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Abstract

" The diffusion coefficient, D,, for a collisionless hydrogen plasma
was measured in the Levitated Octupole when a weak toroidal field was
added. A 20-fold decrease in the anomalous diffusion was observed with
BT/BP - 0.1. Since the plasma is collisionless 1locally trapped
particles %n the poloidal field mirrors allows the cohvective cell
activity (f < 600 Hz) t9 persist even when toroidal field was added A
shift in the k; spectrum to shorter wavelengths was noted. Measurments

and calculati indi
ions 1indicate that the higher frequency portion of th
e

spectrum (f > 6 '
00 H;) cannot' be responsible for the observed diffﬁsion
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Introduction

Previous work describing the observed scaling of the cross-field
particle diffusion coefficient, D, , with density and magneticAfield in

the Wisconsin Levitated Octupole has explored both the collisional1

(mean-free-path less than the connection length) and highly

collisionless2 regimes with a purely poloidai multipole field geometry.
The ,collisionél regime was investigatedbusing sheared magnetic fields3
(a téroidal magnetic field added to the multipole field) and purely
poloidal multipole fields. In this paper we complete our survey of the
diffusion coefficient scaling by reporting the effects of a sheared
magnetic field on the diffusion in a highly collisionless plasma.‘~

The work presented in Ref. 1-3 showed that the observed diffusion
was caused by vortex modes or convective cell activity in the' plasma.
The observed scaling of the diffusion agreed with 1-dimensional vortex

5 The level of this convective

theory with a finite dielectric constant.
turbulence was greatly enhanced over the thermal 1levels and was

produced by the turbulent gun injection process used to produce the

confined plasma, In this paper we will present data showing the case
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of a collisionless plasma, when a very weak toroidal field was addeded
< io-1 |
(BT/BP <~ 107 h).
All of the results presented here were obtained with the internal
rings "levitated", i.e., no ring supports were present in the confined

plasma volume, This was critically important when B, was added. The

T
change over from closed poloidal field lines to open field 1lines and
flux surfaces allows substantiai paralliel flow of plasma to ﬁhe
supports influencing both the decay time and density profile shape.
The hydrogen piasma was created by gun injection into a power
crowbarred magnetic field exponentially decaying with time

constant 200 msec, Since the maximum time the rings are fully
levitated is 20 msec all the data presented was takén within 20 msec
. after -injection. Intitial densities were as high as 1010 cn~3 and
could be reduced by partial obstruction of the injected plasmé beam to
109 cm'3, Ion temperatures ranged from 20 eV at early times to 5 eV,
. 20 msec after injedtion. The electron température rangedifrom 30 eV to
5 eV over the same time interval, When parameters of densiéy or B were
varie¢, observation times were chosen so as to keep both 'Te and Ty -

constant,

Experimental Results

As described in Ref. 2 and 5, an interdigitated striped particle
collector is mounted on the surface of an‘internal ring and measures
the flux of plasma to the ring surface as a function of time. By using
Langmuir probes calibrated with a micréwave interferometer to measure
the density profile near the ring surface, a diffusion coefficient can

: !
where ', is the flux of particles. By

be caluclated: D, = Vl
, ! n
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varying ‘the density and magnetic field, the scaling of D, with these
paramelers can Lheﬁ be determined.,

All of the results reported' here were taken in the
absolute-minimunm-B region which extends-from the ring surface out to
the density peak. The density =~ peak is located inside the
separatrix, ws. Shown in Figure 1 is’ the measured diffusion
coefficient to the ring surface for fixed density, n =6 x 109'cm‘3, and

P
halved by the addition of only 20 G of toroidal field (or

B, = 1.0 kG and varying BT from 0 to 300 G. The magnitude of D, was

BT/:BP - 10"2). The value of D, was then reduced to approximately é% of

its BT = 0 value when BT was increased to 100 G. Further increases in

BT to 300 G produced no change in D, within the uncertainty in the
measurement, The electron and ion temperatures at the time of ‘these
measurements were Ti -~ g eV and Te - 5 eV.

"With the fixed values of B, = 1 kG and BT = 300 G the density was

P
varied from 109 cm'3 to almost 1010 cm'3. The results are shown in

L dependence of D; .

Figure 2 and compared with calculated n~
Additionally, the observed profile shape was compared with the .shape
predicted by a one-dimensional Aiffusion equation6 and found to fit
best by D; « 1/n.7 The B-independence of D, was verified by fixing the
ratio BT/BP =z 0.24 and the density var&ing B as shown in Fig. 3. The.
value of D, was found to be independent of |B! over a facfor of 3

range.

Fluctuation Spectrum Measurements

In order to determine the sources for the anomalous transport we
have measured the fluctuation spectrum by two means. A movable cart

which can scan the local value of the floating potential at all values
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of and was used to examine the very low frequency, long wavelength
part of the spectrum (0 < f < 1 kHz). Higher frequeﬁcy shorter
wavelength fluctuationsvwere examined using Langmuir probes af fixed
locations. _We first present the véry low frequency measurements
followed by the high frequency spectra,

For completeness we show the cell étructure -without toroidal
field, Figure 4, as well as the new data on the effect of BT’ Figure 5,
fhe average value of Bp for this data.is 1 kG aﬁd the plasma density
aty = 5.5 is n = 10.9 cm'3. Contours of constant floating potential
are plotted as a function of the toroidal angle, 6, and the flux

function, V¥, The data ia accumulated on a shot to shot basis with the

total cell plot generated from several hundred shots. Only shots which .

were reproducible to + 10% in ion saturation current monitored on the

separatrix were used.

With the application of the toroidal field the initial plasma

parameters n, Te' and T; remained the same but the resultant convective

~cell patterns are modified. (See Figure 5). The density gradient

maximizes at Y = 4.0. The region to which the diffusion measurements
pertain is fromy = 2.2 to the density maximum. Comparing Figure 4 and
Figure 5, the long wave length portion of the spectrum was replaced by
a shofter wave length spéctrum. The potential amblitude was of the
same magnitude in both cases. In order to estimate the effect of of
convective cell spectrum on diffusion it is necessary to know how these
floating potentials are distributed along a flux surface, The cart
used to take the data fér the cell plots has access only to the 1low
field: side of the ring. In order to measure the potential in the high

field region between the ring and the vacuum wall, a probe was insertéd
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into a fixed aximulhal location. By comparing tﬁe cell plots at two
times,‘ e.g., 5 msec and 20 msec, one can see that there are temporal
potential variations with frequencies less than 600 Hz. When this
portion of the spectrum was compared using probes located on the
same surface but on the oppositevside of the internal ring, we find
that fluctuations are nearly identical in absencg of BT' With BT = 300
G, the low frequency fluctuations are larger on the low field side of
" the ring where particles are mirror trapped then in the high field
region, Thus we see that the convective cells aquire a finite k; for
the By 2= 300 G cases.

We have also measured the higher frequency portion 600 Hz < £ < 10
kHz of the spectrum, and ifs dependence on toroidal field. The
fluctuation data was taken by digitizing the signal from a Langmuir
probe whose bandwith was set from 600 Hz to 10 kHz. The probe was

located at y = 4.0 (point of maximum Vn ) behind and in front of the

lower outer ring. Digitizing was started at 5 msec after gun

injection, .The eight bit ﬁy 1024 bin high speed A to D's were used to
take data for 5 msec, allowing for measurements down to 200 Hz. The
digitizing signal was thep processed using a fast Fourier transform
program, The FFT was relatiVely calibrated by analyzing digitized
square waves whose Fourier components aré known, The FFT was
absolutely calibrated on a shot to shot basis using a frequency
component easily identified from the raw data. The digitized signal
was also played back into electronic spectrum analyzer yielding goqd
agreement with the FFT. The data presented is P(f) = P(%F} where P(f)
is power spectrum. It is formed in such a way that the total power in

all modes is PT




P.. = J P(w)dw

T

o -8

P(w) was calculated by transforming the floating potential ¢(t) after

removing any linear trends:
o) = [ o(trePlat
At

A periodigram of the Fourier coefficients was

formed: ¢(f) 2 vs. f. This was smoothed and multiplied by bin width;

i.e., the frequency window Af = 200 Hz. The results are given in
Figures 6 and 7.

The power spectra was found to peak at the lowest frequency
measured (600 Hz). When the high frequency pértion of the spectrum is
compared using probes on the high fieid side of the rings to the low
' field side we find that fP(f)df to be the same in the absence of BT'
| Wwith By = 300 G, the high frequency flucutations (f > 600 Hz) are
smaller on the low field side of the ring where BT/BP is maximized on
‘the flux surface.

For 600 Hz < f < 10 kHz corresponding to the drift wave frequency
range fluétuations on the high field (front) of internal rings were
found to have perpendicular wavelengths between 5 cm and 10 cm, That
is .1 < kL Py <€ .2.

Discussion

In previous work1~3 along with a recent publication12 the very low
frequency part of the fluctuation spectrum or convecitve cells have

been shown to be responsible for the observed levels of anomalous
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diffusion. 1In the present experiments the addition of the toroidal
field results in a decrease in the diffusion by a factor of 20 to
approximately 40 cm2/sec. For a pﬁrely poloidal case we have used ithe

dif‘fusion2 coefficient of Taylor and McNamara8 to calculate
2
D, = -5 g

2
BT k :
able to compute D, to within a small numerical factor of the measured

(exp( —k2p, t)-1) from the measured EZ, We find that we are
L i k

D, using this method.12'15 Although we-do not have a 366° scan of the
convective cell spectrum for the present case with 300 g, we can see
qualitatively that the energy is concentfated shorter wavelength modes.
Due to the strong k; dependence of D, , only the longest wavelengths
make significant contributions to the diffusion, Thus we see that the
spectrum of Figure 5 will produce significantly less diffusion than
that obtained frdm the spectrum of Fig, 4 consistent with the
observations., In addition the flux surface averaged diffusion
coefficient is reduced - 2 over the BTA= 0 case due to the localization
of the convective cells in the low field region. Thus we conclude that
the convective cell spectrum 1is primarily responsible for the
crossfield traﬂsport. The diffusion expectea from vortices of this
type was invesitgated both theoretically and in simulation studies by

1

Kamimura and Dawson'! and found to scale as D; an”' and independent of

iB! when the low frequency dielectric constant is included in agreement

2

with the measured scaling of D, when Dy = EEEi Ty oOr
2 B

DL: ¢

B%,

mode and €, is the low frequency dielectric constant, The correlation

is the effective temperature of the k

: 3 %
Tk Tk. Where Tk

time Tk is assumed to have an inverse n dependence; e.g, Coulomb

collisions, Since these modes should damp by parallel ion diffusion Tk

is assumed to scale as Tk - Tiir the ion-ion collision time. In these
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experiments Tii - 20 msec initially. After 15 msec the ions have

cooled by charge exchapge to 5 eV while n decreases by 2 over this

interval, ‘Thus at t = 15 msec T4 is = 2 msec. 1In spite of this, the

convective cell spectrum and anomalous diffusion peréist. Thus it is
‘ .

necessary to invoke a driving medhanism for the convective cells,

4 possible mechanism.for driviﬁg the convective cells is the
nonlinéar vcoupling to drift waves as proposed by Cheng and Okuda.12
However, in addition we note that due to the E; caused by the finite
resistivity of the current carrying conductors a current flows in the
ﬁlasma. In this low density plasma the current is sufficient to drive

4 unstable as previously noted.7

the ion cyclotron mode
We now consider the contribution of the high frequency part of the
fluctuation spectrum (f > 600 Hz) to the cross-field transport. The

perpendicular diffusion coefficient can be estimated bf

r <n V> lan)

- - 1
TR TRl T Tk

S P(f)df

assuming optimum phase shift for maximum transport for évery frequency
éomponent. Using the measured power spectrum P(f) shown in Figures 6
and 7 we conclude that_for any value of BT the high ffequency modes can-
‘account for at mqst 20% of the observed tfansport as shown in Figure41;
Only the 1low frequency part .of the spectrum (f < 660 Hz) has
sufficiént amplitude to account for the remainder of the traﬁsport.

A1l power spectra shown here are fluctﬁating " potential

~

measurements with.ETS}— ~ 2% for f < 600 Hz. The power spectra of the
e

An ¢

density fluctuations are not shown because - << T 7 for low
- e
: e
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frequencies and cannot be measured by the techniques employed. For
An _ $

£ > 600 Hz: ————— 0.
z n kTe/e

- 1%‘f9r BT =

Conclusion

We have presented data which show that the addition of a weak

>
p -

anomalous vortex diffusion, Observed values of the anamolous diffusion

toroidal field (BT/B 0.1) significantly reduces the magnitude of the

are as 1low as 76%6 of the Bohm value and are comparable with the bést

confinement results obtained in collisionless plaémas in other

multipole expiriments such as FM-19 and the G.A. dc .Octupoie.10
However, the réduced value of D, obtained wés still 100 times 1érger
than the classical value for peak density of i010 cm-3. An examination
of the potential structure in the plasma revealed the continued
presence of convective cells but no fluctuafions in the drift mode
frequency range which which are large enough to directly cause the
diffusion. Therefore we conclude that the convective cells:must be
responsible for the residual level of anamalous diffusion,

Earlier work showed that if the plasma is collisional (no trapped
particles), the addition of a toroidal field (BT/BP ~ 0.1) eliminated
the anomalous diffusion and only classical diffusion is obser-ved.3 When
the plasma ié collisionless the presence of excess charge trapped in
the local poloidal field mirrors allows the convective cells to exist
even in the presence of - shear. Observations of the low frequency
convective cell structures in the plasma showed an increase in the

.large k; number part of the spectrum with most of the amplitude in the
lowest field portion of the local poloidal field mirrors, The region
of largest convective cell activity occurs wﬁen the trapped particle

population is the largest, as expected., The 20-fold decrease in the
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anomalous diffusion could then be caused by a localization of the
convection to only a paht of the flux surface coupled with a shift' in

the k; -spectrum to shorter wavelehgths which are expected to cause

" less diffusion.'}

There is nothing in our observations or theory which would

'hreclude the existence of these modes in other toroidal machines such

as bumpy tori or tokamaks., The observation that %? <L ¢ for the

kTe/e
convective cell spectra would imply that a search for these modes in

other devices where the high température and densify prevent the use of
Lang@uir probes to make a local potentiai weasurement would ' be
difficult, More sophisticated methods to measure the 1local value of
space potential woulq have to be employed such as heavy ion beam
probes.
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FIGURE CAPTIONS

Fig. 1 Measured valpes of perpendiculéf diffusion coefficient,
D, (¥=4), as a function of toroidal field at ¥ = b,

Fig. 2 <meésured D, (y=4) as a function of density showing its 1/n
dependence, |

Fig. 3 Measured D, (@:4) as a function of BP showing its
independence of B ,

Fig. 4 Cell plot for B, = 0 showing lines of constant potential

T
(volts) in the toroidal direction, 6, versus the poloidal flux
~function; P The poloidal field gap is at 6 = 0°. ‘The internal ring
surface is located at ¥y = 2,2 and the ws = 5.7. The times shown‘;are
referenced to the injection time,

Fig. 5 Same as Figure 4 except BT = 300 G.

Fig. 6 Power spectra of fluctuations in the frequencj range 600
.Hz to 10 kHz on the high field side of the ring (frontﬁyare shown :for
the 'values of BT'

Fig. 7 Power spectra obtained as in Figure 6 for the low field

side of the ring (behind).
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