PHYSICS OF PLASMAS VOLUME 7, NUMBER 6 JUNE 2000

Electron current to a probe in a magnetized, collisional plasma
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A collisional analysis of electron collection by a probe in a strongly magnetized, fully ionized
plasma is carried out. A solution to the complete set of macroscopic equations with classical
transport coefficients that is wholly consistent in the doma#RE/12, < (m; /me)*?is determined;

R andl ... are probe radius and electron gyroradius, respectivel??/lfgoc is large compared with
m;/3m, (probe large compared with ion gyroradiugon—electron energy exchange—rather than
electron heat diffusion—keeps electrons isothermal. For smaller probes at negative bias, however,
electron cooling occurs in the plasma beyond the sheath, with a potential overshoot lying well away
from it. The probe characteristic in the electron-retarding range may then mimic the characteristic
for a two electron-temperature plasma and lead tamegrestimateof electron temperature; the
validity of these results for other transport models is discussed20@0 American Institute of
Physics[S1070-664X00)00206-9

I. INTRODUCTION bersome if complete but allows clarifying a point in the ki-
netic analysis that appears uncertain when reexamined,;

There is no established theory of electron collection byyhether the electron collection process has an isothermal

probes in strongly magnetized plasmas. Difficulties arisesharacter. We prove here that a dimensionless length param-

from the ensuing strong anisotropy in charge transpest  eter determines electron behavior in this respect. Our analy-

sential to the working of probes as particle sinkand the  sjs is shown to be valid for

associated fact that, no matter how small the Debye length ) 3

Ape, perturbations reach far from the probe. Basic 1<(Rllee) "< (m; /me) %,

coIIisionIesé‘3 and turbulerf‘t‘ﬁ models do not describe how Wherelegc is the electron thermal gyroradius amlis the

faraway current perturbations die off, and do no lead to defiragiys of a disc normal to the magnetic fidd(or the pro-
nite predictions for electron current, while a purely colli- jacted circular area of other type of probe, say, a sphere
sional model may be too requiring as regards perturbation  ithin this parametric domain we find that electrons do

. -9 .
distances® _ _ _ keep isothermal for
In addition, the variety of parameters involved in mag-

netized plasmas allow for quite different probe regimes. Col- m;/3me<(R/le..)?,

lisionless analyses may consider highly positive probe biasith ion-electron energy exchange, rather than electron heat
corresponding to possible uses in unbounded, cold, rarefiegiffusion, accounting for that condition. At loweR/l,.. ,
space plasma$, with new and important applications of electron cooling occurs below some value of probe Hias
probe theory:' Recent ionospheric experiments suggest thathis might affect the interpretation of probe data. In Secs.
spacecraft velocity, though highly subsonic as regards elegi—|v we obtain a fully consistent description of the pertur-
trons, may have a substantial effect on electromations caused by the probe in a collision-dominated outer
collection;*"**and that electrons in the plasma beyond theregion: closing boundary conditions are established in Sec.
sheath get hotter in the collection prOCé%_é? Collisional V. In Sec. VI we discuss our results and Suggest they m|ght
theories usually consider negative or slightly positive bias, age applicable to other transport models.

appropriate for bounded, hotter and denser laboratory

plasmas® New types of Langmuir probes use the ion branch

of the probe characteristic at the edge of strongly ionized!- COLLISIONAL EQUATIONS

fusion plalsgma$Mach ?‘nglelfSh mountegrobes to measure We consider a fully ionized plasma in the presence of an
ion fIO\{\/S' and density," respectively but the need 10 hiform magnetic field along the-axis of cylindrical coor-
determine the electron temperatufg. remains. Unfortu-  ginatesr, 9, andz We assume a steady, collisional regime
nately, ther_e |sono complete and satisfactory theory of elecy;ip, strongly magnetized electrons,e, /. ~Qere>1,

tron collection’ _ o _ where Q.=eB/m, is the electron gyrofrequency, and..

~ Here we reconsider the collisional model of a fully ion- 54 )\ - are unperturbed electron collision time and mean
ized plasma using a macroscopic description instead of thgee nath, respectively. We consider the electron current to a
old kinetic descriptiorf. The present approach is more cum- probe of radiusR>1... and look for a consistent solution to
the complete set of macroscopic equations with classical
3Electronic mail: jrs@faia.upm.es transport coefficients. Dimensionless results in the solution
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may only depend on paramete3®p,/kTe.., Tiw/Tes, and
ion charge numbe®;, which we take of order unity, in
addition to the large parametexs,./l¢.., R/l ¢, andm;/m,.
We take the relative orderinge.,/l..=0O(R/l..) and, for

simplicity in dealing with ion transport, ions moderately
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—Zied(r,z) 5)
n(r,z)=n, exp —=———1. ‘
(r.2) T (

The electron momentum equations read

JPe P Mg dTe
magnetized at least, Ao /1 ee=0(/M; /Me) = Neoo /0o =7 €5, = R,—— ao(Zi)T—veZ— Eo(Zi)nkE,
= 0O(1). No sheath analysis is required, the quasineutrality N
- : ; (6)
condition being used throughout some outer region, and .,
Ape (<R) actually not entering the results. CeBro. —R. men B1 kﬂ 7
The steady continuity, momentum and energy equations EBMWer=Re— Te Veo™ Q ar’ ™
for ions or electrons¢=i,e) read
_ IPe b
V-n,w,=0, (1) eBrugy=——-+en—-. ®
m,n,v,-Vo,=—Vp,—V-II,+e,n, (E+v,/ \B)+R,, In Egs.(6) and(7) we used ansatzei), (iv), and(vi); in Eq.
2 (8) we used ansatzen), (v), and(vi). In Eq. (6), ag and B,
5 are Ohm and Seebeck coefficients given by Bragirfékin
V'[(mavaJrEkT +e,®|n,o,+q, +10.-0 the right-hand side of7) there are only Ohm and Nernst
2 2 ¢ Tenpreres Aen e na terms(with 8,” = 3/2); there is no Seebeck term because
= = dT./96= 0, while the collisional Hall effect ends out to be
=Ra 04+ Q. 3 smaller than the Ohm effect by a factor of order(\ ..) >
where we havee /Z,= —e,=e, E=—V®, p,=nkT,, (We used corrections to Braginskii's results from Ref).24

dl96= 0, andZ;n;~ n.=n (quasineutrality. The stress ten-
sor in the viscous force Fm —-V.II,, given by
Braginskii?2 involves five viscous coefficientsyy— 7,) for
each specie®

The ion—electron force; R;=R.=R, has a tensor char-

acter, and is made of terms linear in eitherv,—v;(Hall
and nonisotropic-Ohm effedgtsor VT, (thermoelectric
Nernst and nonisotropic-Seebeck effecBne also has

Qi, (4)

with Q; « (T,—T,). The electron heat quEe is again made

ﬁe'v_e"'Qe: _ﬁi’v_i_

of terms linear in eitheV T, (Righi—Leduc and nonisotropic-
Fourier termg or u (thermoelectric Ettinghausen and

nonisotropic-Peltier terrr)swherea:ﬂ only involves terms
linear in VT,. All coefficients are given by Braginskfi
(with some corrections by Epperlein and HaffesThe for-

malism in Ref. 22 proves far more convenient than alterna-

tive transport formalism&

IIl. MODEL REGIME

In solving Egs. (1)—(3) we make several ansatzen,
shown to hold within some parametric domain in the next

section. We take as neghglbl(e) m v againstkT,; (i)
VTi; (i) Fyir 5 (iv) v; againstve; (v) Ry ; (vi) the electron

viscous stress tensd)'fe, and (vii) R- v; againstQ; . We can
then separately solve the i(mmomentum equation inf2)

and all three Equation@l)—(3) for electrons, which become

The electron collision time, given in Ref. 22, takes the local
value 7= 7. T2 n,, I T3,

Equations(5’), (6)—(8) are now used to eliminate and
Nv ey and obtain the particle fluxew o, andnv, in terms of
®, T., and theirzandr gradients. The continuity equation
(1) for electrons then provides a first equation relatingor

n) andT,. Introducing dimensionless variables,
~ I -z RO 7o
r=g ZEL—Z, (LZE \/a—o ) 9
—zm(i)=aszzzie®, T=at F=2% (0
n. KT, C Te " Te
the continuity equation reads
1 (A )
1o|~expg—®)| [~ Ti|od T
e 7 7} -0
(11

Next, the energy equation for electrons, using E4).
and ansatzefi), (vi), and(vii), becomes

uncoupled from the remaining equations. Taking into ac-

count ansatzefi)—(v) the first equation reads

kTix on dd 5
z o " ®

Using the boundary conditions—n,,, ®— 0, asr—» at
fixed z, Eq. (5) gives

5 — — 3m,  T.—T;
EkTe—ed) NUetQe|=—Qi=— ey nk P
I e
(12
with
Je =—70(Z) nka +,BonkTevez, (13
. 7:,L(Zi) Te ‘ﬂ—e ﬁi

Qer——?;gﬁn Ko T Qur NkTeveg- (14)

Here,y, and vy, are Fourier coefficients, whil@, is now a
Peltier coefficient. Only Fourier and Ettinghauseg;’()
terms appear i1i14); there is no Righi—Leduc term because
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dT.190 = 0, while the Peltier effect is smaller than the Et-

tinghausen effect by a factot, /\¢..)*. Takingn, nv,,
andnuv, from Eqgs.(5'), and(6)—(8), and again using dimen-
sionless variableg12) becomes

T+Ti°°
e Z_|

i—l-3/2

0z

Z; 9z
Lo en-B)) (o +Tim (? T c“ia)ac”i)
=T = e - 5| =
roor T3 )\ Z 2] gr
. 11 - T ®| T,
2 e g e

3m.R? exp(— D) =
miz, qaE e

12)

In Ref. 7,T. was considered uniform, thus ignoring E#2')
and simplifying Eq.(11).

IV. VALIDITY OF THE MODEL

The analysis leading to E@l1) provides values for the
characteristic length along and for all components of the
electron velocity,

R
LZ’V RQeTewN)\eocl_r (15)
ex
New

Uez7Vep™

ex .
i —- X electron thermal velocity.
ex

R
(16)

Uer™
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equation(1) for ions then yields a characteristic value for
vir - Using now Eq.(16) allows comparing ion and electron
velocities,

2 32
Viz UVig Ui R(me)

o (20)

ex

and determining characteristic values for all inertia terms in
the momentum equations,

e—inertiaterms 12,

dominant terms  R?’ (213
i —inertiaterms R2? me o1h
dominant terms 12\ m; | - (210
We can also determine a characteristic valueRpr
Ohm, Seebeck and collisional HaR,-terms 12,
termsin Eqs(5,8) A2
(22)

again, there is no Nernst term R, becauseIT./d6 = 0.
We then obtain

Ru RZ(me)W 23
Qi I_(Zaz m)
We next find

Fir-term B /% (24)
termsin Eq (5) m;’

where
1 Jd &U|9
vir = r (9|’ 773 ar y

the 5, term inF;, vanishes, thej, term is small by a factor
Jmg/m;, and», and n, terms are small by a factor of order
l e /N o @t most?? Concerning the electron viscous terms we

These results may be now used to verify the ansatzen of tHéd

last section. As advanced in Sec. Il, in the analysis of ion
transport we assume that ions are at least moderately mag-

netized,

\/E

e

) . (17)

Under ansatzefi), (iv), and Eq.(5"), the two missing ion-
momentum equations become

R,=F,; i r &U'Z (18)
z= Foiz™ I’ﬁl’ 72 ar
Ry=Fopos L[y Pie] (19)
0 vif 0—,r rm—— ar

In the viscous forcd=,;, we find thatzy and n, terms are
smaller than the dominang, term by factors of ordem,/m,;
and (e, /N ex) yMa/m; , respectively, whilep, and 5 terms
vanish; inF;,, 79, and n, terms vanish, andy; and 7,
terms are small by a factqm,/m; .?2

Equations(18) and(19) lead to characteristic values for
vi; andv;, when Eqs.(6) and (7) are used. The continuity

veZN FveHN Fuer . i (253)
I:UiZ FUiH &pe/&r R2 '
IT,—terms 12
(25b)

pe termin Eq.(3) T RY
Finally, we note that the dominant term in E®) for ions is
that part of the heat-flux divergence arising from the radial
flux,

19

O~ —
r or

aT
2o Mir s | Qir ™ —=Ti(r,2)~T.,
with a small correction arising from th@; term,

Qi

. R2 Me 3/2
— — . 26

Relations(20)—(26) concerning ansatzem—(vii) in Sec. lll
show that our model applies for conditions

m;

32
me) ’

2
1< :32—<( (27)

00
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2

022 s

eeoc

1<

— >1). (17)

ex
Note that our simplifying assumptiofl7) is more stringent
than condition(17’).

V. MODEL CLOSURE

Equations(11) and (12') determine® and T, when
boundary conditions are given. Only one half-space, zay
> 0, needs to be considered. Obvious conditibmstten in
dimensionless variablggre then

®—0, To—1 asz—wor T—x, (28a,h
b 9T, -

—=-—==0 at r=0, (29a,h
ar ar

b 9T, - -

—=—=0 at z=0, r>1. (30a,b
Jz Jz

Conditions atz=0, T<1 require detailed consideratién.
Equations(11) and (12') describe an outer flow with
collision-dominated electrons having density given (BY),

as a result of both quasineutrality and the fact that dominant ,

radial gradients make ions follow a Boltzmann law. All this
fails in some inner region adjoining the probe, wibly ¢d>p

in particular; we shall use subscript 0 for valueszat0, t
<1 . The ration., /ng, though possibly Iarge will be shown

to be small compared withR/l.. As z=z/L,—0, then,

there is a first transitional layer at distances from the probe of,

order of a local mean free patihgg~Ng.oXN,/Ng<<L,.

Next, there is a collisionless layer where the ion Boltzmann-

law fails, at distances~R<<\ ¢, (R/\ ., taken of order unity
at most in Sec. )l Finally, quasineutrality itself fails in a
sublayer embedded at-local Ap.. Multilayer structures in
magnetized plasmas next to walls have been discussed
other respects as fully one dimensioffal?®

Throughout the inner layers, which are thin compared to
the outer regionz-gradients are steep, and the electron con

tinuity equationV - nv=0 giving rise to(11) reads

17

- (31a

Nv~0, —>nveZEJ’ fev,,dv=const;

here we introduced the electron distribution functibn
Similarly, the energy equatiofB) for electrons, which gives
rise to(12'), yields

1 5 -
(Emev§+ EkTe— e(I)) NU e+ Qe+ (Tle ve),

1
Ef feuzdz(zmevz—eb) =const;

the right-hand side of3), or (12'), is clearly negligible
throughout the inner region except for Iargme’Rz/milgx,
when (31b) will prove unnecessary. Two boundary condi-

tions forz=0, T<1 can be obtained from Eq$319 and

(31b

Electron current to a probe in a magnetized . . . 2625

(31b); in (319, for instance, we need equating., o , which
may be written in terms of the outer solution, to the value of
Jfev,dv at the probe.

Note now that, ford,>®d in the solution, electrons
coming into the inner region move up an energy hill. In the
limit e(®y—Pp)/kTo—0o0, the probe, even though per-
fectly absorbingnowv,> 0 electrons az=0"), would act as
a perfectly reflecting wall for the bulk plasma, with the elec-
tron current that reaches the probe from the outer region
vanishingly small. Thenf, would be a Maxwell-Boltzmann
(though truncateddistribution throughout the collisionless
layer, and fully Maxwellian, but for a vanishingly small cor-
rection, in the outer region.

From the continuity of the solution on boundary condi-
tions, we now expect that, f@(®y— Pp)/kT.y logarithmi-
cally large as found below, only the positivg-tail of the
distribution function in the collisionless layer could differ to
dominant order from the truncated Maxwell-Botzmann
value. In the transitional layer we would have

n/ng~exd e(®—dq)/ KT,

a result in conflict with Eq.(5") (valid within this layejy
unless® — & vanishes there. Thus, the only dominant phe-
nomenon occurring at~ A\ is the evolution off, from a
Maxwellian truncated atv,=/2e(®y—Pp)/me as z/Aq

0, to a full Maxwellian plus a small current-carrying dis-
tribution asz/\— 0. The potential will increase frorbp

at the probe to somépositive) value @, over distancexz
~R, and stay nearly constant at-\., only approaching
zero in the outer region.

Using the Maxwell-Boltzmann distribution truncated at
= 0 to evaluate the integrals 819 and (31b at the

probe we find
e(®y—dp)| 1 [8KT
(Po )}X eO, (314)

kTeO Me

Nvedo=—No ex;{ —

i 5
n
! (EkTeO_e(I)O Xnvez|0+qe1):(2k-re0_eCDP)nUeZIOa
(31b)
with
No="nN. exp(—Z;jedPy/KkT;.,). (32

In writing the left-hand side of31b") we used Eq(3) in the
approximation(12), valid in the outer region. Note that con-
servation of momentum flux in Eq2) throughout the inner
region, will in general involveV® (rather than® itself)
through the termnd®/gJz; since V& is unknown at the
probe, no outer boundary condition would ensue. Wiith,
andq, taken from(5’), (6), and(13), Egs.(31d) and(31kK)
provide two relations for the outer solutionz£0, r<1 ,

3 s +1)ﬁe 1(? +Tiw>acT>

e0 0 (9’2 . 2 e0 Zi 1“7’2 .
. [£7)) R eCI)p 1 ,__,l_ +:’rioc a) 33
“Nami, i 5, 1ot 7 =, %
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1

2
0

9D

/3’+1
9z 0" 2

- T
Te0+ Z

IT,
Botl)—
Jz

0

ITe
=T @Yo =
0z

1 ( eq)p Tim&)0>

== 33b
TeO kTeoo ZZl ( )

0

If boundary condition(33b) were just ignored and 0.1 ]

taken as uniform, one would finefb/5z|,<0 in (333, mak-
ing ®, a maximum of the potential; this hill value, both
positive and larger tha®, for a range of probe bias, was the
potential overshoot first noticed in Ref. 7. However, when
both (338 and(33b) are taken into account, arbls is nega-
tive enough, one finds®/4z|, as well asiT./dz, positive;
this means that the potential hill lies well inside the outer 0001 —r—+F+
region. Note next that, foed®,/kT,, negative enough at 6 5 432101 2 kTeoo

fixed Rile., both ¢ and T_e_ 1 Var,“Sh Wlt_h Rile. FIG. 1. Electron current to the probe normalized with the undisturbed ran-
X ePp/KTe. X expledp/kTey). Finally, write the right-hand  gom current to a two-sided projected arga=2wR2. Values of dimension-
side of (339, with the large factoR/l..., as less parameters atg=T;,, /Te..= 1, 3M,R%/m;|2, = 0, andR/l...= 4 (line

a), 10 (b), and 25(c)

0,01 -

eD,

RHS of Eq.(338= 1/~ exg In-- - 21500
OEa(338= N g A I~ kT
e(by—Pp) spatial extent of the perturbationk (- \...R/l¢..) but disap-
s ol (34) from th Its. O lysis did i diti
kTeo pears from the results. Our analysis did impose conditions

New/le=0(ym;/mg), for easy handling of ion transport in
model validation, and\..,/R= O(1), for a general separa-
tion of the transitional and collisionless layers lying next to
the probe.

Condition (27) on probe size allows arbitrary values of

now using dimensional variables for convenience of discus
sion. Clearly, for fixeded /kT,.., andR/l,,. large enough,
@, will vary as InR/l,.,); in order to satisfy(33g the bracket
in (34) must vanish to order Iile.), a condition rewritten

as 3m.R?/m;12, . If this parameter is large, EqL2') just yields
e(dy—Dp) Tiee R Zed, Te(z,r)zT!m (elgctrons keep isothermal thro.ughout collec-
KTy Tt ZTw| M k7o |- O(1) tion), also implyingTe..= T;.. [the large collection length,

(35 in (9) requires a plasma so extensive that collisions make for
equal undisturbed temperatuteBor EmeRZ/milgoo of order
unity collection is nonisothermal bit..,, andT;.. need still
- R be equal. Nonisothermal collection wifi.,/T... arbitrary
|”n_o - '”E =0(1). (85)  corresponds tor8,R¥m;12, negligibly small.
Clearly, the analysis of Ref. 7 is only valid for the large

3m.R?/m;|2, regime. Note that, withT(z,r)=1 in (33a),
parametere®,/kT,., andR/l., enter the solution for this
regime in the single combinatia@¥ , /kT,.. + INn(R/l,). That
solution will naturally not satisfy conditiof83h), as a result

of our having dropped all derivatives in the right-hand side
Ziedp R of (12'). This irrelevant boundary-layer effect is clarified in
m - '”E =0(1), (36) the Appendix by solving the general linear problem obtained

at large and negative® /kT,.., andthentaking the limit

where, certainly,e(®o—®p)/ kT is not logarithmically 3mRYm 12,
’ . ex .
large. Note also that fobo=dp, Eq. (35) givesn../ng Figures 1—6 show currerf and potentiatb, and elec-

~Rlle., or hep~L,. Our analysis, therefore, breaks down o temperatur@, “at the probe” averaged over its cross
on both counts before overtaking occurs. We might reasonsection

ably use our results right up to overtaking but not beyond it.

Tix
1— —
ZiTeO (DO

Equations(35) and(35') showe(dy— D)/ kT, to be loga-
rithmically large, and_,/\ o~ (R/l &) X Ng /N, , to be large,
as advanced.

Equation (35) also suggestsb,—®p will decrease as
®p increases, withbp overtaking®, at

and, using(32), as
)
1+ P)

R
VI. DISCUSSION OF RESULTS |—2fo 2ardrx(=emedo),
Boundary conditiong33a and (33b) introduce dimen- R R
sionless parameters®p/kT,. and R/l.., in addition to (q)o)Ef Do2rdr/R?, (Teo)Ef Teo2rdr/R?,
Tiw/Ten, Zi, and 3n.R2m2 (~R2/I2)), appearing in 0 0
Egs. (11) and (12'). The Debye length does not enter the up to the bias yielding<®,>=®. In Figs. 1-3, we set
analysis. The undisturbed mean free pagh determines the Z=T,../Te.=1, and 3n,R’/mil2,~ 0, and took moder-
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ed, I

kT, [ — 1

18 ;
16
14 .
1,2 .-' ——a 0,1

1 —e—b
o8] o | == c
0.6
0.4 0,01
0,2

0 ed®,
02+

654321012 kT, 0,001 —— . T

6 543219012 e

FIG. 2. Normalized potential at the transition between outer and inner re-

gions averaged over the probe cross section. Dimensionless parameters asi¢. 4. Same as in Fig. 1. Values of dimensionless paramefgrs:1,
Fig. 1. R/l .= 25, WithT;., /Te.= 1 and 3n,R¥m;12, = 0 (c), 1 (d), and= (e); or

Ty /Teo= 0.3, and 81,R¥mi12,= 0 (f).

ately large values oR/l,: 4, 10, and 25. In Figs. 4—-6 we
took Z;= 1, R/l g.= 25, With T;,. / Te.= 1, and 3nR%/m;1Z,

= 0, 1(1.02 forH iong), and« (here the formal limit that
corresponds to setting.=T,..). Also shown in Figs. 4—6
are results forT;,,/To,, = 0.3 and B.R?m;l2, = 0. We
note that lowT;../Te. and highz; effects are roughly simi-
lar.

m¢./m;, cooling and current reduction would be greatest at
some large, intermediate value of the rafif .. .

The decrease of current with the parameter
3meR2/miI§m (Fig.4) relates to the cooling. Ignoring the
variations of®, and T, across the probe cross section one

. . . . may use Eq(31d) to write the approximate relation
Our results show cooling at negative bias that is stronger Y q(314) PP
Teo e(@o—Pp) edy
— +const,

the smaller 81,R?/m;I2, but also the largeR/I..; a mini- Inl~ 1 | B
mum of <T.,> occurs atedp~ —KkT,.,, with heating set- ni=sns— KTeo KT o
where | decreases with both increasinp, or decreasing

Tew
ting in around zero bias. At IowrﬁeRzlmilgm, the potential

Teo- As one reducesr.R?/m;|2, from the large values cor-
esponding to results in Ref. 7, the effecbg decreaséFig.

<®d,> is very small in the bias range to the left of the
<Teo> minimum, when the potential overshoot occurs far

) has on the current is more than balanced by stronger cool-
Jing (Fig. 6).

away from the probe. Current reduction is again stronger th
Next, note that the slope in the lln®p graph can be

12
btained from Eq(37),

(37

largerR/I ... but also the smaller8,R?/mjlZ,,, although this
last parameter has no sensible effect on the “saturation
current at positive bias. Note that, at a fixed mass ratioO

TeO
1,6 —
T T, ' ed,
S 22—
L B i W
] "y
1,24 - - :
A I (- K S AU A I O c
1 d
—+—e

081 -

. f
067 - : e
1 S eD,
0,4 T T T T T T
6 -5 -4 32 -0 2 Mo e®,
kT

FIG. 3. Normalized electron temperature at the transition between outer and
inner regions, averaged over the probe cross section. Dimensionless param-
eters as in Fig. 1.

-4

-3

-2

ex

FIG. 5. Same as in Fig. 2. Dimensionless parameters as in Fig. 4.



2628 Phys. Plasmas, Vol. 7, No. 6, June 2000 M. Charro and J. R. Sanmartin

<T > ACKNOWLEDGMENTS
e0

- - This work was supported by th@omisian Interministe-
451 1. Vel o X rial de Ciencia y Tecnolog of Spain under Grant No.
’ PB97-0574-C04-1.

e

13 ] APPENDIX: HIGHLY NEGATIVE PROBE BIAS
...... c

111 d As noted in Sec. V, botfb andT,— 1= 5T, are small at
] — g logarithmically large and negativeP /kT,,,. We may then
E f linearize Egs.(11), (12') and boundary condition$33a),

0,9 - . )

] (33b) and introduce Hankel integral transforms,

07 B (2)= f B 3 Io(G) T, (Ala)
1 o ‘ ed, 0

05 — kT o o B
6 5 43 2 -10 1 2 e d(r,z)= fo ®y(2)qJo(qr)da, (Alb)

FIG. 6. Same as in Fig. 3. Dimensionless parameters as in Fig. 4. . - . ~ .
9 P 9 with similar expressions foéT,; here,J, is the Bessel func-

tion of the first kind and zero order. Boundary conditions at
T=0, T— are then automatically satisfied.
Equations(11) and(12') with ':I'ixz 1 now become

?jllrn”%[ _( * eo)jio k? AR e PPN 2| 6T,=0, (A2
P Tex) d®p| kTeo Z—i@_q ( ,30)22 . (A2)
1 e(®y—Pp)| 1 dT
H3t R | TS d, @9 z+1f(5 | d s
e0 e0 P Z— §+B0 @—q (I)q
I
The sloped In I/d®p~€e/kT,, at ®p negative enougtiwith
Oy ~ 0, Teg=~ Te) is inversely proportional to the unper- 5 7 5 d? 11 N =
turbed electron temperature, as in unmagnetized plasmas. At 2| agyot §+ 5130+'30 §+ 3_271 0Teq
higher bias, however, one might expect that cooling would
result in the slope increasing with decreasing,B%/m;|2,, B 3meR2 -
but Fig. 4 shows otherwise. This clearly arises from the fact ~—  m|? OTeq- (A3)

1" ex

that cooling is®p-dependent, the last term i{88) being , i
negative to the left of th@ ., minimum. For intense cooling | "€ characteristic equation for systeh2), (A3) has two
(largeR/1..), the slope tilts upward a®p increases beyond Negative roots,—#,(q) and —7,(q), and two positive
that minimum, producing a lhvs @ profile that is concave 0ots. Using the boundary conditions farc , we may
upward (Figs. 1, 4, a feature found in some experimétits Write
Slr;ir:;sspjl?goe.d in unmagnetized, two electron-temperature B o= As(Q)exH — 717) + Ax(Q)exp — 7,7),

The potent'ial oyershoot in the magnetic shadow 'of a 5-”|-eq: B1(q)exp( — 712) + Bo(q) exp — 7,2),
probe was noticed in Ref. 7 through a careful analysis of
transport in collisional, fully ionized plasmas; the first ex- By Z+1 77j2_q _12 (Ada). (Adb
perimental evidence of overshoot, however, was found by A ©Z 2(1+Bp) 77j2+q2, j=12. (Ada), (A4b)
Kawaguchi and TanaRain weakly ionized plasmas, after
Nigoyi and Cohen had shown that the same overshoot ex- . e
isted under weak ionizatichWe now suggest that the new Finally, using ®(r,z) given by (Alb) and the corre-
features discussed above may similarly be present und@Ponding expression fa¥T(r,2) in the remaining boundary
other transport laws. Anomalous, turbulent transport such agonditions,(30a), (30b) and(33a), (33b), one finds two dual
Bohm diffusion would mainly produce a shadow characterintegral equations,
istic length much smaller thah, as given with Eq(9), but ~ ~
L, does not figure in the results. Replacing E¢8—(8) for f (71A1+ 7,A5)qd9(qr)dg=a for r<1,
the radial flux by Bohm’s Lawwith its different dependence
on Q7= T>%n) would also modify Eq.(11), but should (=0 for T>1) (AS)
only affect results to some quantitative degree. Nonetheless, '
uncertainties in modeling the energy equation, while keeping( ~
full consistency in the overall model, make the extension of/
our results to turbulent transport a difficult though challeng- 5 (AB)
ing task. (=0 forr>1).

2

(71B1+ 7,B2)qdo(qr)dg=b for T<1,
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