TS C(

UNIVERSITY OF WISCONSIN ¢ MADISON, WISCONSIN

PLASMA PHYSICS

HIGH 8 STUDIES IN THE WISCONSIN TOROIDAL OCTUPOLE

J.H. Halle, A. Kellman, R.S. Post, LQ, /y 7/7é

S.C. Prager, E.J. Strait, and M.C. Zarnstorff

DOE/ET53051/9 September 1980 MASTER

SISTRIBUTION OF THIS DOCUMENT IS UNLIMTER




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



NOTICE

This report was prepared as an account of work
sponsored by an agency of the United States
Government. Neither the United States nor any
agency thereof, nor amny of their employees, makes
any warranty, expressed or implied, or assumes
any legal liability or responsibility for any
third party's use or the results of such use of
any information, apparalus, product Or process
disclosed in this report, or represents that
its use by such third party would not infringe
privately owned rights.

Printed in the United States of America
Available from

National Technical Information Service

U.S. Department of Commerce

5285 Port Royal Road

Springfield, VA 22161

NTIS Price codes
. Printed copy: A02
Microfiche copy: A0l



HIGH B STUDIES IN THE WISCONSIN TOROIDAL OCTUPOLE

J.H. Halle; A. Kellman, R.S. Post,
S.C. Prager, E.J. Strait, and M.C. Zarnstorff

DISCLAIMER

! This book was prepared as an account of work sponsored by an agency of the United States Government, I

! Neither the United States Government nor any agency thereof, nor any of their employees, makes any

warranty, express or implied,, of assumes any legal liability or responsibility for the accuracy,

completeness, or wsefulness of any information, apparatus, product, or process disclosed, or !

represents that its use would not infringe privately owned rights. Reference herein to any specific i

commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does

not necessarily constitute or imply its endarsement, recommendation, or favoring by the United i
{

States Government or any agency thereo!, The views and opinions of authors expressed herein do not
necassarily stote or reflect those of the United Stotes Covernment or any ogency theroof.




-2~
| ABSTRACT

A wide range of MHD stable high B plasmas is p}oduced'in the
Wisconsin Levitated Octupole., At or near the single fluia‘regimé we
obtain, in the bad curvature region, B = nk(Te+Ti)8ﬂ/B2 = é%; twice the
theorétical single fluid ballooning instability limit of 4%, Wé also
.obtaib stable plasmas at B = 35%, 9 times the theoretical limit, in a
regime in which both finite ion gyroradius and gyroviscosity effecfs

are important.
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The high B (= plasma pressure/magnetic pressure)
magnetohydrodynamic ballooning instability is predicted to set

1

a B limit for any average minimum B system such as tokamaks', tandem -

mirror32

and muitipoles3. Ballooning mode study in a toroidal
multipole is simplest in that multipoles may be operated without
magnetic shear.(unlike tokamaks) and contain an'ignorable coordinate
(unlike tandem mirrors). Thus high B multipole experiments éan test
ballqoning mode theory; if multipole B limits are incorrectly
prediéted, present theory will be unreliable for other configurations,
These B limits also influence the feasibility of a multipole advanced
fuel reactoru.

Extremely high 8 plasmas are pr'oduced5 in the Wisconsin Levitated
Toroidal Octupole in a search for ballooning effects. A broad range of
MHD stable high B plasmas ére obtained with parémeters varying from the
ideal single fluid to the kinetic regime. In all cases, B is evaluated
locally in the bad curvature, high field region (Fig. 1). B is higher
at nearly all other locations.

Near the single fluid_regime we have attained B = nk(Te+Ti)81r/B2
of 8%, twice the theoretical single fluid ballooning limit of 4%.

Since Lp " 504, whére Lp‘z p/(Vp) is the pressure scale length and pj
is the ion thermal'gyrofadius, finite ion gyroradius etftects shoﬁld not
be large. Twenty-five ion gyroradii are contained between the ring and
wall, . The elegtroniion 9oulomb mean freg path (T 10 cm) is much
smaller than the magnetic connection length (~ 100 cmi, eliminating
kinetic free streaming aﬁd particle trapping effects. The magnetic

Reynolds number, S = resistive skin time/Alfven time,lis about 500

igplying that resistivity is ignorable. Since the predicted ballooning
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mode ampiitude varies along a field line (k*B#0) and the field is -
shearless, resistive effects such as tearing and defeat of shear
stabilization play no rqle. _

To date, the highest B achieved, at lower magnetic field, is 35%,
roughly 9 times the fluid stability limit. The plasma is.MHD stable.
For this plasma both finite ion gyroradius and viscous effects are
important since 2 Py - Lp and the ordinary Reynolds number
R = VAR.S f 1 where.VA, 2, p and p are the Alfven speed, perpendicular
scale lgngth in the bad curvature region, mass density and ordinary :
viscosity, respectively. Although not a reactorlike regime,
examination of these apparently strong stabilizing effects is of value
to determine their role in the theory and if they can be simulated in a
reactor, For this B = 35% case, the measured equilibrium diamagnetism
also differs dramatically from the fluid prediction, probably due>to
ion gyroviscosity effects, as indicated below.

The hydrogen plasma is created by simultaneous, cross-field
injection from two coaxial Marshall guns into the 1.4 m major radius
toroid containing 4 levitated internal rings, B = 8% is obtained,

400 useé after injection, on the separatrix between the outer ringé and
wall (Fig. i) wiéh n=sx 1013 cm'3, To = T; = 15 eV and a purely
poloidal magnetic field of 860 G (30% of present capability). B = 35%
is obtained similarly with a magnetic field of 200 G and

n=2x10 '3 cm;g, Te‘:'Ti .9 ev,. ﬁénsity-is:meaéured with a = ...
ver;ical path 70 CHz interferometer located at the midcylihder; this
measures the separatrix density since'most.of its path is of constant
aensity equal to the separatrix density. Density invariance. along

field lines is verified with Langmuir probes. Electron temperature is
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measured with a double Langmuir probe and ion temperature with a 1/4"
diameter gridded electrostatic analyzer. Te and Ti are equal, as
expeéted, since the electron-ion equilibration time is = 50 usec, 'Edge
neutral pressure is ~ 1072 torr.

Within 400 usec after injection the plasma pressure becomes
axisymmetric to within 20% and adopts a steady pressure profile peaked
on the separatrix, Thereafter B decays with a 500 usec time constant
which is = 1000 Alfven transit times, and roughly the classical
diffusion time., No B related fluctuations or disturbances are observed
in magnetic field, density or electrostatic potential.

The theoretical B limit for plasma stability to the ballooﬁing
mode is evaluated from linear single-fluid theory by numerically
solving, in the Levitated dctupole geometry, the eigenvalue equation

for marginal stability 5’6:
3 1 X . D ;
Z_ ~X=0 1
az( 2331) "B v

where the fluid perturbation in the directién normal to a flux surfacé
is Ew = x/nB,.p' =43p/3w, p is the poloidal flux function, r is the
majo} radius, % is'the direction parallel to B and |

D.; -2 uo/BZ(B/Bw)(p+B2/2 uo). The critical B for instability is °
obtalned by f1nd1ng the minimum-p'-for whlch a solution for. X(2)
exists. The experlmental pressure profile is used as 1nput and the
coefficients may be evaluated using either the vacuum magnetic field or

the self-consistent equilibrium values calculated from numerical

solution of»the:Grad-Shafranov-equations.- The mode with even symmetry  ——we - - oo
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about the midplane (good curvature) region is the most unstable mode”
with ahthreshold B value of 4%. The eigenfunction X(2) peaks only
gently in the bad curvature region. Greater localization4;equires.
large energy expenditure in field line bending. |

The departure of the equilibrium magnetic field from its vacuum
value has been measured and compared witp the single fluid equilibrium
code. ’In the region between a fing and the wall the theoretical plasma
self-current (ngg/(B)z) reverses direction across the separatrix where
the pressure peaks, Thus, the blasma displays regions of local
diamaénetism (ABKO) aﬂa_local paramagnetism (AB>0) as seen in Fig. 25.
For the £ = 8% plasmas at B = 860 G with 5 p; ~ Lp, good agreement
exists between experiment and fluid theory, in both magnitude and
profile (Fig. 2). At the highest B (Z35%) case, in which 2 p;~L, and
viscosity effects are important, the measured field perturbation
deviates from the single fluid expectation by a factor of 1 (Fig. .3).
As the field is increased, gyroradius and viscosity effects decrease
and the experimental AB is observed to approach the single fluid value
(Fig. 3). However, even at the high fields the time behavior of B does .
nqt match that of AB/B which decays with a time constant of = 250 usec,
For the ranée of B considered, fluid theory péedicts AB/B to be
proportional to R; thus the fluid theoretical prediction for AB/(BB) is

To indicate-thé cause of-thé‘experimentalideviationnfroﬁ the
single fluid‘equiiibrium two approaches are followed. In both cases

only the region between the ring‘and wall is studied. The region is

- modelled by a one dimensional straight cylindrical piasma annulus

bounded by 2'coaxial éylinders, the inner and outer ones representing a
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ring and the wall, respectively. This model accurately describes the

corresponding Octupole region, as verified by comparing the analytical .

single fluid coax solution to the exact solution of the two dimensional
Gfad-Shafranov equation for the Octupole. The two results are nearly
identicai.

In the first approach a simple kinetic calculation allows
gyroradii of any size by posing a Vlasov equilibrium distribution
function dependent on constants of motion only; current is then
directly computed.. As an example) the annulus is filled with a
spatially independent Maxwellian distribution function. Particles
whose orbits intersect boundaries afe eliminated. Numericai
integration of the remaining distribution function, which still
satisfies a Vlasov equilibrium, yields density and current density
profiles. The current profiles are close to the single fluid
prediction independent of the temperature, or average gyroradius, of
the initial Maxwellian. Thus, large ion gyro-orbits cannot in
themselves account for the experimental results.

- The second approaéh.includes ion gyroviscosity through the two

fluid equilibrium equations with the full pressure tensor'7’8

iy ' . 1, 2rpT ? !
nMv; Vi = neE, - nevy, B - p -mn(vir.-ver)\)ei + -;{————ap-a-i[=(1 )Vir_
X 1+Hm2T :
- 1, 2rpT ,1 0 ' '
nlervlz = neE, + nev;.B - mn(vlz-vez)vei —La—_———-0~ Vig + wrvir)]

1+H 2 12 2

1 ]
- mTViz

(2)

(3)

1}

!
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L)
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Y - R - nt o
nmv, Vi, = -neE, + nevezB p' + mn(v er)vel (4)

' - - - 3 - ‘ N
MBVepVey = -NEE, neverB 4+ mnlvy, - v Vey 0 . (5)

where ! :,3/3r} and,‘-vip, Very Vigr Vez! ¥ T are the ion and eleéiron
radial veloCities,.ion and electron axial velocities, ion cyclotron
frequency aﬁd ion—ioh collision time, respectively. The ion velocity
differs frbﬁ'the sihgle fluid vaiué due to the viscous terms on the
right side ofvequaﬁiohs (2) and (3). Viscous ﬁerms in the last two :
electron equations are absent since they are smaller by mass ratios.
However, the eleétfdn velocity can deviate from its single fluid value
since eiéétréns éoliiéionally couple to ions. In the B = 35% plasmas, .
the viscous terms are of compérable magnitude io the other terms.
'AASSumingvfhe'maghitude of the radial velocities is réughly the
collisional diffusion velocity, all terms containing Vip and Vep are
small (except near the edge where P becomes small) Thus we set
Vip = Yer = 0, permitting analytical solution for Vlz’ Veg? E and E,.
Employing these solutions, equatlons (2) and (4) combine to yield the

axial (toroidal) current density, j,

-~

JB=P' - c(wt)' -

where“C is an'integration constant and P the total pressure., Thus the
last term represents the desired deviation from'single fluid theoby.

For proper choicé of C, this term diminishes the current density
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(Fig. &) But maintains the overall shape, as observed experimentally,
Detailed comparison with experiment awaits numerical solution of the
full set of equations. Moreo&er, the theory is inaccurate in the

. highest B case where the gradient scale lengths are comparable to the

L}

mean free paths.

In oummary, a range of MHD stable high B plasmas has been attained
both in the kinctio regime with B = 344, v times the [luid vallooning
limii,‘and near the single  fluid reéime with B = 8%, twice the
theorectical limit. Equilibrium measurements roughly agree with single
fluid results in the latter case, but depart sharply in the former
‘(kinetic) regime. The present experimental limit to B is a temporary
limitation of the plasma sources,

We' are gratéful to S.V. Painchaud for performing the kinetic
equilibrium c¢alculation, to E,A. Rose for aid in the ion temperature
"measurement, to S. Garner for construction of the microwave
interferometer, and to K.R. Symon, J.C. Sprott and J.D. Callen for many
valuable suggestions.
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FIGURE CAPTIONS

Fig. 1: Poloidal mégnetic flux plot of the Levitated Octupole,
indicaiing'bad curvature regipn'where B is evaluated, Plasma bressure -
peaks on the-separatrii (dashed line). Major radius = 1.4 meteis.

Fig. 2: Single flﬁid<theoretica1 and experimental spatial profile
(betﬁeen outer ring and wall) of perturbation, AB, to the poloidal
magnetic field due to the equilibrium diamagnetic currents for B = 8%..
Plasma pressure peaks at the separathix (3ep). Expcrimcﬁtal error
= 25% from shot.to shot variations, . |

Fig. 3: Théofetical'and experimental fraqtional change in the
' magnetic field (at the separatrix in the bad curvature region) due to
plasma diamggnetic curents versus poloidai magnetic strength, OB/B is
normalized to the separatrix B value so that single fluid theory yiélds
" a hofizontal line.

Fig. 4: Séatial prqfile of the equilibrium ourﬁént'density_fnn
tﬁe coaxial model of the Octupole from ideal single fluid theory and:
“two fluid theory including viscous terms in the pressure tensor,. The
two fluid theory is not_plotted‘near'the boundary region where the
=:mgthoa of solution breaks down, A gaussian pressiure prorfile is

assumed. : ‘ ' -
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