M AUl PUl PUD

cal Information Cen
the broadest diss
ble of informatiol
DOE’s Research a
Reports to busines
academic commun
stata and local gov

Although a sms
report is not ref
being made availa
the availability of in
research discussec



W i Ll IN» 1 \w\wi niu

Is to provide
ination possi-
contained in
Development
industry, the
and federal,
iments.
dortion of this
ducible, it is
' to expedite
mation on the
arein.



Yorm )/(‘L//l.\/?

Lunmmmuunmmuommwmmdmmmumsmmdmmmmw.nosenau

nimee: THE PHYSICS OF REVERSED-FIFLD PINCH PROFILE SUSTAINMENT

LA=-UR--84-2023

DE84 014024
AUTHOR(S): R. W. Moses

suamrrsn ro: International Conference on Plasma Physics
lLausanne, Switzerland (June 27-July 3, 1984)

DISCLAIMER

This report was preparcd as an sccount of work sponsored by an agency of the United States

Government, Neither the Unitedd States <iovernment nor any agency thercof, nor any of their

employces, makes uny warranty, expross or implied, or assumes any logal liability or responsi-

bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or

process dinclosed, of represents that its use would not infringe privately owned rights. Refor-

ence herein to any specific commercial product, proceas, or service by trade name, trademark, d’
manufacturer, or nthrrwise does not nccesaarily constitute or imply ita endorsement, recom-

mendation, or favoring by the Uniled Stater Government or sny agency thereof. The views

and opinionn of ruthors cupressed herein do not nccessarily state or reflect those of the

United States Giovernment or any agency thereof,

By sccaptance of iiws arncle. (he pu'Hisher recognizes thal the U.3. Gavernment retans a nonanciusive, rayaity-iree Liloense 1o pubkish of reproduce
the oudished lorm of 1 coMribuly, of 10 alow othars to do o, for U.5. Governmam purposes.

™e Los Alamos National Labosatory requests that the publisher idennly (e arncie as wo/k pertormed under the eusnices of 1he U.3. Departmen of Energy

I R g ’WU’
L@S A @m@g Los Alamos National Laborator
Los Alamos,New Mexico 8754

FOMM NO w28 R4
Y NO 8re /a0


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


THE PHYSICS OF REVERSED-FIELD PINCH PROFILE SUSTAINMENT
R. W. Moses
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ABSTRACT

A description of the Reversed-Field Pinch (RFP) is given, emphasizing the
neczesity of a magnetohydrodynamic (MHD) or kinetic process to sustain field
reversal. Three sustainment mechanisms are reviewed: the MHD dynamo, the
tangled discharge wmodel, and nonlocal resistivity. A elab model of steady
(ohmic) states is dcecribed. A relationship between ohmic state wave unumbers
and the minimum amplitude of nonsymmetric field components is given. 1f
ohmic states are the sole source of the sustainment process, their wave
lengths are probably much longer than the minor diameter of the plasma.
Otherwise field asymmetrics would exceed those observed in experiments. 1t
i8 noted that 1intecrnal field data are still 1limited, restricting the

generality of our comments.

*York performed under the auspices of the USDOE.



1. Introduction

The Reveraed-Field Pinch (RFP) /1,2/ is a toroidally symmetric device,
uniquely characterized by the reversal of the toroidal magnetic field on the
plasme surface as compared c¢o the magnetic field on the minor axis. The
enhanced plasma stability and quiescent RFP operation during field reversal
have drawn the attention of plasma physics researchers for many years /3/.
Also noted cn early RFPs was the phenomenon of "self-reversal™ /4/. The
poloidal plasma currenté necessary for field reversal are developed without
the poloidal electric fields required by one-dimensional diffusion models.
This phenomenon 18 often referred to as the "dynamo effect.” A
conceptualization of RFP current, field, and power flow is shown in Fig. 1.

A physical explanation of RFP behavior was presented by Taylor /5/. He
suggesated that magnetic field energy in a plasma, W = (1/2u0) fBde, will
decay more rapidly than magnetic helicity, K = fé-gdv. This leads to the

force-free plasma model that watisfies

ng-ug' (1)

where 1 18 a constant. When the RFP 1is treated as ¢ straight cylinder,
Eq. (1) 18 solved by Bz(r) - BOJO(ur) and Bg = BOJl(pr). The Beurel function
model (BFM) 1is compared with experiment best by matching the respective F - 0
curves where F = B_(a)/B, 0 = Be(a)lﬁ, K = volume averaged B,, and a - plasma
radius. A comparison of experiment and theonry is mhown in Fig. 2 where the
BFM 1s compared to the rtesults of a 180 kA shot on 2T-4OM /6/. 1In this
typical example, O values for ZT-40M are about 20% higher thun those of the
BFM for the sawme values of V. This good greement between experiment and
theory has been observed in many RFPs and is taken as strcig support for the
Taylor theory.

Many people have introduced new concepts to "finc tune” the Taylor model
or add to our detai ed understanding of the RFP. For example the modified
Bessel function model (MBFM) /7,8/ replaces the constant u in £q. (1) with a
variable u(r), see Fig. 3. This is motivated by the {dea that 1low plasma
temperatures near the wall would increase regietivity, n, and reduce currents
there. Thus, u(r) is constant in the plasma interior but small in the edge
region. There fu8 some direct field measurement evideace for this in
OHTE /9/. The extra freedom of the MBFM allows u® to match the experimental
F - O curve precisely, /10/ see Fig. 4. It has been ohserved that the



departure of the F - © curve from the Taylor wmodel has significant
ramifications for RFP physics. The 20% difference in © between the BFM of
Fig. 2 and the MBFM of Fig.4 indicates that ~70Z of the input power 1is
dissipated ohmically by "mean” currents while ~30X of the input power goes to
fluctuations /10/. In the same analysis it was also concluded that the
parallel resistivity, n,;, agrees with the Spitzer formula /11/ within the
limits of experimental error.

While the forementioned theories explain sume aspects of RFP formation
and transport, other theories delve into the intricate nature of RFP plasma
and field profiles. Statistical theories /12,13/ based on the Gfbbs
hypothesis give added physical meaning to che BFM end explain the observation
that many RFPs tend to operate best at O = 1.56. It 18 even possible to
estimate magnetic field fluctuation autocorrelation 1lengths with a
statistical model /13/.

Despite the many successes of RFP theory, two aspects remain 1incomplete
and highly controversial: the "dynamo effect” and thermal/particle transport.
In the rest of this paper we explore three possible mechanisms of RFP profile

sustainment (dynamo) and comment on their relation to transport.

2. Profile Sustainment Models
As mentioned earlier, the phenomenon of self-reversal during RFP.atartup
vas seen as evidence of an RFP dynamo. In early RFPs the toroidal current,
a r
I, = ano J,{r)rdr, and flux, &r) = 2nf0 B, {r)rdr, were allowed to decay
slowly after the startup phase of the experiment. Once & begins to devay,

toroidal flux can drive a poloidal current by diffusion

Wo(r) = - o ) w gy (2)

wvhere 1 is the plarma resistivity.

With the development of driven RFPe, I_ can be held constant as long as

z
the transformer can produce a toroidal loop voltage, Vz. In the case of
ZT-40M, 1z and & may be effectively conetant for over 10 ms while

Ve 40 vV /14/. When I, and ® are held constant, the right-hand side of
Eq. 2 is effectively zero. Detailed studies of ZT-40M and diffusion
theory /14,15/ have indicated that no onc-dimensional manipulation of plasma



profiles can alleviate this paradox. As in the case of eself-reversal, one

must find additional terms to drive Jg in Eq. (2), in place of Eg.

2.1. The MHD Dynamo
The most extensive studies of RFP profile sustainment are based on the
MHD dynamo described by Moffatt /16/. Ohm"s lav in the presence of plasaa

velocity u may be vritten as follows:

E+uxB=mn] . (3)

In the notatior of Ref. 10 we separate variables 1into time or epatial
averages, < >, and fluctuating parts, 6. Typical examples are B = <B> + &B
and E = <E> + 5E. Furthermore a mean of a linear fluctuation is always zero,
for example <(6E> = 0; but the mean of a product of fluctuations is wusually
nonzero, <6u x &6B> ¢ 0. This leads to the obvious additional term to resolve
the paradox of Eq. (2)

o&(r)

1
g 2nr ot

+ (S x 8B>g - (4)

The MHD dynamo is an excellent candidate for driving field reversal 1in the
RFP 1if <bu x 6B> can be large enough to sustain n<Jg> in the absence of
AD(r)/dt.

Several authors have demonstrated theoretically that tiie MHD dynawo can
form and/or sustain an RFP field profile. The first to observe this
numerically were Sykes and Wesson /17/ using a 3D MHD code on & 14 x 14 x 13
mesh. They obtained field reversal i1in the presence of very large field
fluctuatione. Schnack /18/ and Aydemir and Barnes /19/ also have observed
dynamo action with 3D MHD codes. Of particular interest in thelr work is the
L.elical ohmic state. In this case the magnetic field is constant in time.
The dynuamo is driven by steady plasma velocities and spatial fluctuations of
B.

Caramana, Nebel, and Schnac: /20/ have used a 3D code to model the
sawtooth crash seen 1in high © operation of ZT-40M /21/. Werley and
Nebel /22/ have shown that nv dynamo action is needed during the sawtooth

rise. The code results /19/ also indicate chat the dynamo has a very



different character at lov 6. In that instance sawtoothiog ie not observed
and good flux surfaces may exit at the reversal layer near the plasma edge.

More recently Strauss /23/ has formulated a set of reduced equations to
describe the RFP. He has observed the dynamo effect in a plasma with field
fluctuations [6B|/<B> < 10Z.

Ordinarily one might conclude that these observations would "close the
book™ on RFP sustairsent, indicating that it is strictly caused by the MHD
dynamo. However, there are concerns that the MHAD model does not account for
all sustainment processes. First, the field fluctuations s8seem to be too
high. Unless a wmodel 1is run with very 1little reversal, or close to a
paramagnetic state, /19/ the field fluctuations are typically
|5BI/<B> ~ 7-10Z. RFP experiments wusually operate with |&B|/<B> at the
plasma adge <51 /10. Second, the F - 6 curves of the codes are often too
far to the right of the experiment. Third, the models are often far more
stochastic than the machines /24/. If wmagnetic field 1line stochasticity
reaches from the plasma interior to the wall in a moael with long wavelength
modes, each field i1ine may travel only ~10-40 m before it hite the wall.
Meanwhile, to account for estimated particle 1lose rates due to parallel
transport in ZT-40M, one needs field lires that are several hundred meters
long. /25/ We will attempt to quantify these concerns and relate the MHD

dynamo to other sustainment models ir Sec. II1 and Sec. 1V, tespectivély.

2.2 The Tangled Discharge Model

The Tangled Discharge Model (TDM) developed by Rusbridge /26/ is based on
the assumption that magnetic fleld lines, or flux tubes, wander
stochastically throughout the plasma. It is also adsumed that plasma current
is ronstrained to flow along the same channels as the magnetic fileld so that
Eq. (1) 18 sa*isfied everywhere in the machine. Consequeutly, th¢ mean field
<B> satisfies the BFM, but the fluctuations generate stochasticity and
prevent tae development of any good flux surfaces.

The stochastic wanderiug of current makes it possible for a current
channel to pick up the induced toroidal loop voltage V, as it moves near the
minor axis of the RFP. Then the current channel can wander to the reversal
region where induced toroidal voltage 18 redirected to drive a poloidal
current, as if it were a solid, insulsated conductor.

The TDM can be represented mathematically when a distinction .. made

betwvesn plasma registivity parallel to the magnetic field, n,» and



- resistivity perpendicular to the field, n- Oha“s lav is modified to read as

follows:
J*B
E+uyxB=nd-(nm) 578 - (3

If n; 1s taken to be wmuch larger than Ny, it is possible to choose

fluctuating components of B and J and sustain poloidal current as follows

5 - 1 ?dd(r)
MYIQ T g e < <

<6158
+ () [ S <@

+ <6(J+B)+5(B/B2)> . (6)

In this model one could eliminate both toroidal flux decay and plasma flow
and etill maintain field reversal.

We hesitate to use the TDM as & primary model of RFP sustainment Lec use
it relies 8o heavily on the unproven condition nl/nl >> 1. We do find that
combining the concept of stochastic magnetic fields with a Boltzman treatment
of electron momentum leads to a more general model of RFP sustainment, as

discussed in the next section.

2.3. Nonlocal Resistivity

The wmodel of nonlocal plaema resistivity proposed by Jacobson and
Moses /27/ incorporates the concept of magnetic field 1line stochasticity
discussed by many other authors, /28,29/ including Rusbridge /26/. To avoid
the complexity of having trapped particles, this model was presented in slab
gevmetry with B = O, so that B = |§| is approximately uniform in space. The
nagnetic axis of the cylindrical model becomes the x = O plane of the sglab
model. The plasma boundary 1is now at x = ta. As 1in the case of the
cylinder, the driving electric fleld is <E> = EOE vhere z {s the unit vector

in the z direction. 1t 1is assumed that (E) satisfies a force-free model.



Vox B> = p(r)d> . (7)

If y were a constant, the solution would be

(Bz(x)> =- BO cos yx |,

<By(x)> = By 8in px . (8)

In this model u is allowed to be a function of x to obtain velf-consistent
currents and fields.

It is postulated that stochasticity is introduced by field fluctuations
6B(r,t) that randomly move field lines across the plasma. Following
Rosenbluth et al., /28/ a field line diffusivity, DF' is introduced such that
a particle following a field line a distance R will undergo a mean equare

excursion in the x direction.

<(ax)® = 28D, . (9)

The plasma is treated in the context of a Lorentz model where only
electron-ion scattering 1s considered. For simplicity, it is assumed thar
electron guiding centers move along field lines, and the electron magnetic
moment does not change between collisions. Unlike the Spitzer model /11/,
the total momentum imparted to all electrons in a voluae element by the
electric field does not equal the momentum lost by electrons to collisions in
the same volume element. For example, electrons near the x = O plane gain

momentum faster than it is scattered away,

n'<Jz(0)> < <E (0)> . (10)

This happens because the mean-free path of an electron, A, may be large
enough to move the electron over significant portions of the plasma between

collisions.



2\p ~ a2 . (11)

An electron may be accelerated in a region of high parallel field, Ey, and
move out of that region before it has a chance to scatter. Correspondingly,

electrons may enter a region such as the reversal layer, x = x vhere they

rl
lose more momentum to scattering than is gained from electric fields,

My (xp)> > <Eg(xp)> = 0 . (12)

If the 1nequalities in Eqs. (10) and (12) are correct, there is a third
possibility for an RFP profile sustainment wmechanism.

A detailed description of the nonlocal resistivity is given 1in Ref. 27
and is beyond the scope of this paper. The key conclusions of Ref. 27 are
glven in Figs. (5) and (6). A Boltzman equation for electrons in a
stochastic RFP was developed. A self-consistent example with field reversal
was computed, using ZT-40M temperature, density, and confinement time data.
The results shown in Fig. (5) indicate that field reversal can be maintained
with a nonlocal resistivity. The level of stochasticity is described by
AODF/a2 = 0.05 where Ay 1s the mean-free path for 90X scattering of electrons
with the speed vgy = (2kT/me)1/2.

These data were obtained for ZT-40M parameters: electron temperature
T, = 200 eV, density n =~ 1019m'3, impurity level zeff = 1, current

e

I, = 100 kA, nonradiative enmergy containment time 1, = 200 pus, mean-free
path Ay = 40 m, and field line diffusivity Dp = 5x10~° m~!. Since A scales
as A = ko(v/vo)“, the high speed electrons are far more effective than
thermal electrons in carrying current to the reversal layer. This allows A,
to be much smaller than indicated by Eq. (11).

Figure 6 1llustrates how the reversal depends on AODF/az. Although the

informatfon available to estimate AODF/a2 is subject to many
approximations, /.7/ the model is quite insensitive to the precise value of
XODF/az.

It should also be noted that field line stochasticity 1is sufficient to
drive this RFP model but is not necessary. It is necessary that electrons
wander stochastically through the plasma whether or not field lines do.
There may even be instances in which perpendicular transport of electrons

doives an RFP in the presence of good flux surfaces.



Interaction of Sustainment Models

In recent years, considerable effort has been spent to demonstrate:
1) that some type of T“dynamo™ effect is required in an RFP and 2) that a
reasonable dynamo acdel exists. Now there is no doubt that a “dynamo” 1is
necessary, and that there is an abundance of wmodels to choose from. 1In this
section we attempt to develop a relationship between the three wodels
discussed previously.

If the MHD dynfno of Sec. 2.1 were acting alone to sustain an KFP in a
steady "ohmic"” state, one con establish minimum wvalues for the field and
current fluctuations using a quasi-linear model. The posibility of such cn
exercise vas observed by Gerwin, Keinigs, and Schaffer. /30/

As an r~xample, consider a slab model configured us in Sec. 2.3 with the
mean fiell!s in a Teylor state having reversal at the wall, pa = n/2. To be
in an ohmic state, /17,18,19/ all physical variables are time independent
functions of space. Therefore, the mean values, < >, are taken to be
spatial averages with x fixed, and the 6 variations are three-dimensional
functions that are time independent. It is assumed that there are no net
radial flows and <Ex) is neglected, leading to <u> = 0. An isotropic Ohm’s
law 18 wused, and no kinetic effects are invoked. Uader these conditions,

Eq. (3) is rewirtten,

CE> + 6E = n(<J> + 8J) - bu x <B>

- Cbu x B> . (13)

Equation (13) can be separated into mean and fluctuating parts

n<J> - <E> = <bu x 6B (14)
and

6E = nbJ - bu x <B> . (15)

The fundamental prenise of tne model 1is that the quadratic term <bu x 6B
will make wup the difference between n{J> and <E> everywhere in the plasma.
The time incdependent nature of the model requires 0B/dt = - VxE = O,



therefore, the curl of Eq. (15) wmust be zero. This curl condition
establishes a relationship between &u and 6B.

We aspume that &u can be expanded in a Fourier geries

fu(r) = ] su(kyelkE . (16)
k .

Likewise <B> can be written as follows

(E) - §+eiE.E + E_e_iE'.E » (17)

where y = p£ and B, = 1/2 Bo(;$1§). It can be shown from the curl of
Eq. (15) that for every Fourier component 69(%)‘)there are two Fourier

components of &B,

FB,(k) = (upil/nk?) {(k,*B,)bu(k) :

- [(kyo8u(x) B.} (18)

where k, = k # y.
We consider the simple example &u(k) = uo(;+i£) with k = k;, to solve the
y component of Eq. (14),

wKI>y, = (nuBg/ug) sin px

1

- <bs x 8B>, = - Re <bu(k,x) x [6Bi(ky,®) + 8BL(k_,x)]>y . (19)

The corresponding volume averaged minimum of field fluctuations squared

is

k¢ [ (632>dx/ff. B> 2x . (20)

When a similar estimate of power dissipation in fluctuations is made we get



;% < n<5J2>dx/]' mIH>Ux . (21)
-&

Therc ave many caveats that enter into Egqs. (20) and (21); the wmost
important &are the slab model in a Taylor state, isotropic resistivity, and
iacompressible flow. The oomentum equation was not required for the
exercise. We assumed a velocity flow that would produce the most efficient
dynamo in the y direction. To the best of our knowledge, adding momentum and
the 2 directiou dynamo will increase the inequalities of Eqs. (20) and (21).
The lef_-hand 8ides of Eqs. (20) and (21) may be reduced by having:
“1/“| > 1, coumpressible flow, less dynamo action as iu the MBFM, and/or a
variable resistivity n(x). We do not expect dramatic changes 1in Eqgs. (20)
and (21), providad n, does not greatly exceed n, as in the TDM.

If the models leading to Eqs. (20) and (21) are reasonably correct, there
are significant implications for ochmic states and sustainment modeling as a
whole. It was noted in Ref. 10 that |5B|/<B> at thc plasma edge is < 5% in
ZT-40M, and 1t was assumed that the volume averaged fluctuations are
comparable. It was also estimsted in Ref. 10 that fluctuation power divided
by mean Sield dissipation is about 40% in ZT-40M. Equations (20) and (21)

combined with these data would indicate

k <5 =x107% . (22)

k-1

For a = 0.2 m as in ZT-40M, this would sav that an ohmic stcte must have a
wavelength greater than ~ 160 m, or |6§|/(B) must be significantly greater
than estimated in Ref. 10. A 160 m ohmic state wavelength is much greater
than the machine dimensions and quite unrealistic. However, computer models
have generated specific ohmic states with wavelengths on the order of ~l m
and |6§l/(B> ~ 10X /18,19/. There is also experimental evidence of some
internal structure that mny relate to ohmic states /31/.

The concern over the inconsistency between an ohmic state wodel and
experimental results worsens when fluctuations are observed to decrease at
higher currents, |6B1/<B>| ., ~1X /32/. 1f 1t becomes more Aifficult to
reconaile experimental results with ohmic states, one must invoke a more



general theoretical model. For instance the steady state assumption -of the
ohmic w®odel can be dropped. If a tise dependent MHD model has good flux
surfaces, this author believes Eqs. (20) and (21) will still hold, but that
point of view remaine to be proven.

If, on the other hand, the sagnetic field becomes stochastic and time
dependent, we cannot be sure of Eqs. (20) and (21). Indeed, if stochastic
fields become a part of the dynamo wmodel one should go on to consider

nonlocel resistivities as discussed in Sec. 2.3. "

4. Conclusions

We have briefly described RFP prorile sustainment by means of the MHD
dynamo, the tangled discharge model, end nonlocal resitivity. Treating time
independent ohmic states as a subset of the MHD dynamo, we have placed 1lower
bounds on the field fluctuations (departures from symmetry) consistent with
states of a given wavelength, k. On comparing our theory to experimental
results, we find it difficult but not impossible to recuncile ohmic states
with experiment. We recommend that more detalled f1ield fluctuation data
inside the plasma be gought. The associated large wavelength field
fluctuations should be observable. If the conditions of ohmic etates cannot
be wmzt, the field will probably be stochastic. In that event, MHD activity
wo' ~1 establish stochasticity that would play a significant role in profile
sustainment through nonlocal resistivity. In turn, field line stochasticity
would substantially affect part!cle and thermal transport within the plasma.
Since dynamo uction 1s reduced nesur the wall 1in some models, MBFM,
stochasticity may aleo be low near the wall. Consequently, particle and
thermal 1losses from the machine may be a boundary lsyer phenomenon closely

coupled to the process of RFP profiie sustainment.

Acknowledgment
The author wishes to express his appreciation to D. A. Baker,
J. M. DiMarco, R. A. Gearwin, A. R. Jacobeer~ G. Miller, R. A. Nebel,

M. Schaffer, K. F. Schoenberg and L. Turner for many helpful discussions.



References

/1/ BODIN, H.A. and NEWTON, A.A., Nucl. Fusion, 20 (1980) 1255.

/2/ BAKER, D.A. and QUINN, W.B., "The Reversed-Field Pianch,” Fusion, 1, Part
A, Chapter 7, E. Teller, Editor, Academic Press, lnc., New York, NY
(1981).

/3/ ROEINSON, D.C., Plasma Phys., 13 (1971) &439.

/6/ COLGATE, A.A., FERGUSON, S.P., and FURTH, H.P., Proc. U. N. Conf. on
Peaceful Uses of Atomic Emnergy, 32 (1958) 129.

/5/ TAYLOR, J.B., Phys. Rev. Lett., 22 (1974) 1139.

/6/ BAKER, D.A., et al., "Performance of the ZT-40M Reversed-Field Pinch
With an Inconel Liner,” Plasma Phys. and Controlled Nucl. Fugion
Research 1982 Intl. At. Energy Agency, Vienna, Vol. II (1983) 587.

/7/ JOHNSTON, J.W., Plasma Phys., 23 (1981) 137.

/8/ SCHOENBERG, K.F., GRIBBLE, R.F., and PHILLIPS, J.A., Nucl. Fusion, 22
(1982).

/9/ TAMANO, T., et al., "Pinch Experiments 4in OHTE,” Plasma Phys. and
Controlled Nucl. Fusion Research 1982, 1Intl. At. Energy Agency,
Vienna, Vol. I, (1983).

/10/ SCHOENBERG, K.F., MOSES, R.W., and HAGENSON, R.L., “Plasma Resistivity
in the Presence of a Reversed-Fi:ld Pinch Dynamo,” to be published in
Phys. Fluids, 27 (July 1984).

/11/ SPITZER, L., Physics of Fully Ionized Gases, Wiley, New York, NY (1962).

/12/ TURNER, L. and CHKISTIANSEN, J.P., Phys. Fluids, 24 (1981) 893.

/13/ TURNER, L., Ann. Phys., 149 (1983) 58.

/14/ CARAMANA, E.J. and BAKER, D.A., Nucl. Fusion, 24 (1984) 423.

/15/ CARAMANA, E.J. and MOSES, R.W., Nucl. Fusion, 24 (1984) 498.

/16/ MOFFATT, H.K., Magnetic Field Generation in Electrically Conducting

Fluids, Cambridge Univeraity Press, Cambridge, England (1978).

/17/ SYKES, A. and WESSON, J.A., Phys. Rev. Lett., 37 (1978) 140.

/18/ SCKENACK, D.D., Proc. RFP Theory Workshop, Los Alamos National Laboratory
report LA-89%44-C (1980) 118.

/19/ AYDEMIR, A.Y. and BARNES, D.C., Phys. Rev. Lett., 52 (1984) 930.

/20/ CARAMANA, E.J., NEBEL, R.A., and SCHNACK, D.D., Phys. Fluids, 26 (1983)
1306.

/21/ WATT, R.G. and NEBEL, R.A., Phys. Fluide, 26 (1983) 1168.

/22/ WERLEY, K., NEBEL, R.A., and WURDEN, G.A., "Transport Description of the
Risetime of Sawtooth Oscillations in RFPas,” submitted to Phye. Fluids
(1984).



/23/ STRAUSS, H.R., “Dynamical Equations for the Reversed-Field Pirch,” to bhe

124/

125/
126/
121/

/28/
/29/
/30/

/31/
/32/

published in Phys. Fluids, 27 (19€4).

SCHNACK, D.D., et al., "Three-Dimensional Magnetohydrodynamic Studies of
the Reversed-Field Pinch,” subaitted to Phys. Fluids, (Hny‘1984).
MILLER, G., Los Alamos National Laboratory report LA-UR-83-2888 (1983).

RUSPRIDGE, M.G., Plasma Phys., H (1977) 499.

JACOBSON, A.R. and MOSES, R.W., "Nonlocal dc Electrical Conductivity of
8 Lorentz Plasma in a Stochastic Magnetic Field,” to be published in
Phys. Rev. (July 1984).

ROSENBLUTH, M.N., et al., Nucl. Fusion, ¢ (1966) 297.

PECHESTER, A.B. and ROSENBLUTH, M.N., Phys. Rev. Lett., 40 (1978) 8.

GERVWIN, R.G., KEINIGS, R., and SCHAFFER, M., private communication
(1983).

WURDEN, G.A., Phys. Fluids, 27 (1984) 551.

BAKER, D.A., private communication (1984).



Figure Captious

Fig. 1

Fig. 2

Fig. 3

Fig. 6

4n isometric view of the RFP field and current profiles during the
susisined phase of the discharge. P, represents the steady state
Poynting vecter carrying power to the central region of the plasma.
Mean field power absorption <J>+«(E> is wmaximized in the central
discharge region bocause <J> is parsllel to the applied toroidal
electric field <E>. Hypothetically, the mean pover absorbtion 1s
partially converted to fluctuating fields (P4) that drive the

poloidal plasma currents via the dynamo effect.

An experimental F - 2 curve for a 180 kA discharge in ZT-40M compared
to the BFM prediction (solid curve).

The Modified Bessel Function Model (MBFM) uagnetic field profiles for
a given u(r).

An experimental F - O curve for a 180 kA discharge in ZT-40M compared
to the MBFM prediction (solid curve).

Magnetic-field components and parallel current density versus x, with

AODF/AZ = 0.05. Each curve is normalized to 1 at x = O.

B,(a)/<B,> versus B (a)/<B;> for various AODF/az.
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Figure 6



