michelson interferometer 12 . The position of the
interferometer can be varied radially from shot to shot,

Stabilization

by an active feed-back circuit keeps the measurement sensitivity at the
maximum,

half way between constructive interference and destructive

interference.

where

~c

The line density is given by;

is the measured voltage change proportional to fringe

displacement, and V0 is half the total peak-to-peak voltage swing for
a complete fringe,

The interferometer measures the line integral of the

electron density along the laser beam through the plasma with a minimum
measurement sensitivity of about 10 14 cm- 2,
A ruby laser used for the Thomson scattering measurement is aligned
as indicated in Fig, 3a where the focal volume of the beam is 3 mm in
diameter and 4 em long. A notched triple~grating polychromater1 5 is
used to spectrally analyze the scattered light,

A three-lens system

gathers this light from a 4 mm diameter by 4 em long volume and images
it onto the slit of a polychromater.

Four channels of the polychromater

are used, each having a 3 nm width with the first centered at 4.5 nm
from the laser line center and the others spaced at 4.5 nm intervals.
Care is taken not to include any part of the gun in the collection cone
to minimize plasma light; also a v·ie111ing dump was included.
Magnetic field probes in a glass envelope are used to measure field
perturbations caused by the plasma.

The signals are integrated with a
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passive network having a time constant of 5 usee and the estimated
signal response time for the probe is a few nsec.
After a search with a Faraday Cup to find where a flux of particles
emmanates from the plasma, the cup was displaced along the line
indicated in Fig. 4b.

In order to limit saturation, the cup was also

moved out to the lowest field region accessable thus giving a minimum
flux of particles.

The magnetic field at the measurement positions is

calculated to be 100 G compared to 6000 G at the cusps.

The line of

measurement was oriented as closely as possible perpendicular to the
field lines along a constant field contour.

C.

Gun Plasma Condition
As already noted, the addition of the peloidal field windings is

observed to change the energy of the ejected gun-plasma ring.

Although

small, the peloidal field which is added between the gun plates affected
the acceleration as discussed by Myers et al. 12
certain field no plasma ring is ejected.

In fact, above a

For the conditions considered

in this data a toroidal plasma current of about 5000 amperes is
measured.

This measurement is made for gun operation without the

po 1o i d a1 s to pp i ng f i e l d .

The velocity of the plasma ring is determined by measuring the
plasma arrival time at the interferometer (Fig. 5) test beam for various
radii on a shot-to-shot basis.

The observed jitter is minimized by

referring the arrival time to a peak of emitted plasma light gathered at
a fixed radial position.

The least-squares fit of the data does not

include the 5 measurements closest to the position where the plasma ring
stops moving.

The spread of these f·ive points indicate that the plasma
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ring is decelerated in a relatively short distance (a few centimeters).
For the experiments reported herein, the expanding hydrogen plasma ring
has a particle velocity of 17 cm/psec, and particle energy of 150 eV.
The improved gun produces a plasma ring having a particle velocity of 43
cm/psec or a directed energy of 950 eV.
As the plasma ring moves radially outward the passage duration
(0.2

~sec)

is observed to be constant with radius.

From the measured

velocity and transit time the estimated radial thickness of the plasma
ring is estimated to be between 3 and 4 em.

Assuming an axial width of

1p=3 em the measured average particle density in the ring is 3 x
10 15 cm- 3 •

Integrating the measured line density over the

burst-·time and assuming that all the particles have the same velocity
the total number of particles is about 4 x 10 18 and the energy is
estimated to be 90 joules
E "' 2TIR
P

vP

ftp <n
o

e

l

>dt

P

Also, toroidal symmetry is assumed and the burst is integrated up to
tp = 0.5

~sec

at which time the tail of particles from the gun (see

typical burst of Fig. 5) generally has a relatively low value of line
density (less than 0.2 of peak density).
The electron temperature in the plasma ring leaving the gun was not
measured except on one occasion.
scattering data gave 10 eV.

For that one shot the Thomson

However, as already noted, it is not

crucial to know the particle temperatures since that energy is small
compared to the directed energy in the moving ring.
0.

Li mi i:_~f_~~l~~-flla_ -~~~-g_Jxp~~s-~on

The toroidal vacuum field decreases with radius and beyond the
radius of 25 em the peloidal field increases (Fig. 6).
- 14 ·-

The peloidal

magnetic field probe placed at a radius of 37 em measures a field
perturbation rise time of about 300 nsec.

Other measuremen

at
different operating conditions (Vp = 20 cm/psec, nelp = 7 x 10 15
cm- 2) have four probes distributed around azimuthally. Since all four
probes measure the same field perturbation and have the same shape
(similar to the one shown in Fig. 6) it is taken as evidence that the
plasma forms a complete ring. For the conditions, the peak of the
peloidal field perturbation occurs at 1.7 psec after the gun was
triggered.

This time corresponds to the gun acceleration time (between

the plates, Tacc = 0.8 usee) plus the transit time ( Ttr = 0.9 usee)
at a constant velocity of 17 em/usee for arrival at the stopping point.
This perturbation of the peloidal field falls off equally rapidly
(approximately 700

G/~sec)

to about one third the peak value.

The

subsequent rate of decrease (170 G/psec) is about one fourth the initial
rate.

There is only a small signal reversal of about 5 percent (Fig.

6); if the plasma ring were to pass over the probe a significant signal
reversal would be expected.

Such a reversal is observed for the case

where the plasma ring velocity is 43 em/usee.

According to the

calculation of the stopping point in the peloidal field for this
velocity and without a flux conserving ring, the maximum radius of
travel is beyond the probe and coils.
For the plasma traveling at 17 em/usee the ring passage over the
diagnostic beam at R4 (33.2 em; Fig 8) is followed by a line density
considerably greater than what is typically observed (Fig. 5) at lesser
radii.

In addition, the measured duration is longer than the time for

the ring passage.

At any one radius the signature of the plasma ring

line density varies considerably from

shot~to-shot.

- 15 -

Using 16 graphs of the time evolution of line density at different
radii from those shown in Fig. 5, a reconstruction (Fig. 7) is made of
the time evolution of the radial distributions of line density.
measured points are joined by straight lines.

Between 5

~sec

The

and 6

~sec

the plasma ring travels out at 17 cm/psec leaving the gun at a 5 usee
time re1at·ive to the computer trigger.

At 6 usee a maximum radial

position between 33 em and 35 em is reached; the plasma front then
returns at a reduced velocity (about 5

cm/~sec)

and reaches an

equilibrium position at 7 psec.
Considering the measured evolution of the line density at various
radii shown in Fig. 8, the plasma r·ing passage is observed except at R 35 em where the plasma line density is very small compared to the other
positions.

At R = 30.5 em the plasma ring is observed to pass then

return at a reduced line density over a longer period, and finally drops
to a lower level after 7.5 11sec.

At R = 33 em only one line density

burst is observed to last slightly longer than the normal passage time.
For the case where Vp = 43 cm/ 11 sec the ring passage is observed for
all measurable radii and the magnetic probe signal reverses which
indicates the passage of the plasma ring.
E.

Plasma Confinement
The interferometer data give a picture of the radial line dens·ity

distribution as shown in Fig. 7.

After the outward travel the plasma

ring is stopped and reflected; an outer radial boundary of plasma at R =
30 em appears to develop at about 7 11sec and remaines stationary for the
full duration of the measurement time, up to 25 usee.

Since each

position is based on only one shot it cannot be concluded that the outer
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boundary is as narrow as shown.

An inner boundary is not distinctly

discernible because of the build-up of density related to plasma coming
from the gun after the initial ring ejection.

An apparent inner

boundary seems to be located between R ~ 24 and R = 26 em, and is
considerably broader than the outer boundary.
The line density build up for late times

t > 12

~sec),

within and

at smaller radii than the inner boundary, is possibly due to neutral gas
coming from the gun region.

Upon coming into the plasma, ionization

would occur.

As time proceeds the line density builds up at the radii

near the gun.

The observed time-scale for line density buildup across

the lines-of-sight through the equilibrium region is 8

The latter

~sec.

feature is clearly demonstrated in Fig. 8 where a buildup of plasma at R

= 23 em after 13 psec is seen to be very significant, The basic
signature of the line density is about the same between R
=

~

26 em and R

30 em except for the density buildup at times later than 13

~sec

which

is not observed for R > 27.7 em.
The peak line density of 8 x 10 15 cm- 2 at R = 27.7 (Fig. 8)
decays with a time constant of 15

~sec.

At R = 30.5 em a much lower

line density is observed for times after 7.5 psec.

The measured line

density before this time represents the passage and return of the
outgoing plasma ring.

For later times the low line density is most

likely due to the plasma passing through the cusp regions which extend
through the

line-of~sight

of the interferometer.

The total number of particles trapped in the equilibrium region can
be estimated from the radial distribution of line density(n

<

between the inner and outer boundaries. Si nee the peak ne
about constant at 6 x 10 15 cm- 2 (in Fig. 8 at R2. (ne l >is
-
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p

1 )

e P

slightly higher) the total particle number between R = 26 em and R = 30
em is Neq = 4 x 1018 • By comparison, the number of particles
ejected from the gun during the first 0.5 psec beginning at the rise of
the burst (see the typical trace of Fig, 5) is between 3 x 10 18 and
4.5 x 1ol8 depending on the shot.

Since the tail of particles

expelled from the gun is arbitrarly cut off, the estimated equilibrium
number, and the plasma relng number are comparable within experimental
measurement.
Thomson scattering data registered on three polychromater channels
having a good signal-to-noise ratio (about 10:1) was taken at 7 psec.
The average obtained from 18 shots give an electron temperature of 15 eV
with a standard deviation of 4 eV,
For different operating conditions (8 psia gas valve pressure
instead of 7 psia) but with close to the same particle energy of the gun
plasma, the scattering measurement gives 16 eV (average of 4 shots) at t

=7

~sec

and 8 eV at t

=

12 psec.

The resultant decay time for the

temperature is thus 9 psec.
Taking the estimated particle number in the equilibrium position and
assuming that the ions are also at 15 eV the initial energy content of
the trapped plasma is 20 joules.

Using the measured density and

temperature decay times, the energy decay time is 5 usee.
The relative particle flux distribution along a line (shown in Fig.
4b) going across the field lines connected to the cusp region is shown
in Fig, 9.

The measured values are for three different conditions, all

taken at 12 psec after the plasma gun was triggered,

The data give a

distribution width of 2 to 3 ion gyro-radii, assuming the ions are 10 eV
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in temperature.

These widths may be overestimated since the Faraday Cup

showed evidence of saturation which would lower the peak and result in a
larger half width than really exists.

The location of the particle flux

can be related back to the main body of plasma by following field
lines.

The flux surface on the plasma boundary is therefore determined,

giving a check on the total plasma current.
this manner is 4.5kA.

The current determined in

The width of the flux distribution, as measured

to be about 2 to 3 ion gyroradii in the peloidal field, is also about
the boundary width of the equilibrium plasma, assuming flow along field
lines.

This corresponds to a 0.4 em wide outer boundary and a 4 em wide

inner boundary, consistent with the plasma density data.
IV.

CONCLUSIONS

Injection of the toroidally symmetric gun plasma into the

b·i~cusp

field geometry has been achieved for the gun plasma velocity of 17
cm/psec.

The first step of the injection, that is stopping the

expanding plasma ring, is observed by interferometry and magnetic probes
to be achieved with an outer limit of radial travel between 33 and 35 em
just short of the prediction of 37 em obtained from the simple model.
The same diagnostics and model indicate that the gun plasma ring with a
velocity of 43

cm/~sec

is not stopped by the applied peloidal field,

It

remains to study this case with the use of a flux conserving barrier.
The second step, trapping the plasma in the magnetic well, is
observed primarily by the interferometer measurement of a well defined
outer boundary which remains stationary for the 20
measurement.

11 sec

duration of the

An inner boundary also seems to be in evidence although

its definition is obscured by the plasma expelled from the gun after the

- 19 -

initial burst.

The number of particles (4 x 10 18 ) measured between

these two boundaries is comparable to the number ejected from the gun in
the initial burst, from 3 x 10 18 to 4.5 x 10 18 particles. The
measurements are not sufficiently detailed to ascertain the density
gradient at the inner boundary.

The indications given by the particle

flux distribution emanating from the cusp region are that a sheath
exists with a width of 1 to 1.5 ion gyroradii in the peloidal field.
This distribution width is based on an ion temperature of 10 eV and
assumes thermal equilibration of ions with electrons.

Although this is

not definitive evidence of a sheath structure, it is significant,
especially since a sharp density gradient, one tenth the radial width of
the plasma, is also measured at the outer boundary.
The data give an electron temperature of 15 eV for the plasma which
is expelled from the gun at a directed energy of 150 eV.

Comparing the

stopping time with the Alfven wave transit time suggests that a shock
model is not entirely appropriate although the calculated electron
temperature compares well.
The plasma ·in the magnetic well is found to have a density decay
time of 15

~sec,

a temperature decay time of 7

energy decay time of 5

~sec.

~sec

and therefore, an

Estimates of particle flow out the cusp

based on a width of two ion gyro radii give a density decay time of 25
~sec,

i.e. of the same order as the measured time.

Overall, these results suggest that further work on the higher gun
p13sma energy may lead to higher temperatures for testing contdinrnent in

TORMA C.

- 20
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Figure Captions

Figure 1.

Sectional view of the Tarmac Pl plasma gun and field coils.
The gun supply is a 2

~f, capacitor~

charged to 50 kV.

The toroidal and poloidal fields are supplied by a 1.2 f
electrolytic capacitor bank.

Figure 2.

Vacuum field plot:

Note the relative positions of the

"poloidal coils and the gun plates.
[.] , [x] Poloidal field coils

Axial current 300 kAmp
a) Polo·idal component ofliJ
10.5 x 10

Dashed line value

0.5 x 10

Minimum liJ

-8.5 x 10 4 Gauss cm2

Spacing between lines

1 x 10

4

b) Contours of field magnitude:

4

Gauss cm2

Gauss cm2
Note the magnetic well.

Maximum B

4500 Gauss

Dashed line value

2700 Gauss

Minimum B

1030 Gauss

Spacing between lines
Figure 3.

4 Gauss cm2

Maximum liJ

183 Gauss

Field plots as= 1 plasma equilibrium simulated by
current loops (6) distributed on the boundary
[.], [x] Peloidal field coils

Axial current 300 kAmp.

~

23 -

a) Polo·idal canponent of UJ
Maximum UJ

10.5 x 10 4 Gauss cm2

Dashed line value

0.5 x 10 4 Gauss cm2

Minimum

8.5 x 10 4 Gauss cm2

Spacing between lines

1 X 10 4 Gauss cm 2

Note the positions of diagnostics
b) Contours of field magnitude
Maximum B

4 250 Gauss

Dashed line value

2750 Gauss

Minimum B

2 250 Gauss

500 Gau S<;

Spacing between lines
Figure 4.

a) Field lines plot of

asstrning that the plasma resides on

vacuum field lines
Maximum

-23.5 x 10 4 Gauss cm2

Dashed l'i ne value

-13.5 x 10 4 Gauss cm2

Minimum 4J

-1.5 x 10 4 Gauss cm2

Space between lines

2.

X

10 4 Gauss cm2

b) Field line plot of4Jwith the 13 = 1 simulated plasma which
emphasizes the lines outside the toroidal and poloidal coil
structures.

Position of particle flux measurements is

indicated.
Maximum 4J

2
1 x 10 5 Gau ss rm
~

Dashed line value

0 Gauss cm 2

Minimum 4J

·-1 x 10

Space between lines

1 x 10 4 Gauss cm 2

[.], [x] Polo·idal field coils
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~

6

')

Gauss em"

Axial current 300 k Amps
. Additional flux lines at 0.5 x 10 4 spacing
Figure 5.

Plasma arrival time referred to a plasma light emission peak
as a function of position:

A least squares fit to the data

gives the velocity.
x Puff value pressure. 7 psig

Peloidal bank voltage 100 volts
o Modified gun
Figure 6.

Plasma ring perturbation to the poloidal vacuum field during
interaction with the peloidal field.
fields plotted with radius.

Peloidal and toroidal

Data used for the stopping

model equation are denoted.
Figure 7.

Evolution of the radial distribution of line density.
t =5

~sec:

plasma ring leaves the gun muzzle;

(R = 19 em). VP
t =6

~sec:

=

17

cm/~sec

plasma ring reached the maximum radial travel
(R = 34 em).

t

=7

~sec:

plasma ring returned to R = 30. Vf = 5

cm/~sec

The dashed line follows the outer boundary location.
~igure

8.

Line density temporal evolution taken at different radii.
Those located as indicated in Fig. 3a.

Figure 9.

Relative particle flux distribution across field lines
connected to the cusp field.

Note (ref. Fig. 4b) the

relative length of an ion gyro 1Aadi us if T2 = 10 eV.
0 8 psi a; 3470
h

~sec

valve timing

8 psi a; 3500 llsec

D 7 psi a; 3470 11sec

- 25 -

- - PlASMA GUN POlOIDAl
FIElD WIND lNG

GAS VAlVE

AXIS

CABlES TO PlASMA GUN

..--

--------TOROIDAl fiElD RETURN
CURRENT BARS

l

XBL 798-10923

gure

-26-

~

40

0

0

G

Poloidal field coi Is
~35

()

§30
+-(j)

·u 25
0

0:::

20
Plasma
gun plates

15
~10

-5

0

Axial

istance

5

10

m)
XBL 8010- 2213

Figure 2a

-27-

Plasma gun plates

Axial distance (em)
XBL 8010- 2216

Figure 2b

-28-

0,
\
\

\

\

\

\

\

\

\

\

~c.---- ----~-··Laser

light

trajectory

-10

-5

5

0

10

Axial distance (em)
XBL 8010- 2215

Figure 3a

-29-

~IO

-5
0
5
Axial distance (em)

10

XBL 8010-2214

Figure 3b

-30-

40

30

Position of
particle flux
measurement-

0

Plasma gun
plate

10

0

10

20

40

30

Axial distance

50

m)
XBL 8010-2020

Figure

. 31 .

~a

40

c::

30

20

Di

n

(em}
XBL 8010-2219

Figure 4b

-32-

Plasma

} Plasma

0

!.0

2.0

3.0

Time
34r----.-----.----,-----,-----,----,-----,----,---~,_----,

32

0
-.

w
w

30

I

I

28

I

-

I

26

I
1

= 43

24

I

2.2

I
10

2.0~--~-----L----~----L-----L---~-----L----~----~--~

0.2.

0.1

0

0.1
Rei

Fi

0.2

5

0.3

0.4

0.5

0.6

XBL 6010-2217

2

4
6
Time (jtsec)

8

\Toroidal

\

-

\

0

B

0

20

30

dial dis nee (em)

Figure

6

XBL

8010~

~~~;ory

~/~7.8

~-E=7.6

~/~7.4
7.2
7.0

~=-~~~5.4

""Tl
-'·

~~!?;

lO

c:
)

(.0
(J1

ro
r==:.::_r~-::--

---.!

7 \

\

~

"'"

if\

\--._

~

\(-.-....____

14

"''E
~<lOU

-~

~

<0

Q

5.2
5.0

5.0

)(

A

-~

c

..J

"

2.5
21

Radial Position (em)

XBL 8010-2221

R = 23.9 em

@

8-

6~

R = 27.7 em

t

(\j

I

E
u

L()

0

:L

X

@)

1\
,_,

"'

c
v

4r

LJ~
:~

R = 30.5 em

I

I

s

4
R = 33.2 em

-

2c
0
4r

21
00

t

A.~~~~~.::....J
6

12

18

24

Time (fLsec)
XBL 8010- 2216

Figure 8

-36-

Positi n (em)
Figure 9

-37-

XBL 8010- 2212

