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The shorting of open field lines where they intersect external boundaries strongly modifies the
transverse electric field all along the field lines. The modified electric field is found by an extension
of the familiar Boltzmann relation for the electric potential. This leads to a prediction of the electric
drift. Flow generation by electrical shorting is applied here to three aspects of elongated
field-reversed configurations: plasma rotation rate; the particle-loss spin-up mechanism; and the
sustainability of the rotating magnetic field current drive method2@2 American Institute of
Physics. [DOI: 10.1063/1.1494823

I. INTRODUCTION cations on rotational stability; Sec. IV revisits the particle-
o i . . loss spin-up mechanism in the light of the electric fields
Open magnetic field lines make electrical contact withyegicted here; and Sec. V considers the effect of shorting on
external boundaries. If this contact produces a shorting effeg},o sustainability of rotating magnetic fiel®@MF) current

at the boundary, then the transverse electric field is stronglj;ive in FRCs. Section VI is a summary and discussion.
modified along the entire length of the field line. Finding the

self-consistent electric field produced by shorting and the

resulting electric drift is the main focus of this paper. The

electric potential is determined by an extension of the famil{l- BASIC END-SHORTING PHYSICS

iar Boltzmann relation for potentials along a field line. The o, Electric potential-fluid drift relationship

analysis leads to several surprising results. The shorting does _ . ) .
not force the radial electric field in the plasma to zero. Indeed T the steady equation of motion for a fluid species is

the resulting electric field is actually outward. Consequentlycrossed with the magnetic field vector then an equation fol-
the electric drift augments the diamagnetic drift of the ionIOWS relating the fluid drifts to the electric potential. Ignoring

fluid. inertial effects this gives
When open magnetic field lines intersect external bound- c 1
aries they make thermal as well as electrical contact. Because Uio=gz|BXVé+ an BXVp,|. 1)

of the high electron mobility, this contact raises the specter
of large electron energy losses along the field lines. HowHered,, p,, n, andu, , are the charge, pressure, density,
ever, parallel thermal loss does not appear to be a significa@d drift perpendicular to the magnetic fiedd respectively,
problem based on previous work, which will be revisited Of fluid speciesa(=i,e). Equation(1) exploits the fact that
briefly. in steady state, Faraday’s law implies the existence of an

These results are applied to three aspects of elongatéiectric potentiakp such that the electric field iE=—V ¢.
field-reversed configuration&RC). (1) The rotation rate in Adopt the straight field line approximation appropriate to the
the edge layer is found to be surprisingly fast. This compareénid-plane region of an elongated FRB=Bz, V=fd/dr,
with experimental observations suggests that there is strong, ,=u, . @; then Eq.(1) becomes
shear in the rotational flow2) The inclusion of the electric

. . . . . c do c dp,

drift allows the particle-loss spin-up mechanism to be revis-  up,=Veg+Vy,== —+ —— —, 2
ited. The electric drift is strong enough that this mechanism B dr q.nB dr
actually predicts spin-up in the wrong direction from what iswhere V¢ is the electric drift andv,, is the diamagnetic
observed.(3) The rotating magnetic fieldRMF) current  drift. It is useful to express the latter in terms of familiar
drive method is sustainable only if the ion spin-up problemparameters. The relative gradients of the temperature and
can be solved. End-shorting on field lines opened up by théensity are given by the familiay parameter
RMF allows the ion rotation to be controlled so that current .
drive can be sustained. 7.=dInT,/dInn. 3

The outline of this paper is as follows. Section Il ad- Other parameters introduced are the local density length
dresses the basic physics of end-shorting, including its relascale, L,=[(—1/n)dn/dr]~%; the ion skin depth, I,
tion to fluid drifts, the self-consistent electrostatic potential,=(m;c?/4me?n)¥? the species betaatio of thermodynamic
and energy loss along field lines. Sections Ill-V appliespressure to local magnetic pressume,=8=nkT,/B?; and
these results with three important FRC issues: Sec. lll conthe local Alfven speed/,=B/(47m;n)*2. Then the diamag-
siders the rotation rate in the edge of an FRC and its implinetic drift is
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Vi | the field line. It also happens even if the field line thrashes
Vge=—(1+ %)&7 L (40 about due to dynamical motion or some other cause.
" example of a “thrashing” field line will be taken up in Sec.
If the electric potential is allowed to float, then EQ) v/
can be regarded as an equation dofor its gradient Sup- The self-consistent electric potential is found using the
pose the pressure gradient is given, and suppose the i0ORSrallel(to B) component of the electron equation of motion.
rotate at a prespecified rate.g., initially nonrotating ion  This |eads to the familiar Boltzmann relation. However,
fluid), then the potential is determined by H). Here the  more can be said. End-shorting at the boundary causes the
arrow of cause—effect proceeds from the pressure gradieRjotential at the boundary to be constant. This “boundary
and the transverse drift to the resulting potential. This is the;ondition” together with the Boltzmann relation allows the
nonshorted case. However, if end-shorting occurs, the elegransverse structure of the potential far from the boundary to
tric potential is determined by the shorting process. The repe determined. From the potential structure, the transverse
sulting potential and the pressure gradiagain givende-  electric field and the electric drift will follow.

termine the transverse ion drift by E(@). Thus, with end- The parallel electron equation of motion assuming mass-
shorting, the arrow of cause-effect reverses, proceeding frongss electrons is

the pressure gradient and the shorted potential to the result-
ing fluid drift. 0=—Vipetenv,¢. ©)

End-shorting and its effect on plasma rotation has 10nq njess the electrons are highly collisional, rapid parallel

been known in the context of open-field line plasmas such agemaj conduction assures a flat electron temperature along
6 pinches” It also occurs in the open-field-line *edge yhe fielq fine, i.e.,V,Te~0, except of course in the thin

layer” of an FRC? If a shorting path is introduced where a sheath at the boundary. Then with=nkT,, Eq. (5) be-
magnetic field line intercepts a chamber wall, then the crossz,mes an “exact derivative:” e’

field structure of the electric potential may be modified sig-

nificantly. In the simplest picture, the transverse electric field V[ —(kTe/e)Inn+ ¢]=0 (6)
at the boundqry is simply shorted out. This then launches &hich integrates at once to
torsional Alfven wave which travels from the boundary

along the field lines. The wave puts a twist on adjacent field  ¢=(kT./€)Inn+ () . (7)
lines; this imparts a torque to the fluid species and changes . o L .

their drift speedsee Fig. 2 of Ref. 8 The torque is exerted | N€ intégration “constant’, is actually a function of the
on the plasma by the boundary itself to which the field linesT'@9netic surfacéwith markery); it can be regarded as the
are “line-tied.” The energy for the resulting drift comes not potential at the end boundary. In the shorted cage

from the twist but from the release of electrostatic potential_: const. Equatiort?) is the familiar Boltzmann relation used

energy as the plasma spins U short order the Alfia 1 mirror plasmas. It will be applied in a new way here to
waves damp out producing a steady state in which the elecl,nfer how the potential varies from field line to field line.
tric potential alongside the FRC is consistent with the

shorted potential at the end boundary. In steady state the field

lines are again untwisted, unless there remains a residud. Fluid drifts in end-shorted plasmas

torque from some other source, e.g., & torque on the jons The radial electric field with shorting can be found from

caused by friction with an injected neutral beaffihe use- . : - . :
fulness of a residual torque on the ions will be taken up Iatqu' (7) simply by differentiating with respect to. With Eq.

in one of the applications, Sec.)V. (3) the radial electric field is
End-shorting may not always happen. It depends on the kT, 1

end boundary. If the boundary material is a conductor then  E/=(1+7e) —= 1. (8)

shorting probably occurs. If it is a dielectric then shorting "

may not occur. In the analysis that follows, it is assumed thalNote two surprising result$l) The radial electric field is not

the boundary is such that shorting does take place, i.e., thgero unless there is no density gradientL(;t-0) and no

transverse electric field at the boundary is forced to zero. temperature gradienty/L,—0). This is contrary to the
conventional wisdom that end-shorting makes the radial
electric field go to zero(2) The radial electric field is actu-

B. Self-consistent electric potential on a shorted field ally outward. This contrasts sharply with the inward field in

line static equilibria(nonrotating ions Clearly, shorting causes a

The electric potential in the quasisteady state is detef™Marked change in the radial electric field. o
mined by ambipolarity, the establishment of a self—consisten} The electric drift resulting from the “shorted” field Eg.
electric potential so that electrons and ions maintain® IS
quasineutrality everywhere except in a thin sheath at the Va |
boundary. This potential is set up almost instantly because of Vg=—(1+ ne),Be? L 9)
the high electron mobility: an electron almost instantly de- "
tects and responds when the field line on which it is located’his form is remarkably similar to that for the ion diamag-
contacts a boundary. This happens even if there is flow alongetic drift, Eq.(4) with a=i:
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TABLE I. Rotation parameter for experiments.

V|
Vgi=—(1+ ﬂi),Bi?L—l- (10 © 1eT. T r
n ex i e e c s

Device Log No. (kG) (eV) (eV) (cm) (cm) w, S, K «

The total ion fluid drift is the sum of these two. Note that
X C FRX-B 1 65 310 100 125 54 35 9.8 053 3.2
when shorting occurs, the electric drift actually augments the.oy ~ 8 800 175 25 9 41 125 044 46

2

drift in the minus# direction. FRX-C 1 7 250 100 25 10 6.1 217 0.49 47
TRX-1 2 8 450 150 125 63 2 11.6 0.62 5.3

TRX-1 3 75 350 149 125 7 2 13.7 0.69 5.6

TRX-1 1 9 300 130 125 4.2 22 10.7 0.41 86

D. Energy loss along open magnetic field lines TRX-2 9 10 400 140 12 4.7 3.1 11.5 048 5.0

When open magnetic field lines intersect external bound-
aries they make thermal as well as electrical contact. Because
of the high electron mobility, this contact raises the specteith the theoretical model which include conductive and am-
of large electron energy losses along the field lines. Theéipolar convective energy loss effect without recyclfhg.
question of electron energy loss along open field lines was  The observation of the ratid/,/k T, is 4—8 rather than
taken up in Ref. 4. If the ion and electron temperatures and/2 reflects the influence of the electrical potential, Eg).
the particle confinement time in the bulk plasma are meaBecause the plasma runs “positive” relative to the boundary,
sured, then a very simple theoretical model can be conelectrons are confined electrostatically. The only electrons
structed to infer the electron energy laa% from the plasma.  that can escape the electrostatic barrier at the sheath are su-
From this,W,/kT,, the electron energy lost per particle lost, perthermal electrons with energy of 4 t&B,..
can be inferred from experiment. A number of FRC and  Apparently then the energy loss is convective on open
6-pinch experiments were analyzed. field line plasmas in theta-pinches and FRCs. Convective-

The experimental results can easily be compared with @ominated energy loss is well known in mirror plasmas.
simple theoretical model. If the energy loss is conductive,  However, this conclusion is not universal. In the open
then the ratioW,/kT, should be proportional ta./Lonn,  field lines of a tokamak divertor, refluxing plasma from the
where\, is the electron—electron mean-free-path, &ngh,  divertor plate causes a back flow that keeps the pressure
is the connection length to the boundary. If the energy loss igoughly constant along the field lines. Also, the long connec-
convective, then th&/,/kT, should be a constaii$/2). The  tion length to the divertor plate makes it much easier to
sum of the two loss rates shows that convective loss domisatisfy the condition\ <L+, for thermal conduction to be
nates forko/Lon<0.01 (highly collisiona), and the con- valid.
ductive loss dominates fokq/Lcon>0.01 (weakly colli-
siona). _ _ _ ___lll. ROTATION RATE IN FRCs

The comparison of the theory with experiment gives
what is at first blush a surprising result. In the experiments  Plasma rotation causes the rotational instability. The the-
W,/kT,~4—8, independent of the collisionalityithin er-  oretical threshold for the rotational instability is=(); /() ;
ror barg for all experimental examples. This holds over the~1-2, where(); is the ion fluid rotation and); is the ion
quite broad collisionality range in the experiments,”40 diamagnetic drift frequency. In theoretical treatments the ion
<Ne/Leoni<2. Thus the thermal-conduction-dominated re-rotation is usually assumed to be rigid and the diamagnetic
gime predicted by theoryV,/kTo*\o/L .o NEVerappears. drift frequency is an average over the plasma cross section,
The likely reason is that the low-collisionality regime where (Qg). For the commonly used rigid-rotor profif; is uni-
thermal conductivity would be strong is precisely the condi-form.
tion where Spitzer conductivity breaks down. “Fick’s law” It is useful to estimate the value of the rotational param-
formulas for the thermal fluxq,= — xVT,) are only valid if ~ €tera based on the rotation rates with end shorting. Then in
\. is shorter tharl_ 1, the temperature gradient length scale.the edge regiof); = (Vg+ V)/rs wherer is the separatrix
In parallel thermal conduction, the bulk of the energy is radius andVe, Vg are the two components of the drift ve-
transported by superthermal electrons, thus the requiremelcity, Egs.(9) and (10). For this average diamagnetic fre-
is more stringentA, must bemuch lesshan Ly for Fick's ~ quency for a rigid rotor profile is useu:

law to be valid. Thus the collisionality rangk./Lon, (Va)ex |

>0.01 where Spitzer conductivitye/L .on>0.01 (if valid) Q4= —8K(Bi)ex 5 2 (17
would dominate is precisely the regime where it breaks

down. Here the subscript “ex” denotes a quantity evaluated using

Note that there is an alternative explanation for whythe externalvacuum magnetic field. The values @8 used
W, /kT, exceeds the simple convective value 5/2. Ignoringin Egs.(9) and(10) are based on the local field. The conver-
recycled particles would lead to an underestimate of the passion between these twusing pressure balange+ B2/8m
ticles loss rate along open field lines. This would increase the- nglsw) is B=Bcx/(1—Be); Bi=BTi(T+T)); PBe
inferred value oW, /kT,. On the other hand, the lifetime of =BT./(T¢+T;). The density length scale in the edge layer
typical FRC plasmaé<hundreds ofus) is short enough that is sometimes expressed as a multipg,X of the ion gyro-
significant recycling may not have occurred. Further, the exradius,L ,=wW,(p;) ex-
perimentally inferred value®V,/kT,~4-8 are consistent Table | shows seven FRC examples where the normal-
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ized density size in the edg®y,, has been inferred from BiVa |
measuremenfs Also shown are other relevant parameters ~ V.i= > L
taken from the FRC confinement data baskhe electron "
temperatures with an asterisk are estimated. The density Where the quantity in square brackets is the same as that in
derived assuming pressure balanogg,=87B2/(Te+T)). Eq. (14). Thus the electric drift is strong enough that it more
The rigid rotor shape parameter is determined using th&han cancels the graB-drift. Thus the net rotational drift of
averages relation: K~ (3/2)r¢/r. (small K expansion;r, the ions is in the minug- direction. The disappearance of
=coil radiug. The S, =r/I; shown is the familiar radial such an ion by end-loss would impart a momentum to the
size parameter. In computing the rotational parameter, it i§lasma in the plug- direction. This is exactly the opposite
assumed tha,=2/3 andz,= 1/3. from what is observed in FRC spin-up. This result is not
Most examples showw~4—6. This edge value is con- sensitive to the assumptions. If the two temperature profiles

siderably higher than the threshold level for the rotationalre flat #e=7=0, then the factor in Eq(14) is [---]
instability. It is also considerably higher than the measures= —1/8, which is still negative.

values of a~1-2 the most reliable of which giver Thus, the particle loss spin-up mechanism appeat$o
~1-1.22f the edge value here is valid then the implication €xplain FRC spin-up; indeed it would lead to spin-up in the
is considerable flow shear, that is the edge is rotating mucRPPOsite direction from what is observed.

faster (@~5) average than the average rotation of the inte-

7
24

(15

rior (a~1-2).
(a ) V. SUSTAINABILITY OF RMF CURRENT DRIVE IN
FRCs
IV. PARTICLE-LOSS SPIN-UP MECHANISM IN FRCs Another application of the shorted-field theory is to the

One of the proposed mechanisms to explain the S‘pm_u!_:)otating magnetic fieldRMF) current drive technique. RMF
of FRCs is the particle-loss mechaniénThe end-loss of Is an attractive method for driving the bulk electron current
ions from the edge of an FRC will produce a rocket-like N FRCs. However, its eﬁectlvgness as a current dr|v.e
effect on the rotation of the plasma if the typical “lost” ion method dePe”dS on whether the ions can be kept. fro_m spin-
has an angular momentum that differs from the average aflind up- If ions are allowed to free-wheel, they will simply
gular momentum of ions in the bulk FRC. For example anPedin to spin-up as a result of friction from the rotating elec-
ion with a rotational drift in the plug-direction is suddenly ~ons- Then the cause-effect sequefutiscussed in Sec. Il A
lost out the ends, its disappearance causes the remainilﬁ’éoceedS from cgu;(anessure gradlent plus lon rotation, as
plasma to recoil in the minug-direction. It was noted that set by electron frictionto effect (electric potentigl The re-
the gradB drift of ions near the plasma edge is in the phis- sult is that the electrons rotation to increase by the same
direction so that the resulting spin-up is in the mirtugi- amount as the ions. In so doing the electron rotatio_n fre-
rection, as observed in experiments. However this mechdU€NcY{le catches up to the RMF frequenaygye. As this
nism as invoked previously ignores the effect of electric drift"@PPens the RMF torque on the electronsgyr— {2 de-
on the ions. The calculation of the radial electric field in SecSaYs t0 zero. Thus if the ions are free-wheeling the RMF

. . .10
Il allows the electric drift to be properly included. The result CUrrent drive simply turns off. , _ y
is surprising. Sustainable RMF current drive requires that additional

The ion fluid drift is the sum of the electric and ion tordue be applied to the ions. Two inherent mechanisms that

diamagnetic drifts. The ion particle drift is the sum of the impose a torque on the ions have been suggesfedon

electric and the gra8 drifts. The gradB drift, Vyg drag against a neutral bagkground; e(ﬁbj_i_on drag against
RV . o= the edge layer by shear viscosityin addition, active mea-
=Vyg#, in an elongated configuration is

sures may also apply a torque to the iof%} a particle
vGy 1dB source, as in a refueled FRC, is equivalent to a ion momen-

VBT 2w B dr 120 tum drag and hence a torqie!? (2) neutral beam
o o ) ) injection* and(3) a second component of the RMF tuned so

Observe that this is in the plusdirection. Using radial force 44 tq drag the ion fluid® All of these mechanisms have
balance p+B?/8m=const, and variables used earlier this IS significant liabilities: they are either too weak to sustain the
Bi Va I RMF, ineffective in fusion-relevant energetic plasmas, or re-
Vyei=7 [(1+ ) Bet (1+ m)Bil 5 - (13)  quire the introduction of difficult technologies.

. Another inherent mechanism that can apply a torque to
Note the appearance of terms similar to the ion diamagnetighe ions is end-shorting on magnetic field lines opened up by
drift Eq. (10). The total ion particle drift is the sum of the the RMF. Ordinarily the separatrix surface separates the re-

electric drift Eq.(9) and the grad drift Eq. (13): gions of open and closed magnetic surfaces. RMF, however,
Bi T. B BiVa |, introduces a transverse field into the interior of the plasma
V= (Zl_l (1+ ne)?e+ Z'(1+ ) '2 L—' (14  and opens up the magnetic field lines. This “opening” is
i n

necessary because it allows the current drive to work, i.e., it

Consider the examplep.=2/3 and»;=1/3 again;B.,  provides a channel for torque to be transferred from external
=0.6 at the separatrix; anti,/T,=1/2. Then the rotational RMF antennas to electrons in the FRC interior. The opening
drift of ions that are lost out the ends is also causes two other effects: it makés electrical and2)
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aries ends allows this relation to be used to infer radial elec-
tric fields in the plasma. Three surprising results follgd.
Contrary to the popular rule of thumb, end-shorting does not
force the radial electric field zer@2) The shorted electric
field is actually outward, which is opposite to its direction for
a static(nonflowing ion fluid. (3) The self-consistent electric
drift actually augments the diamagnetic drift, leading to
fairly rapid ion fluid drifts.

Flow generation by electrical shorting is applied here to
FIG. 1. Field-line opening by RMF. three aspects of elongated field-reversed configurations

(FRO). (1) Rapid rotation in edge layer. The rotation rate in

the edge layer is much larger than that in the interior of FRC

thermal contact with the wall. The former provides a MeANS;s inferred in experiments. This suggests that is considerable

for applying a torque to the ions, and is examined here. Th?’low shear with the boundary rotating much faster than the

'3“9“ thermal contact .W'th the Wa"’_Sthd NOt CaUSe eXCeSp oy, (2) Particle-loss spin-up mechanism. The end-loss of
sive energy loss, as discussed earlier in Sec. IID.

X ) ) . . N ions with a preferential rotation has been suggested as an
Field-line opening lines by RMF is illustrated in Fig. 1. P 99

L . . . explanation of FRC spin-up. Previous estimates of this in-
The familiar poloidal field structure of an FRC is shown P pin-up

- L . cluded the gradB drift of ions but ignored the electric drift.
(thin lines), one of Wh'.Ch IS the separ.atr(ldashed Imgé Also When shorted electric fields are taken into account, the elec-
shown as a heavy line is a combined RME&onfinement

. . _ o ) tric drift is strong enough to more than cancel the spin-u
field line. This is actually the—z projection of such a line, d g pin-tip

) the RME field . iderabl uthal twi effect of the grad® drift. Thus this mechanism predicts
since the [Neld experiences considerable azimutha ISg‘lpin-up in the wrong directior(3) Sustainable RMF current
in the plasma interior.

S that the bound here th bined field i drive. The RMF as a current drive method is sustainable only
uppose hat the boundary wnere the combined field ing. 5, independent torque can be applied to the ions to keep
(RMF+ confinement f'e'@' m'Fersec_ts the wall is a shprtmg them from spinning up to follow the electrons. Such a torque
boundary, then the entire Ilqe W'”. be ;hortgd as d|scus_sei£ available because of the opening of magnetic field lines by
here. The fact that the combined field line shifts its footprlnt,[he RMF; if the boundary is such that shorting can occur

on the w_aII as the_RMF rotates does not change this. AS_ fatrhen the needed torque is applied by the RMF antenna along
as the highly mobile electrons are concerned, the combine, e opened field lines

field Iine.is in qyasigteady state. The ypshot of the shorting is An important issue for further work is the nature of the
tf?attthe '03 gg'd drift ?Pego_'f r;te 'ng'xe% alsotheTﬁunj of thecontact of the open field line with the boundary, the “foot-
zec rltc an |amagniz ic driff | ?E(F;JE ( )].t d? |on?r tprint” of the field line. This differs from one application to

0 Not'Spin up so as to cancel e R current anve efect, ,other. I the edge layer is essentially stationary, then the
The torque that maintains the ion fluid at the shorted rotatio ootprint remains at the same point on the boundary. How-
r.ate is supplied by a persistent tWiS.t in the coml_)ined fieI. ever, in the RMF application, the footprint will move in
line. Thu; the t_alectron drag on the lons,.attemptlng {0 SpIome cyclic path in response to the rotating field. In this
them up, is resisted by the torque transmitted from the RM case, the moving footprint implies the presence of a trans-

antenna along the opened field lines. This allows RMF to b(?/erse electric field at the boundary. Whether a locally non-

a sustainable current drive method at least in the regions cgh . g o L
orted electric field can exist if the boundary is “shortin
the FRC where the RMF fields penetrate. ed e d © y g

it should b bered that th liel elect is of first importance. In the application as developed here in
. should be remembered that the paraliel €lectron equage. v/ it was assumed that the field could be shorted at the
tion of motion Eq.(5) is valid along the combined field line

. . ) - footprint. In fact it is only necessary for it to be partially
defined by the instantaneous sum of the confinement field, J o |t is only necessary that the boundary apply a per-
and t_he RMF f|g|d. Thus t“he RME forcej(e/c)(.uex B) sistent torque to the field line bundles.
contributes nothing to the “parallel” equatiofb) since u,

X B is always perpendicular tB.

Whether end-shorting occurs depends on the nature of

the boundary where the opened field line intersects the walACKNOWLEDGMENTS

If the boundary material is a dielectric then shorting may not  the author acknowledges useful comments by Hou Yang
occur. If the boundary material is a conductor, then shortings,o Richard Milroy, Alan Hoffman, and Masami Ohnishi.

probably occurs. End-shorting can be encouraged in an ex-  Tnhis work is supported by USDOE Grant No. DE-FG03-
periment by placing a conducting limiter in the regions ggeRr54480.

where the combined field lines intersect the wall.

confinement +

_ RMF field line
(r-z projection)

_________________

VI. SUMMARY 'H.A.B. Bodin, T.S. Green, G.B.F. Niblett, N.J. Peacock, J.M.P. Quinn, and
J.A. ReynoldsPlasma Physics and Controlled Nuclear Fusion Research
The end—shorting of open magnetic field lines was ana- (Pro_ceedings of the 1st Interna}tional Conference, Salzburg,),lmrbl.
lyzed in Sec. II. The basic physics arises from the parallel Fusion Suppl., Part dintemational Atomic Energy Agency, Vienna,
. . .. K 1962, p. 511; see also references in the review article, Ref. 2.
electron dynamics by which the familiar Boltzmann relation 2y Tyszewski, Nucl. Fusio28, 2033(1988.

for the electric potential is derived. Shorting at the bound-3L.C. Steinhauer, Phys. Fluids4, 328 (1982.

Downloaded 12 Feb 2003 to 128.95.33.55. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



Loren C. Steinhauer

3856 Phys. Plasmas, Vol. 9, No. 9, September 2002

4L.C. Steinhauer, Phys. Fluids & 4012(1992. 8A. Eberhagen and W. Grossmann, Z. Phg48 139 (1971); see also
SIn a rigid rotor profile the magnetic field iB,= B, tanjK(2ra?—1)]; references on particle loss spin-up in Ref. 2.
density is n=n,tantfK(2r¥a®~1)]; and the temperature is uniform. SW.N. Hugrass and M. Ohnishi, Plasma Phys. Controlled Fugihro55
Here.Bex i§ the externa(yacuu.rr) magn.etic field,n.max is the maximum 105_1??:?93'teinhauer, Phys. Plasm&s3367(2001).
density,a is the separatrix radius, aril is the profile shape parameter. 11\ Onnishi and A. Ishida, Nucl. Fusiode, 232 (1996.
6L.C. Steinhauer, Phys. Fluid9, 3379(1986. 2A L. Hoffman, Phys. Plasmas, 979 (1998.
’N. Iwasawa, A. Ishida, and L.C. Steinhauer, Phys. Plasmag1 (2000. 18R.A. Clemente, J. Phys. Soc. JiiY, 3450(1998.

Downloaded 12 Feb 2003 to 128.95.33.55. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



