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Cylindrical Langmuir probes beyond the orbital-motion-limited regime
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The currentl to a cylindrical probe at rest in an unmagnetized plasma, with probe bias highly
positive, is determined. The walylags behind the orbital-motion-limite(OML) current, | gy

xR, as the radiuR exceeds the maximum radius for the OML regime to hold, is of interest for
space-tether applications. The ratiboy, is roughly a decreasing function &\ pe— Rimax/Mpe»

which is independent of bias, withp. the electron Debye length and,./\pe roughly an
increasing function of the temperature rafig/T.. The dependence of current on ion energy is
used to discuss the effect of probe motion through the plasma, a case applying to tethers in low orbit.
© 2000 American Institute of Physids$S1070-664X00)00210-X]

I. INTRODUCTION Actually, this equation is also valid for a noncircular cross
section if convex enough, with &/times its perimeter re-

The interaction of conductive space tethers with theplacing R above®

magnetized ionosphere has potentigl applications that. range  gincel,, is proportional to radiugor perimeter of the
from power generation and propulsidar drag for deorbit- o, oqq section, a large current may require a large radius; if
ing purposel™“to the use of wave and particle em|55|8n§. this is too large, however, the currentwill not reach the
The basic problem is how to collect ionospheric electronsgy yajue because of electrical effects. The maximum ra-
The small electron gyroradius and Debye length couldyjysr  for the OML regime to hold with other parameters
greatly reduce collection through magnetic guiding and elecyiyeq was determined recenflyThe maximum width of a
tric shielding. Using the thin tether itseffeft bare over ki- i tape and conditions to have negligible effects from the
lometers of its lengthas the anode offers the benefits(@f ~ agnetic field, and from electrons trapped in bounded orbits,
passive electron collection over a large area with no Sh'eldWere also established in Ref. 9. Here we study the way
ing or magnetic effecfsan.d(Z) relat_ive ins_ensitiyity to regu- 1/l oy drops below unity wherR goes aboveR,., at very
lar drops in plasma density along its orbit National A€ro-  high hias, a matter of interest for the design of bare tethers.
nautics and Space Administration experiméRropulsive |\"sec || we recollect the basic structure of the analysis in
Small Expendable Deployer Systerwill test bare-tether pef g and point out the new features of the present problem.
collection this year in a Delta-2 orbital flight. Bare tethers arej, gec. 111 we describe the scheme to calculate the current. In
being considered for reboost of both the Russian MIR andse. v we discuss results Ol oy, ; its dependence on
the International Space Stations, as well as for future use iﬁ which varies with plasma parar;weterS' and the effect of
max: 1]

the Jovian system. o _tether motion relative to the ionosphere.
A bare tether collects current as a cylindrical Langmuir

probe. The electron currehtto a long cylinder at rest in a
collisionless, unmagnetized, Maxwellian plasma of density
N., and temperature§, and T;, may be written as

I=1,Xa function of edp/kTy, RiNpe, Ti/Te, IIl. STRUCTURE OF THE POTENTIAL
where | ;=27RLXeN,, X VkT/27m, is the random cur- In general, determining electron trajectories to obtain the
rent, Ape is the Debye length, anR, L, and®; are probe collected current requires solving Poisson’s equation for
radius, length, and bias. For cylinders thin enough, howevel®(r)

[/ only depends oe®p/kT,. This is the orbital-motion-

limited (OML) regime; at high biage®p/kT,~1C* for a A_%igrg@):&_m%&_exp(_g) @
typical tethey one has rodr dr\kT;/) N, N, N, kT;)’
lom=lnXVaedp/wkT, with boundary conditionsb=®,>0 atr=R, ®—0 asr
—o0, The Boltzmann law used for the ion densiyis quite
=2RLeN.y2e®p/m, (eDp>KTe). (1) accurate at the high bias of interest. Regardig since the
Vlasov equation conserves the distribution functiqfr,v)
dElectronic mail: jrs@faia.upm.es along orbits, and trapped electrons may be igndred,have
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2 FIG. 2. Straight lines in th& (energy vs J? (squared angular momentyim
! Forbidden domain plane, for ther-family defined in Eq(10), JZZJ?(E). Shown are-lines for
1 if OML regime the probe and for points, 1, and O in Fig. 1, as well as the envelope of
lines in thery—r4 range.
C I 1 =~ . -
S —— (R/r)2<I>p b, The faraway quasineutral solution @), N.~N;, be

Plasma haves asb~1/r. As one moves up on the profile from the
_ _ _ origin in the figurey2®(r) decreases to a minimum at some
FIG. 1. Schematics of potentiab vs ®pR*/r* for R>Ryey (Maximum o gy The quasineutral solution remains valid further
radius for the OML regime to ho)JdThe plasma is quasineutral below point . . .
1, with no potential barriers below point 0. The radio?/®,R? reaches a above, up to a point 1 whered®/dr diverges. Above point
large maximum at a poinh in the ion-free, broad region above thin, non- 1 there are two thin nonquasineutral layers that take the so-
quasineutral layers at points 1 and 2. lution to valuesb;<®<dp, and to a radius, a bit closer
to the probe; points 0-1 if drawn to scale would lie very
close to the origin in Fig. 1 becaussb, anded, are of
order of KT, wherease® /KT, is very large. In the broad
region between radii, and R the ion density is negligible,
andr2®d(r) reaches a large maximum at some pambe-
fore dropping toR?®; at the probe.
Note in Eqs.(3) and(4) that, for any particular, having
J¥(0)=J,(0) suffices to makd; (E) equal toJ,(E) for all
E=0; usinng(O)ochCD(r), the no-barrier condition reads

fe(r,v)=fem(v.) (undisturbed Maxwellianif the r,v orbit
traced back in time reaches infinity andl(r,v)=0
otherwise'® Since energy is also conserved afg is iso-
tropic, values forr,v determine the value df, in terms of
the local potentiatb(r).

Both densityN, at any radiug and current can then be
written as integrals of ., over axial velocity andallowed
ranges of angular momentund and energ\E in the perpen- r2d(r")y=r2d(r), r'=r. (7)

dicular plane, which are all three conserved. Defining Since we have

J(E)=\2mer?[E+ed ()], ®) d(r2®)/dr>0, r>rq, )
JF (E)=minimum [J,/(E);r'=r], (4 there are energy barriers at no radius below point 0 in Fig. 1
one finally arrives at J¥*(E)=J,(E) for E=0 (r=ry). 9)
Ne _ fmﬁexp< __E) Again, this can be illustrated by depicting the structure of the
N.. Jo mkTe KTe r-family of straight lines
2
dasm e ami R E) §  P=FRE) or E= i o-edn), 10

in the J>—E plane(Fig. 2). The line slope steepens mono-
) &(E). (6)  tonically asr decreases, moving up in Fig. 1, while the foot,
J2(E=0), varies asr?d(r). Property (8) means that,

For givenr andE, valuesJ=0 andJ=J,(E) correspond to throughout the range>ro, ther-line moves to the left in
zero azimuthal and radial velocities, respectively. In case w&19- 2 for all positive energies. Past point 0, however, the
haveJ* (E)<J,(E), inward trajectories in the rangk (E) Ilne2 foot moves back to the ng_ht. Since we han%bl _
<J<J,(E) are unpopulated; such electrons, if traced back in_>ro¢o andr1<r0,_the_ro- andr-lines meet at some posi-
time, turn around at radii betweenand the(largep radius ~ tivVe energy, resulting in an-dependent energy range with
where the minimum ir{4) occurs: There is a barrier in the €ffective potential energy barriers.

radial effective potential energy. Note thd is a functional The envelope)®=Jg,(E) of lines in the rangery<r

of the full potential structure rather than a function of its <'g 1 determined by the equauonE_—Jr(E)zo, Q[JZ
local value. That structure, as determined in Ref. 9, can be Jy (E)]/dr=0, yielding the parametric representation
illustrated by schematically displaying versu§®pR2/r2, =22 ()= —myledd/dr, (119
with the ordinate-to-abscissa ratio proportional téd

(Fig. 1). E=E¢nr)=—ed(r)—redd/dr. (11b

I_2LeNoo = dE —E
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The envelope lies to the left of all lines in that range, touch-entr values or ranges. First, the quasineutrality relafign

ing each line at the point given by Egd1g and(11b); it ~ =N; at point 0, withJ} (E) taken from(9), yields

leaves thea y-line atE=0! and reaches the,-line asymp-

totically, asEn, and J2,, diverge with —dd/dr asr—r, ed, = dE —E\ . JR(E)
(Fig. 2). For each radius betweeg andr, only that part of eXp kT, jo mex kTe sin J, (E)
the envelope below the touching point enters in the determi- ° (17)

nation of J¥ (E); we would thus havel’ (E) =J(E) for

E<Eqn(r), andJ¥ (E)=J,(E) otherwise. Asr approaches Again, the quasineutrality relation at point 1, wittf (E)
r,, howeverEq.(r) diverges making; (E) =J.(E) valid  from (12), yields

for all energies. AsD rises rapidly with decreasingabove

point 1 in Fig. 1, the line foot in Fig. 2 moves far to the right, exp( _ ﬂ) _ fxiex% - E)
the line itself steepening moderately. Within thin layers and kT; o mkTg kTe
broad region we would then have

J(E)=Jen(E) for E=0 (r<ry). (12 X

At point min Fig. 1, the line foot turns again to the left,
finally ending at theR-line (Fig. 2), which is near-vertical Since Eq.(12) holds in some neighborhood of point 1, the
(R<r.,E~kT.<edp), and has its foot to the right of the derivative of the quasineutrality relation with respectliat
envelope, corresponding to point O lying below the diagonal,; (wheredr/d® vanisheg finally gives
in Fig. 1. Clearly, Eq(12) fails in some neighborhood of the
probe. AtR in particular, we have _eq)l) B f* Tiexp(—E/kTe)dE

JendE) L IH(E)
3.6 I E

2 sin

. (18

ex =
JE(E)=JendE) for 0<E<E, (133 KT 0 2mT(E+ed,)
JX(E)=JR(E) for E>E,, (13b) " Jend E)
with E. the energy at the crossing of envelope ditine; \/Jrzl(E)—ng)(E)
this results in a ratid/1 oy <1, or R>R,5- Note that maxi-
mum (OML) current in (6) would only occur withJ(E) *(E)
=Jr(E) for all energiegno effective energy barrier fdR), a — = . (19
condition requiring, according t(7) \/‘],zl(E)—J’F‘< (E)
r’d(r)=R*®,, r=R. (14

_ _ _ o Note that the integrals in Eq§17)—(19) [and later integrals
Point O would then lie at or above the d|agona| n F|g 1, anda|so |nvo|v|ngJ§(E)] must each be Sp“t into energy ranges

the entireR line would appear to the left of the envelope in pelow and abové, , as with(15). Those equations, together
Fig. 2 (R<Rpa; With E<e®p we would haveJg(E)  with the relation defining,

~Jgr (0), (6) then recovering Eq.l) for the high-bias OML
law. Jend Ec) =Jr(Ec)~Jr(0), (20

IIl. CALCULATION OF CURRENT

serve to determine edy/kT;, ed,/kT,, o,
Using (1) and(6), the ratiol/l o takes the form =edR?kTir?, and r,/r, as functions of T,/T; and
| = dE ‘{—E J5(E) 15 E./kT.. Equation(15) now gives
—=| —exg ==, .
lom.  Jo kTe "\ kTe/ Jr(0) /loq.=a function of To/T;, Ec/kTe. (15)

with J5(E) given by Egs.(1339 and (13b), and Jg(E)
=Jr(0)= \/2meR2e<I>p. The integral above, therefore, must
be split into separate integrals for intervalscB<E. and
E>E.. In the first interval one need%.,(E), which in-
volves the structure of the potential in a narrow radial range
Since the envelope is tangent to bath and r, lines, a
simple but accurate approximation fay,(E) can be readily
obtained without actually knowingd (r)

One could then obtaie®y/kT;, e®,/KkT;, o1, andr/rg
as functions ofT./T; and 1/l gy .

Since the quasineutral solution is singular gt the left-
hand-side of Eq(2) must be retained in a thin layer above
point 1 in Fig. 1, with charge densities expanded around
point-1 values. At a radiusr , close tor; the potential itself
blows up to infinity, requiring a second nonquasineutral thin
layer that just allows a smooth match to the solution in the
2me(r§e<D1—rSe<I>0)2 broad region reaching to the probe. An analysis of the first

. 16 i i
P S 1= (16)  layer as in Ref. 9 yields
20_% 1/5
and ®, are unknown and depend on the entire potential 72791 1+6'9(m)
structure.

In Eq. (5) for the electron density we us&3a and(13h) with oy,=01X ri/r%, and x and A new functions ofT./T,;
for J5(E), and appropriate expressions fifr(E) at differ- andE. /KT,

IZE)=J7 (E)—

We still need to solve Eq2) because the valueg, ®g, rq, 21)

)\Di>4/5( kTI )2/5

R edp
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_foc dE p(—E
#= Jo mer, SR e,
R(E)

VI (E)-J5 ()|

B ed, fm kT?dE exp( —E/kT,)
=TSR AT T ), T anTJEred,)?
2Jen E)

23en(E)
NAGEUNG)

(22

337 (E)—23%,(E)

- (Z(E) -T2, (E)T

32 (E)—2J% (E)
—JR(E)

. (23

(2.(B)— % (B))*2

In the broad region above the thin layers we take
>ed,~kT,, ed>E~kT, (Fig. 1), makingN;/N., negligi-
bly small in Eq.(2). Also, sincer-lines now lie far to the
right in Fig. 2 throughout most of this region, we simplify
the integral forN./N,, in (5) by using Eq.(12) and the

approximations J§(E)~JendE)<J,(E), J,(E)=~J,(0),
leading to
Ne K R (I)p
N wr Vo (29
_ [~dE —E\[_JendE) JR(E)
= ok_TeeXp( kn) 2300 30 (25

with « again a function off ./T; andE_./kT,. Note that use
of J,(E)=J,(0) and(12) fails nearr; and R respectively,
overestimating\,, whereas takingg/J, andJe,,/J, small
underestimate®, and fails near bothr; andR. In the R
=Rax [JR(E)=Jr(E)] case of Ref. 9 the exact value for
Ne(r=R) in Eq.(5) is (1/2)N.., while the approximation in
Eq. (24) givesN.. X /4, which Fig. 8b) of Ref. 9 shows to
be aboutN.. (for T,=T;); a net overestimate &, increases
shielding and leads to an underestimate of bRth,, and
/1 om (R>Rhay0- Clearly, the error will be greater the lower
the bias'?

UsingN;=0 and Eqs(24) and(25) in (2), and defining

k R?edbp| KT’

)
uzlnT, T

g=

Poisson’s equation, and the boundary conditions imposed b

matching to the second layer, become
d’g B
aw g 9

From the numerical solution fog(u) one finds®(r); the
boundary conditionb=® atr =R then yields

N \/GT%> _ 77_20_2 1/3 E 4/3 eCI)p 1/3 (26)
kTio, 2 R KT, | -

K
Using (21) in (26) determines a last relation

e Y d
—g:o at u=0

4/3
du )-

(g=u

g
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e®, /KT, =1000, T,/ T;= 1

P
~ -~

0.8

Oo 1 | 1
1 5 10 15 20
R /Rmax
FIG. 3. Dimensionless ratiosed®,/kT;, ed,/kT;, alana>[R2

=edpR2,, /kTir2, and r,/ry VS R/Rma, for To/Ti=1 and ed®p/kT,
=1000; results foed /kT,=300 and 3000 are quite similar.

Ec . Te Api ePp

k_Te_a function of f?k_'l'l
Equations(15') and (27) give I/lgy. versuse®p/kT,,
R/\pe, andT./T;.

The R=R,,5 limit studied in Ref. 9 corresponds ®©,
=0, Eq.(15) or (15') then givingl =1y, . Using (16), Eq.
(20) would readJ,(0)=Jg(0) orr5d,=R2?® (point 0 on
the diagonal of Fig. &t this condition, together with Egs.
(17—(19), determined o;, ed;/kT;, and edy/kT,
(=o4r3/r3) as functions of jusfTy/T;. With u, \, and k
functions of T./T; too, Eq. (27) gave Rya/Ape VErsus
edp/kT, andT./T; (Fig. 7 in Ref. 9.

For completeness, we now consider briefly the OML re-
gime (R/Rnya=1), which is naturally of less interest because
the current is knownl, =1y, . For the non-OML conditions
we have studied until now, the potential profile below point 0
in Fig. 1 [which was determined by the equatidij=N,
with J¥ (E)=J,(E) in (5)] varied withJ%(E), and thus with
R/Rpax. In the OML regime, however, we havéy(E)
=Jr(E), and thus a single profile throughout. AR ax

creases from unity, point O just moves down on that par-
icular profile away from the diagonal, Wim2<bp/rg<1>o de-
creasing too. For specified,/T; and thbp/rﬁtl)o values,
Egs. (17—(19) would give o;, e®,/kT;, edy/kT;, and
ri/rg; then(22), (23), and (25 give u, \, and . Finally,
using (21) in (26) would yield R?®p /r3d, versusR/\ pe,
T/Ti, ande®p /kT,.

(27)

IV. DISCUSSION OF RESULTS
Figure 3 showse®,/kT;, ed,/kT,, rq/ry and

edpR2_/KTr2 (=0R3,/R?) versusR/Rpay at To/Ti=1
and e®/kT,=1000; alR%aJRZ was plotted because;
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FIG. 4. Current ratid /| gy vS R/\p, for a few values oed kT, and(a)

To/T,=0.3 and 3,(b) T, /T,

=1.
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1.0
08| (€@ /kT,, Ty/T;)
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3 ERE (3000,3)
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0

R/ Ry,

FIG. 5. Current ratid/l oy VS R/Rpha for a few values oed, /kT, and
Te/T;.

proach is very slow? as a check, we found a valué oy,
=0.057 atR/\pe=393 for e®/kT,=1000, and alR/\pe
=209 fored /kT,=3000.

Note that curves in Figs.(d) and 4b) can roughly be
obtained from each other by a horizontal displacement that is
T./T;-dependent. Hence, the dependence Rnp. and
T./T; can be approximated by a simple law that should be
useful for design considerations,

R—R R _ T
max)ZG E‘Rmﬁe))-
e I

Ape
HereRa=Rmax/\pe is roughly a decreasing function of the
ratio T./T;, as determined in Ref. 9, arté is some univer-
sal function obtained from the figur¢&(0)=1, G decreas-
ing with increasing positive argumgntriting the argument
of G as R/Rmax—1)XRnax it follows that /1oy, drops
faster with R/R, the higherR.,, i.e., the lowerT,/T;.
This can be seen clearly in Fig. 5, showihld o, versus
R/Rmax-

The present results lead to simple design conclusions:
One might reasonably use tether radii over a sensible range
beyondR,,.; this range exceedsp, even if Ry, is well
below \pe (the highT./T; case; in terms of the ratio
R/Rnyax, the range increases rapidly with decreasigyy.
These conclusions are relevant for standard applications of
bare tethers, which find a plasma with Debye length and, to
some degree, ratid./T;, varying along the orbit. These

IOML

~ G( (28

gets too large. As suggested by other results below, valuesomments apply with even more force if the tether is used
for edp/kT,=300, 1000, and 3000 are quite close to eachfor orbit raising or lowering due to the large variations of
other. Actually, as noted in Sec. Ill, plots in Fig. 3 would be plasma density with altitude.

fully e®p/kTe-independent il /1y, replacedR/Ryay-

Figures 4a) and 4b) give |/l gy versusk/\ p, for a few

The conclusions may also serve in discussing the effect
of a plasma velocityJ relative to the probe. This introduces

values ofT./T; ande®/kT,. Note that the dependence on a new characteristic iofram) energy, which, for a tether
probe bias is indeed very weak. We also note that previousrbiting in the F layer, where Ois the dominant ion species,

asymptotic results on the limiR/Ap.—, at T./T;=1,

is large compared with the thermal energy,/2)m,U?

showedl /1 o), to approach a limit value that decreased with~4.5e\&kT,;~0.15eV. Note that this is not the case at
increasinge®p /kTe, 2 (I/1 gy — 1.2% T, /e®p, here being  higher altitudes, where Hions are dominant—antl? is

0.075, 0.041, and 0.024 fed /kT,= 300, 1000, and 3000,

somewhat reduced. In the F-layer the unperturbed ion distri-

respectively. Crossover points for the curves can be seen irbution function would be strongly nonisotropic, and the elec-

Figs.

4a) and 4b),

however.

The asymptotic ap- tric field nonradial.
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The OML current law, however, is still valid, being in- r;~R\e®p/kT;\T./T, for T./T; large or about unity,
dependent of both ion distribution function and cross-sectiofrom the zerod, R=R,,,, analysis of Ref. 9, and(lee
shapefjust replace R with perimetefw in Eq. (1)].® the  ~r,(latera)x ymU%/2kT, from simple wake consider-
law does not require a rotationally symmetric potertiahe  ations.
law just requires that the unperturbed electron distribution
function be isotropic, a condition well satisfied in our case, ACKNOWLEDGMENT
with (1/2)mU?<kT,; the high-bias limit law(1) is spe-
cially robust: It holds independently of that particular isotro-
pic distribution. The effect of a large ion ram energy would
then be a change in the domain of validity for the OML law.

We now recall that/l gy remains unity over som@nd

close to unity over a much Iargeparametrlc domain, mir- IM. Martinez-Sanchez and D. H. Hastings, J. Astronaut. &;i75(1987).

roring the faC'F that g /1, in (1) is independent OR/_)\De 2R. D. Estes, E. Lorenzini, J. R. SanmartJ. Pelaez, M. Manez-
andT./T;. This means that one could alter substantidlly Sanchez, L. Johnson, and |. Vas, J. Spacecr. Ro&®&t205 (2000.
. . . . 3 . Y

or the probe cross sectidkeeping its perimetgr thus fully l\RA- Et’,- EStgsv JH QE%Phlyosd ?g%(igg 31988’ J. R. Sanmam and M.

o e . artinez-Sanchezpid. .
mod|fy|ng the structure of the p_otentlal field, vynhout reaph— 43. R. Sanmaiti and R. D. Estes, J. Geophys. R#62, 14625(1997.
ing the boundary of the domain of OML validity, that is, S5w. Martinez-Sanchez and J. R. Sanrmarti. Geophys. Red.02, 27257
with no current variation. This is a case quite the opposite 0f6(1997). ) )
large spherical electron collectors as used in conductive teth—g-5 5( lsgagrgmam, M. Martinez-Sanchez, and E. Ahedo, J. Propul. Pogver
ers prewously flown. In predicting the new _domaln of valid- 75 Estes, J. R. Sanmartiand M. Marinez-Sanchez, J. Spacecr. Rock-
ity (instead of an actual value fd) one might use crude ets37, 197(2000.
models if conservative, although definite conclusions on thisiJ. G. Laframboise and L. W. Parker, Phys. Fluid 629 (1973.

oint must wait for a more careful analvsis J. R. Sanmant and R. D. Estes, Phys. Plasn&s395(1999.
P For th dit fi P y1/2 U2 | 0L, W. Parker and E. C. Whipple, Jr., Ann. PhysLY.) 44, 126 (1967.
or the conditions of interesg®p> ( m, ' IOH.S Hcondition E¢q(r)=0 in (11b) corresponds to a minimum af® (the

would be kept far away from the probe for all directions, profile tangent at point 0, when reached from above, crosses the origin in
with some (angle-dependentpotential structure similar to  Fig. 1). The quasineutral solution has no such property reaching 0 from
that shown in Fig. 1. In a crude model, one would ignore the Pelow, and breaks down there; use of the full E2), however, would

thermal character of the ram ener excent for the fact locally round the profile with no effect beyond the immediate neighbor-
non . - o ay, p hood of 0, which just appears as the no energy-barrier point closest to 1.
that it makes the ion characteristic energy angle-dependertresults forR,,,, from our analytical approach can be compared to numeri-
In a plasma withT;~T,, one should have effective ion tem- cal computations by Laframboise, who consideesb, /kT, of order
peraturek T;(eff)~(1/2)m U2~3(]<Te on the windward side, unity or moderately largéNational Technical Information Service Docu-

T-(eff)~T on the lateral sides. and. as argued below ment No. 634596J. G. Laframboise, “Theory of spherical and cylindrical
! e ' ! ' Langmuir probes in a collisionless, Maxwellian plasma at rest,” Univer-

Ti(eﬁ)NTeX V2kTe/miU ~0.2T,, on the lee side. Figure sity of Toronto Institute for Aerospace Studies Report No. 100, 1966
4(a), showingl/l gy >0.95 atR=\p,, for T¢/T; as high as copies may be ordered from the National Technical Information Service,
3, then suggests that a probe of radRss \ p, would collect Springfield, VA 22161. Figures 42 and 50_) in Laframboise’s_work give
current close to the OML value. Our estimate Toteff) on Rmax~0.98\pe at T,=T; and the highest biag®p /kT,=25; Figs. 6 and

. . 7 of Ref. 9 giveRy,~0.77\pe, Or about 20% too low, at the same
the lee side is based on the fact that, for other param(:"t(:"rsconditions. Differences are greater at still lower beb, /kT,=20 or 15.

fixed, the minimum distance ':efached by the ionsin Fig. 13y 3. M. Parrot, L. R. O. Storey, L. W. Parker, and J. G. Laframboise,
1, depends on the characteristic ion enetgye then took Phys. Fluids25, 2388(1982.
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