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Measurements have been made and reported concerning
the injection, transport and quiescent periods in the toroidal
octupole. The opportunity is now open to study in greater
detail the loss of plasma to walls and rod supports.

Figure 1 shows the experimental apparatus. A conical
pinch gun injects a hydrogen plasma through collimating slots
into a toroidal octupole field. After the filling process
taking ~ 100 pusec the central body of the plasma becomes
quiescent. The initial quiescent plasma has a maxwellian
ion energy distribution of approximately 40 eV with 10eV
electrons, the maximum density at early times is of the
order of 1010P/cm3. The plasma is then lost to the rod sup-
ports since they intersect all flux shells, as well as to
the walls by diffusion across field lines.

The magnetic field is created by currents flowing in
four rods along withj image currents flowing in the tank walls.

The currents are induced by an iron core threaded through



the toroid.

The time variation of the magnetic field is sinisodial,
with a half period of 5 msec. The times during which measure-
ments were made were near the peak of the field.

Figure 2 shows a plot of the intersection of the
constant surfaces of the flux function ¥ with a cross section
of the octupole. The lines shown are also the magnetic field
)lines. The boundary of hydromagnetic stability, i.e., the
surface at which the volume of flux tubes begins to increase
moving outward from the separatrix is labeled L If the
plasma pressure decreases monotonically moving away from the
separatrix toward the rods or wall, the plasma would be hydro-
magnetically stable exXcept for a region outside Vo along the
wall. Note the numerical labeling of the flux surfaces.

We look first at fluctuations outside the separatrix
where during the experimental times the density decreases
monotonically toward the walls.

Potential fluctuation of the order of 4 volts appear
outside 1%. The fluctuations amplitude decreases monotonically
toward the separatrix, inside wc.

Figure 3 shows the fluctuations in potential in the



unstable region. The oscillograph was taken 2 cm from the
wall on the horizontal midplane. Note the injection period.
The fluctuations have a wavelength of about 3 cm and an
excellent connection along field lines.

The fluctuations have a maximum amplitude of about
4 volts and decay in about 800 psec. The fluctuations in-
side v, are smaller in amplitude but die away with the
same rate.

A reason for the decrease in fluctuations with time
can be derived from the density distribution in this region,
shown in Figure 4. The density in this region is of the

3

order of a few x 108/cm . Yy appears at approximately

c
2.5 cm from the wall. Shortly after injection a density
gradient exists in the unstable region outside L which
drives the instabilities in this region. As time passes
the density flattens in the unstable region as shown by the
density distributions at successively later times. The
density gradient is supported inside wc in the flute stable
region after the fluctuations have evolved the distribution.
When the density gradient is removed at approximately 800 psec
in the unstable region the fluctuations disappear as seen

in the Figure 3.

If a containment device has an unstable region which



shakes the adjoining stable regions and thereby increases
the plasma loss in both it is apparent from these measure-
ments that the losses will be reduced when the density
distribution has evolved to limit the driving mechanism
for the fluctuations.

The flattening of the density outside Ve leaving
the density gradients to be supported by flux surfaces inside
the mc,illustrates the fact that the diffusion coefficient
in the inner regions is much smaller than in the unstable
regions outside Voo

It is of interest to determine the autocorrelation
function as well as the frequency spectra of the fluctuations.
A circuit does not suffice to determine the autocorrelation
function directly due to the short sampling time provided.
A sample of the fluctuating electric field can be obtained
by using several appropriately delayed oscilloscopes. The
data can then be read at successive intervals and the result-
ing digitized data can be fed into a computer to determine
the autocorrelation function.

The autocorrelation function from several samples can
be averaged together to give good convergence. A 1 meg ohm
input impedence attenuated electric field probe was used.

An 80 usec long sample was taken 200 psec after injection. The



sample comprised 4 oscillographs.

Figure 5 shows the autocorrelation for a fluctuation
in the unstable region near the wall. As would be expected
the fluctuations appear to be traveling waves which become
uncorrelated rapidly in time. After a few cycles the fluc-
tuations lose most of their correlation.

It is interesting to note that the diffusion coeffi-
cient calculated as shown in Figure 6 by integrating the
correlation function over its time argument gives a value

close to Bohm.
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This value was also obtained previously by measuring

8§V 4+ 6n using the last equation in this figure.

The approximate power spectra can be obtained by



matching the autocorrelation to an analytic function. Since
the match is only approximate, the exact form and fine details
of the spectra will not be correct but the central frequency
will be quite accurate and a good measure of the band width
will also be obtained. Figure 7 shows the power spectra ob-
tained from this correlation function. Note the broad spectra
of frequencies present. The full width at half maximum is
about 50 kHz. The main frequency component is about 80 kHz.

We move now to flux surfaces inside the separatrix
toward the rods. The density gradient does not decrease
everywhere moving away from the separatrix toward the rods.
During injection the largest density is deposited under the
rods slightly off the separatrix. Figure 8 shows this density
gradient. The energy required to interchange flux tubes in
this region can be calculated and shows marginal stability,
yet fluctuations are observed as seen in this figure.

Even though large fluctuations exist here the density
gradient persists to late times. The flattening observed
near the wall does not take place here.

The fluctuations are fairly sinosoidalj they have maxi-
mum amplitude of 3 volts and a wavelength of approximately 6 cm.

They are found under all four rods in a fairly limited region.



The correlation function for these fluctuations can
be determined in the same manner as those outside wc, and
appears in Figure 9. Contrasting this autocorrelation function
with the one found outside wc,the frequency is about 250 kHz
compared to 80 kHz outside wc.

The correlation time for these fluctuations is very
much longer than the correlation time for the more random
fluctuations outside wc. These .fluctuations go through 10
or more cycles without losing appreciable correlation.

The power spectra can be derived from this correlation
function and is shown in Figure 10. The peak is centered at
250 kHz with a half width of 7 kHz. The spectra is expanded
100 times near zero frequency to illustrate the sharpness of
the spectra. The peak power density is about twice that of
the fluctuations outside UE although the total power is less
due to the small band:>idth. The diffusion coefficient can
be estimated for this region by integrating the autocorrela-
tion function. The diffusion coefficient so derived is two
orders of magnitude below Bohm due to the excellent time
correlation of the fluctuations. The relatively small diffu-
sion coefficient explains the fact that an inverse density

gradient persists in this region.



The diffusion coefficient for the fluctuations near
the wall has been measured and reported previously by Meade.
The determination was accomplished by simultaneous measure-
ments of the potential and density fluctuations. The results
are shown in Figure 11 for the horizontal midplane. The Bohm
diffusion coefficient is also shown for comparison.

The observed coefficient approaches the Bohm level
outside the stable region although dropping next to the wall
due to the walls shorting of the electric fields. The ob-
served diffusion coefficient drops rapidly upon entering the
stable region to a value four orders of magnitude less than
Bohm a few cm inside of dE on the midplane.

It is of interest to know if the observed diffusion
coefficient along with hanger losses can be used to predict
quantitatively the observed plasma lifetime. It is also of
interest to know what lifetime would be expected if pumgéut
at the Bohm rate were to occur in the octupole. To determine
these aspects for the octupole, the plasma diffusion and
hanger loss were simulated on a computer. The first simula-
tion was made with the observed diffusion coefficient neg-
lecting any hanger 'losses. The observed density distribution

at 500 psec was fed into the computer and the density evolution



simulated for the next 500 usec.

The evolution is shown in Figure 12, The initial
density distribution at 500 psec is shown along with the
evolved distribution at 1000 pusec. There is no large loss
of plasma to the walls during these times only a redistribu-
tion to regions nearer the walls. No growth in density in
these regions is observed in the actual experiment. The
predicted lifetime from this evolution is quite long, much
longer than observed in the actual experiment. These facts
illustrate that the rod supports must be important in deter-
mining the density evolution.

A support loss was added in the next calculation. The
loss to each flux shell was proportional to the area of inter-
section of the flux shells with the supports. The resulting
density evolution is shown in Figure 13. The same initial
density distribution was used as in the previous calculation
and the resulting evolution at 1000 pusec was determined.

The density decay is much more rapid than if support
losses are neglected, A larger number of particles are lost
during this time from the containment zones. A small inver-
sion of density is predicted, and a general flatting of den-

sity can be noted. The lifetime as well as the detailed
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density evolution agrees quite well with those observed in
the actual experiment.

It was found that if a density distribution other than
the observed one was used as the starting point, the observed
distribution‘ﬂid not evolve in a reasonable time interval.
The distribution of density at late times appears then to be
a strong function of the injection and filling processes.
Figure 14 illustrates the evolution assuming a diffusion
coefficient of the Bohm value throughout the octupole along
with losses due to rod supports.

For this case the density decays very rapidly into a
distribution not observed in the actual experiment with a
lifetime 15 times shorter than observed in the octupole.

If the evolution during the intervening time intervals
between the two curved here are observed a normal mode is seen
to develop rapidly which was quite independent of the initial

distribution.
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Experimentally Observed
Density Evolution

e 500 u sec.
© 1000 p sec.

This experimental evolution can be compared to the
computer evolutions of previous figures.

FIGURE 15




