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MEASUREMENT OF CONVECTIVE CELL SPECTRA AND

THE RESULTANT CALCULATED VORTEX DIFFUSION COEFFICIENT
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ABSTRACT

The presence of convective cells in a purely poloidal field Levitated

Octupole has been associated with diffusion that scales as Dv o (T*/n)llz,

independent of B, where T* is an "effective temperature,' T* « T,

The electric field spectrum of the convective cells can be used to
estimate the magnitude of T* and Dv. The results are in reasonable
agreement with previous measurements of cross-field transport, and agree

qualitatively with theoretical models of vortex diffusion.

+
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I. INTRODUCTION

Floating potential structure has been measured in many experimental plasma
devicesl_a. In the Wisconsin Levitated Octupole a correlation was noted
between the presence or absence of these convective cells or vortices and
the type of diffusion needed to explain particle losses5. In the parameter
regimes where classical diffusion was measured there was little potential
structure. In the parameter regimes where use of a vortex diffusion coefficient
correctly predicted the scaling of the diffusion with density and magnetic field
strength, machine-sized potential cells were measured (¢~0.3 KI/e).

We are interested in comparing convective cells and spectra in a

collisional5 (A <<Lc) and a collisionless6(lmfp>>Lc) plasma with observed

mfp
diffusion (kmfp is the particle mean free path and LC is the connection

2,

length). The profile evolution studies of diffusion in the Octupole with

a purely poloidal field can all be explained within the framework of vortex

diffusion:
2
1 |t “pi
U e 2 ? (1)
w
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noting that classical collisional viscosity and diffusion are always present,
and will dominate the transport at sufficiently low fields for a collisional
plasma.

The collisional plasma exhibits classical diffusion (DC =D0n/B2) at low

1
fields.(leooG). As B is increased, there is a transition to vortex diffusion
scaling with € >> 1., D is proportional to (T"‘/n)ll2 and independent of B, and

the magnitude of D indicates an "effective temperature"5 T* of lO6 eV. At

high fields, with € >> 1, the transport in the collisionless plasma is



4eV 6. As predicted by equation (1),

dominated by vortex diffusion with T*=10
the scaiing‘becomes independent of density,:and is proportional to'B—l, as the |
density is reduced to the point where the dielectric coefficient approaches
unity.

Recent theoretical work has been done on two-dimensional plasmas. The
importance of the theory for the Octupole lies inAthat, with a few modifi-
cations ana extensions, 2-D fluid theory caﬂ be used to predict both vortex
diffusion and macroscopic vortex structure, remarkably like that observed in
the Octupole. J. B. Taylor7 has shown thatTé—D systems have contributiéns
 to diffusion from both vortex modes and from collisions. The vortex con-
tribution‘will dominate if there is sufficient energy in the k||=0 modes. With

i
a purely poloidal field the potential iS'coﬁstant along a field 1ine8,'all of
the vortex energy is in thekI!=0nmdes, and we will expect to see vortex
diffusion except for very dense, cold plasmas iﬁ low magnetic fields,'or for
plasmas wﬁere,the vortex spectrum has damped away.-

‘We have‘studied the plasma regimes where the diffusion scales like vortex

1/2, T* « Te’ and independent of B. The vortex diffusion

*
diffusion, D_« (T /n)
coefficient can be derived in several ways. Okuda and Dawson9 calculateﬂ

the diffusion coefficient for a 2-D thermal plasma from the linearized two-

fluid equations .to obtain

T
Dvﬁj; , independent of B. _ (2)

Taylor and McNamaralO investigated the 2-D electrostatic guiding-center

plasma and found D for an arbitrary'electric field spectrum,
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In thermal equilibrium the energy per k-mode is T/2. Okuda and Dawson
o héve shown- that a ffaction 1/e of this energy is associated with the low
Afrequenéy vortex modes. The electric field energy in the vortex

modes is thus (eEzk/Sﬂ)°2ER“, where Qll and 21 are the lengths parallel and
transverse to the field iines6. For a non*thermgi plasma we can define an

*
effective temperature T analogously as

2 8m 17| :

* 2 :
and estimate the value of T by measuring E (k), n, and B,

. The Okuda-Dawson diffusion coefficient predicts the correct scaling for
the diffusion‘but is too émall to explain the observed diffusion in the
Octupole by several orders of magnitude if the thermodynamic temperatUré is
used. The effective temperatures calculated from tﬁe toroidal electfic
field sfectra presented in this paper are much larger than the thermodynamic
temperatures, and are large ehough'to account fof the observed vortex

diffusion.

II. CALCULATION OF A DIFFUSION COEFFICIENT

| Taylor and McNamara10 calculated the diffusion coefficient for the guiding;
_ceﬁter plasma.- Diffusion comes about when the electric fields in the plasma
become uncorrélated; in an equilibfium plasma this is due to stagistical
fluctuations gboﬁt the'enseﬁble average. The expressibnAobtained by Taylor

and McNamara is
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where R(t) is the mean dispersion of a group of diffusing particles. For very
long times R(t) is umbounded, and D is given by equation (3).
Equation (5) is a tensor equation, representing four separate equations
coupled by the exponential term. To solve this equation completely‘we need to
expand the electric field in eigenfunctions suitable‘for the Octupole, and theh
" solve thé four coﬁpled equations simultanedusly. The Octﬁpole coordinates
perpendicular to B are Y and 6. Eigenfunctions in tﬁese coordinates can be
found by considering Poiééon's eqﬁation. Using the différentiai operators
in the appendix, it can be shown that Poisson's équation is separable in
Octupole coordinates. The eigenfunctions in 6 are the toroidal eigenfunctions,
.eike; the potential structure can be Fouriér—transforﬁed iﬁ 8 to obtain the
amblitudes of the toroidal modes.

We are interested in the net diffusion across a -surface (the net

diffusion in 6 is zero), so we need only the solutions to the equafions for

dZRWW/dt and dszG/dtz. The exponential in (5), in Octupole coordinates, is
exp [-2 (k2 R (Rygt Rgy) + k )]
P v Roe ™ Kyko(Rye* Roy Rpw

The first assumption we will make is that wa>>Dwe. The gecond assumption
is that the'ekponential is dominated by the term kzewa. These assumptions
imply that the diffusion is caused by the energy iﬁ the azimuthal electric
fields. Not enough is known about the <E E > amd <E E¢> correlations yet to

y'e Y
prove definitely that this ordering is correct because of the lack of spatial



6
resolution with the cart probe (see Section III); however, there should be no
diffusion across a Y-surface due to vortex modes unless there are azimuthal
potential gradients. |

With these assumptions, equation (5) reduces to

2
d R ‘ : . .
W _ 1 5 <E2(k)> oxp (=2Kk2 4 .
= p (-2k ) (6)
at? 28% k A b ' o "y i

This equation is very similar to Taylor and McNamara's expression for
dzR/dt2 (Ref; 10), with the exception that it emphasizes that the toroidal

spectrum and eigenmodes should be used to determine diffusion (D=dR, ,/dt) in

vy

“the § direction. To estimate the net diffusion across a y-surface we

integrate (6) on the closed flux surface. ‘Subsfituting the expressions for

b, EG’ and vw in Octupole coordinates given in the appendix into the

equation for D we obtain

: Ez(k) ;/2
k ,k2

o
[}
=~

Averaging the flux over a Y-surface, we can define D(¥),

_/p-Vn da _ D ¥n R dedp
av dA JR dBd&

.. . , |
2..1/2 _ ,_ [R°ded? , dn-_ s gy L 0D
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'D(w) consists of a function F() which is independent of 6, and a

. i 11 ’
geometrical factor G(Y) . .To put the diffusion coefficient in units ‘ :
appropriate to compare with ', we multiply dn/3¢ by the average value of 2TRB’

over the y-surface.




r =—20) gi-p. . (8)

To use this equation we need the correlation of the velocity field over
an ensemble; it is especially important if‘the number of 'most probable
states' is large--and they are sdbstantiaiiy different. This is the case if
the energy is concentrated in small vortices which fit into the-'box‘ in
many ways. However, when the most probablé states are few or indistinguish-
able (as in the case where the structure tends towards a large vortex, or
pair of vortices, which can fit in the box_in only one or two ways), the most
probable state should be the same as the aétual state of the system. The
observed vortex structure in the Octupole corresponds to the latter case—-
the shorter wavelength cells have small amﬁlitudes, and the structure-of the
larée vortices is reproducible. Therefore, the assumption is made that the
reproducible structure measured in the Octupole represents the most probéble
state, and that the ensemble average can be replaced by the measured spectra.

The differential equation was solved numerically using a predictor-
corrector algorithm, withAan approximation for small kZR to start the
solution. Because the spectrum is peaked at the lowest mode, it was not
found neéessary to include modes higher than k=30 in the solution.

.2/w .2 > 1, and is
i Vedi

The dielectric coefficient depends on n/B2 for wp
large near the density peak relative to its value near the Octupole walls.

2, . 6
If T* « ¢E is a constant in the plasma as the transport studies suggest,

then we expect the electric field spectrum to vary in ¥, as is observed.

III. EXPERIMENTAL APPARATUS

The Wisconsin Levitated Octupole has been extensively described

2-
elsewhere1 15. It is a pulsed machine; the four internal hoops are the



secondary of a 90-to-1 transformer. The magnetié field lines are shown in
Fig. 1. The average magnetic field in the priyate flux, Bave’ is defined6 as
,one—ﬁalf of the average field strength on the surface of the large major
fadius ring; the average field strength for the inner.hoops is ;oughly-twicé
as large as the value for the oﬁter hoops.

-Data to be presented was all taken with the field crowbarred aﬁ 25 msec,
slightly after peak:field. The.L/R decay time for the magnetic field varies
from ~ 95 msec near the rings to ~ 165 msec near the center of the machinel6.
This allows experiments to be done in a slowly-varying magnetic field. A
high current SCR and solid state diode17 allow opefation with a crowbarred
fieid.even at vefy'low bank voltages.

The potential depends only on 6 (azimuthal angle) and Y (flux surface).
Therefore, to obtain a 3-D picture of the floating potential étructure, ¢ is
measured at one position on each field line as a function of 6. Dr. J.R.
Drakel2 designed a cart with a movable probe to ﬁeasure ¢$(P,0). The cart was
.mounged on rails on the bottom 1lid, at a radius slightly greater than the
lower inner ﬁoop (at R~1.1m). The cart could be moved through an azimuthal
angle of 350°, from -90°, past the gap (at 0°), through 240°. The cart was
insulated frqm the rails and the machine by Teflon wheels, and carried
miniature coaxial cables for signals from up to four Langmuir probes. The
probes' frequency response was limited to < 1 kHz by the cable‘capacitance.

. As shown in Fig. 1, the probe can be rotated through-an ang1e o of
approximaﬁely(100° so as to sweep through portions of the lower 1lid mid-
éylinderlside of the ﬁrivate flux of both lower hoops. The probe has the
‘ general shape indicated in Fig. 1, with a shallow bend in the middle. This
enables accessAquite close to the inner wall and inner ring (position A),

and allows the probe to avoid hitting the microwave mirrors, etc., on the
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lower lid (position B). The probe tips were 2 mm and 3 mm gold balls mounted
on 1/32" ceramic stalks; the probe body is of 1/8" ceramic. The ptébes had
either 1 or 2 tips atvthe bend and 2 tips-at the end.

The Octupole was operated on a 1-1/2 minute cycle; during this time the
experimgnter could examine the digitized signals from the cart and monitor
probes, and a "movié" showing ¢(6) for the’ current w—surface‘scaq. Floating
potential contours were plotted by repeating this procedure for several
values of ¥ to construct a 2-D grid. Typically 4 to 6 psi—surfaces per tip
were scanned; the grid step size in 6 Variéd from about .4° to 6° depeﬁding
on the experiments. |

Fig. 7 shows typical cell plots. The magnetic field will be normal té‘
the plots, and for a given plot will be either into, or out of, the page,
but not both. The physical dimensions for the full range of values in -
P(0-10 Dories) are on the order of 10-50 cm, and for 360° in 6, 27R -~ 2w(i.4 m)
~9 m. If the plots were done iﬁ real space they would be sectors of
a thin'annulus, and if shown more nearly to scale, the contour plots would be
long and thin.

A fixed Langmuir probe was used to monitor the reproducibility of the

gun plasmas. The changes in V_ for a fixed position of the cart probe did

f

not correlate with changes in V_ at the monitor probe, making it impossible

f
to normalize the data using the monitor probe. Instead a norm was defined as
the area under the curve for the monitor signal, and an accepance criterion
was defined about the norm--shots in which the monitor was outside of this

. percentage were rejected. The aéceptance raﬁge was 10% about the normlfor

the high density plasma (this p}asma tends to be very reprqducible——most

shots fell within 5%), and 15% for the low density plésma. Gun blasmas in the

Octupole have uniform'temperaturesla’17; therefore floating potential contoUrs.'

have been used to infer the electric fields in the plasma.
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IV. EXPERIMENTAL OBSERVATIONS

Collisional Plasma.

An experiment performed with the collisional plasma in Which contours
were.plotted for a range of magnetic field strengths was reported in Ref. 5.
The results of that experiment can be'summarized as follows: at high fields
'(Bave~800 G), whéfe Dv > Dcl’ macroscopic vortices were present,‘ana did not'
damp away during the experimental period. In the transition regime
(Bave~300 G) vortices were observed to daﬁp on an ion viscous‘damping time
scale. At very low fields (Bavé~180 G) the cell structure is much smaller than
at high fields by the earliest time observed (7 msec after injection) due to
a shorter viscous damping time.

In a second experiment with the céllisional plasma the toroidal spectrum
of ¢(k) was measuredlfor a single yY-surface (P=3.4) in the private flux of
. the lower outer hoop. Fig. 2 shows ¢(k) vs k for Bave~600 G, and Fig. 3
shows @(k) for Bave~180 G. The spectra are plotted at 2 msec, 10 msec, and
20 msec after injection. Both show that ¢(R) is a decreasing function of k;
tHe eléctfic field spectrum for the low-field case drops off faster with
increasing k than ﬁhe high-field case.

ﬁ(w,t) obtained from‘¢(k) and eq. 7 is plotted in Figs. 4 and 5 for the two
cases. The electric figld spectrum is smaller in amplitude for the low-field
case (Fig. 6); however, D(y) obtained is an order of magnitude larger. We
‘1 for both casesl7, using |

can calculéte Dc

D . = 1.65 x 104 cmdevt/2g2gect B
el 2, 172
e

With n - 2 x 10%1, T_.0.2eV, ve find D_, (B _~600 G) = 200 cm’/sec for the

1

high7field-caSe, and for the low-field casé, DC = 1200 cﬁz/sec. The ratio

1
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Dv/Dcl is ~ 25 for the high field case. For the lower field case this ratio
is reduced (to .8). The ratio Dv/Dcl ~ 1 occurs at about 100 G for this
plasmas. Taking into account that DV calcﬁlated from the electric field
spectrum is a rough estimate which tends to be somewhaf higher than the values
calculated by profile matching, the data presented here is consistent with
the data in Ref. 5.

In a third experiment with the collisional plasma a 360° scan of six
Y-surfaces in the private flux of the lower inner hoop waé made with Bave~240 G.

The contour plots are shown in Fig. 7. The cell pattern is very

clear. There are two large cells: a positive cell centered at ¥ = 2.75,
B = 250°, and a negative cell centered at Y = 4.5,

g = 70°, halfway around the machine in 8 from the positive cell. The cell
structure does not lose its identity in the 70 msec observation period,
although it decéys in amplitude by about a factor of 2 over the same ﬁeriod.
The power spectrum for the six w—suréaces, Eg(k), is shown in Fig. 8a-f
(3 msec after injection) and Fig. 9a-f (7 msec). The plots show that_E2
is a decreasing functiqn of k. The E2 power spectrum 15 a étrong function
of position in . AThe separatrix has little structure; the amplitude of the
structure increases towards the ring. ZEZ(k) is plotted in Fig. 10 for the
six y-surfaces measured, at 4 times. The earliest time plotted is 10 msec
after injection (at earlier times the structure is not reproducible). We
have used the E2 data to estimate the diffusion.éoefficient for this plasma
"as a function of w—surféce and time. The results are presented in Fig. 11.
Because'of the Y~dependence of Ez, the diffusion coefficient isAalsQ
y~dependent, with the separatrix region having the smallest values of Dv' The
diffusion increases during the first 5-10 msec and then becomes comnstant, |

except for the two YP-surfaces closest to the ring. Dv is lowest near the

separatrix, where it has a value - 500 cm2/sec. The magnitude of DV for this
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plasma is in reasonable agreement with the results shown in Ref. 5, and the

shape of Dv(w) is roughly what would be expected for DV,cc nml/2 (see, for

 example, Ref. 14, Fig. 3.21).
3

, 2406 x 2
5.6 x,107 ev.

B .

We can estimate T*(k) from equation (4) using n . lOll/cm

.(fOr the inner hoop), and E(k=1) = .02 V/m, which leads to T*(k=1)
This is consistent with the average T* . 106 eV quoted in Ref. 5 for a T*

independent of k.

"Collisionless Plasma.

The floating potential‘contours for a 360° scan of the lower inner hoop A
are given in Fig. 1Z2a-d (private flux). This data shows the characteristic
cell pattern for a collisioﬁless plasma with the machine supported: the three
inner supports are clearly visible in the private flux contours. The ceil
structure is stationary in space; although the field lines are soaking into
;he‘rings and walls, the cells do not move with them. |

The toroidal spectrum of thé electrié field is shown in Figs. 13 and 14
for two psi-surfaces in the private flux of thé lower inner hoop (w=4.09 and.
4.52). The figures show that.the energy spectrum of the toroidal vortex modes‘
- is a rapidly decreasing function of k, and decays in time. The toroidal |
spectrum (Figs. 13 and 14) is enhanced in amplitude over a thermal
spectrum,_and has the shape of an inverse cascade in contrast to-a thermal
spectrum which is flat from k =-% to k = %u

The value of the diffusion coefficient Dv(t) calculated from the spectra
in Figs. 13 and 14 for the two w—su;faées in the LIH private flux is plqtted‘-
in Fig. 15. The'compufed D, is on the order of 104Acm2/sec 5 msec after
injectioﬁ, decreases to -~ 2.5-3.5><103 cm2/sec by 20 msec, and'then levels 6ff,

and begins.to climb very slowly. The behavior of D(t) agrees in general with




' 13
the profile evolution resultsG: initially, T* decays rapidly, and becaﬁse
D « (T*/n)l/z, D will also d;crease; after 30 msec, T* is constanﬁ, but n ié
still decaying, so that D will increase in time. The magnitude of Dv
calculated from the spectra after 20 msec is larger by a factor of 2-5 than

.2 : -
the 800 cm /sec quoted in Ref. 6, Fig. 2. This is remarkably good agreement

considering that our results are from a relatively crude calculation made on
limited data.

The enhanced temperature T* can be estimated from equation (4) using
the value of Ez(k=1) = ,075 V2/m2 at 25 msec from Fig. 13 (Y=4.1); with
7, 3 _ 4 3 5
n=2x10/em, B~ 2kG, V=28x10 cm’, we find T*(k=1) = 2.4 x 10° eV.

This estimate is very rough, but it shows that there is enough energy in the

vortex spectrum to account for the observed diffusion.

V. DISCUSSION

The contour plots and spectra are similar to those obtained in numerical
simulations of the guiding center plasmals. The equatidns of motion of the
2-D electrostatic guiding-center plasma are formally identical to the
‘equations of motion for 2-D inviscid Navief—Stokes fluid turbulence if the
charge density. p is identified with the vorticity F; potential-contours:
correspond to streamlines. In this model energy and vorticity are conserved,
and the non-linear interaction between the modes leads to an inverse cascade:
as energy is transferred to shorter wavelengths a corresponding amount must
be transferred to longer wavelength modes to éonservé the vorticity. Spectra
from the Octupole énd from the simulations are peaked at fhe.longest spatial
wavelengths.

Boundary conditions also determine the shape of the contours. The
highest-energy mode showﬁ in the Octupole spectra is the k = 1 mode. This

indicates that the supports are relatively unimportant in determining the
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shape of the spectra; however, it appears that the supports are the source of
the bump on the spectra in Figs. 8 and 14, and affect mainly the highe; modes
on thevspectras.

19’20 have examined the statistical mechanics of the

Montgomery and quce
2-D systems and have shown that, if the energy is high enough, the equilibrium
solution to the equations of motion consists of twoAlarge counterrotating’
vortices filling the box (this solution corresponds to a negative
temperature). In the spectrum for this case, the longest mode has a iarge
fraction of the available energy. Direct comparison of the spectra from fhe
Octupole with simulation results in Ref. 18 is not enough to determine
whether the experimental plasmas have a negative temperature in the sense of
Ref. 20; however, it is interesting to noteAthat the Octupole contours in
Fig. 7 for the collisional plasma show a rougﬁ double~vortex pattern that is
similar to simulation contours with a negative temﬁerature. |

The shape of the spectrum in k-space, in addition to the total amount of
vortex energy available, is important in determining the magnitude of the
diffusion? the diffusion is dominated by the longest wavelength modes unless -
Ez(k) increases faster than kz. The data from the Oétupole shows Ez(k)
decfeasiﬂg for increasing k; this means that the first few modes are the
most damaging to confinement. A similar result was obtained in a numerical
simulation by Okuda and Dawson9 in which they artificially removed the"
smallest k-modes and found that diffusion was greatly reduced, even throﬁgh
the energy in those modes was a small fraction of the total energy. Taylor
and McNamafalo also-po;nted out that the longest wavelength flucpuations'éré
the 910we§£ to dispefse." |

The macroscopic vortices in Ref. 18 are an equilibrium solution for an

inviscid system. . The addition of viscosity to this system affects the
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progess-of equilibration. There are two ﬁime scales, one for the approach
to (inviscid) equilibrium, and the other %or the thermalization (which depends
on the viscosity and any other dissipative mechanisms which can remove
energy from the convective cells). If the first time constant is short, or if
the system is close to inviscid-type equiiibrium initially, then this type of
vortex structure will be observed. This is thé case for the Octupole, as the

5

injection process for gun plasmas” puts energy initially into long-wavelength

modes8 21. The vortex modes in the collisional plasma are damped on an ion

viscous damping time scale, as shown in the contours in Ref. 5.

VI. CONCLUSIONS

There is a one-to-one correlation between the presence of cells in the
Octupole and vortex diffusion: cells are present when the diffusion
(calculated from the profile evolution and collector measurements) scales as

Dv’ and much reduced in amplitude when DVéDc The toroidal spectra have

1

_been used to estimate Dv and T* from the potential structure, and the results

are in reasonable agreement with the results obtained in the transport

studiess’6

. Since the spectra from the theoretical models are geometry:and
boundary condition dependent, a detailed comparison between theéry and
experiment can probably be obtained only in a simpler magnetic field geometry;
however, reasonable qualitative agreement was obtained.

The physical mbdel that emerges from the data and the theory is as.
follows: the initial injection process creates a plasma with a largé amount
of energy.(from charge separation) in turbulent vortex modes. During the
first few milliseconds, this initial, non-reproducible distribution evolves

into a reproducible structure with the energy concentrated at the longest

wavelengths. The spectrum then retains this shape, and decays on a much
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longer time scale than the one required to produce the long-wavelength
distfibution.’ Diffusion is caused by the vortex modes when the electric
fields become upcorrelateq. The magnitude of Dv depends on both the magnitude
of the electric fields, and the correlation times.
This interpretation aléo accounts for the enhanced magnitude of Dv
obtained in the transport studies over the 0kuda~Dawson-diffusion coefficient

with a thermal spectrum, while preserving the scaling.
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APPENDIX

DIFFERENTIAL OPERATORS IN OCTUPOLE COORDINATES

L ‘ -
4y = ZnrB o )
dsg = RdS

oy
dsX ‘B

2 23 2036 L1 3% . .223%
Vo = Ve = 2nB)’ g5 RO g 4Ty g+ B
336, ax

X . . iko -
Using the toroidal eigenmodes e , we can express ¢, E ., and v,, as

0 v

6(8) =E¢<k)e1ke

__ dky
Eg(k) = - T4 (k)

() = - 24 (K)

v

v

The density gradient is
A om0 dn 7
Vn = V2TRBGE + ¢ 55+ XBaL
For a purelyvpoloidal field in the Octupole the density is a function only of

Y, and the gradient reduces to the first term.



18

REFERENCES

1 A . S .
W.L. Harries, Phys, El. 13(1), 140 (1970); 13(7), 1751 (1970).

2A.N. Dellis, J.H.P.C. Megaw, R. Prentice, C.D. King, Plasma Physics and

Controlled Nuclear Fusion Research, Proc. 4th International Conference -

Madison 1, I.A.E.A., Vienna, p 85.
3David Mosher and Francis F. Chen, Phys. Fl. 13(5), 1328 (1970).

4Gerald 0. Barney and J.C. Sprott, Phys. Fl. 12 (3), 707 (1969).

3.A. Navratil, R.S. Post, and A. Butcher Ehrhardt, Phys. FL. 20(1), 156.

(Jan. 1977).

6J.R. Drake, J.R. Greenwood, G.A. Navratil, R.S. Post, Phys. F1l. 20(1),

148 (Jan..1977).

73.8. Taylor, Phys. Letter 40A(1), 1 (1972).

8A1icia Butcher Ehrhardt, U. Wisconsin Ph.D. Thesis (1978).

9Hideo Okuda and John M. Dawson, Phys. Fl. 16 (3), 408 (March 1973).

1OJ.B. Taylor and B. McNamara, Phys. Fl. 14 (7), 1492 (1971).

11, B. Ehrhardt, U. Wisconsin PLP 703 (Nov. 1976).

127 R. Drake, U. Wisconsin Ph. D. Thesis, PLP 549, (1974).

13A.J. Cavallo, U. Wisconsin Ph. D. Thesis, PLP 628 (1975).

laJ.R. Greenwood, U. Wisconsin Ph. D. Thesis, PLP 658 (1975).

15J. Rudmin, U. Wisconsin Ph. D. Thesis, PLP 587 (1974).

16G.A. Navratil, U. Wisconsin PLP 629.

,17G.A. Navratil, U. Wisconsin Ph. D; Thesis- (1976).
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“Fig. 3.

Fig, 4.

Fig. 5.

Fig. 7.

Fig. 8.

Fig. 9.

Fig. 10.

Fig. 11.

]_9 7i A. Butéhef Ehrhardt, R. S. Post

FIGURE CAPTIONS

Cross section of the Octupole showing the movable cart probe and the

_access to the flux surfaces.

I

The floating potential spectrum for 2 msec., 10 msec., and 20 msec.
after injection. The data is for’a collisional He plasma, supported
rings, in the private flux of the lower outer ring. 'Bp ave 600G.

The floating ﬁotential spectrum ¢ (k) as in Fig. 2., but for Bp ave-100G.

The calculated vortex diffusion céefficient Dv using data from Fig. 3.
(Bp ave- 100G).

The calculated vortex diffusion coefficient Dv using data from Fig..Z.
(Bp ave~ 600G) .

The total energy 2¢2(k) as a function of time using data from Figs. 2,
and 3. (collisional He plasma). ' '

Floating potential contours in the Y-8 plane at several times after injeé-
tion, Collisional He plasma, supported rings. Data taken in the private
flux of the lower inner ring; Bp ave" 480G. '

Ez(k) vs. k at 3 msec. after injection of a collisional He plasma, for
various flux surfaces. Data taken in the private flux of the lower inner
rlng‘(SUpported) with Bp ave" 480G.

Same as Fig. 8. but 7 msec. after injection.

ZEez(k) vs. { for several times after injection, Data measured for a He

plasma in the private flux of the lower outer ring. = 100G.

Bp ave
Spatial and temporal dependence of.Dv for a collisional He:plasma. Data

taken in the private flux of the lower ring. Bp ave" 480G.



Fig.

Eig.

Fig.

Fig.

12,

13.

14,

15.

Bp ave

2V A. Butcher Ehrhardt, R. S. Post

Floating potential contours in the Y-8 plane for several times after
injection. The plasma is a collisionless H plasma. Data taken in the

private flux of the lower ring (supported). The ring supports (ievatdrs)

are indicated as OL (outer levator) and IL (inner levator).

The spectrum Ez(k) for the collisionless H plasma for several times after
injection. Data taken in the private flux,_lowef outer ring, supported.
= 2kG, ¢ = 4.09.

Same as Fig. 13. but for ¢ = 4.5.

The caléulated diffusion cbefficient vs. time for the data of Figs. 13.
and 14. | | | |
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MOVABLE CART

FIGURE 1
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