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Abstract

The problem of eledron saturation current for flush-mourted probe is treated on the
basis of the modd including effeds of various medcanisms of transverse conductivity and
anomaous diffusion. It is shown, that eledron current saturation is essentialy determined by
the plasma density depletion in the channel in front of the probe and by correspondng
diffusive fluxes. At the same time, the scdes of the depleted zone ae determined by the
processes of condictivity.

1. Introduction

Theory of a probe was developed by many authors (seefor example [1-3]) for the cae
when plasma density was assumed to be undsturbed. Models based on such an approach
describe only transitional part of I-V charaderistics, when modest paositive voltages are
applied to the probe, and ion saturation current coll ection. The situation is quite different for
large positive probe potentials, when electron saturation current is colleded. Plasma density
in this stuation is drongly perturbed, and this perturbation crucially determines all the
Processes.

Here further development of transverse anductivity model [1] is presented. New model
takes into acourt plasma density depletion and thus is able to describe the structure of
eledric fields and particle fluxes for the case of large probe voltages and predicts the value of
eledron saturation current as well asall the I-V charaderistic.

2. Model

We onsider a flush-mounted probe on the infinite plain conductive wall exposed to
magnetized fully ionized plasma, see Fig.1. Magnetic field B in plasma is assumed to be
constant and namal to the wall. We restrict ourselves to the 2D problem, so geometry
considered is dab o cylindricd. In dlab geometry probe is an infinite strap with
semi-width a; in cylindricd geometry probe is a disk with radius a. Plasma with constant
(but not necessarily equal) eledron andion temperatures T, and T; iscreded at infinity and
flows to the wall with soundspeed cs=[(Te+ yT)/m]"? according to the Bohm criterion.

Voltage V is applied to the probe with respect to the grounded wall (in the present
paper we focus on paitive probe voltages). Potential in probe danne increases
correspondngly and transverse dectric field arises. Processes of effective or red transverse
ion condctivity (caused by ion Miscosity, inertia or ion-neutral collisions [1,3]) drives ions
aaoss B away from the probe dhannel ontheir way paralel to B towards the wall. At the
same time dedrons are extraded along B to the positively biased probe. Thus, plasma
density is depleted in the probe channel. Perpendicular density gradient leads to anomalous
ambipdar diffusive flux. Situation is gationary: electrons coming from infinity along the
magnetic field are dragged across B by diffusion to the probe channel and then are olleded
by the probe; transverse motion d ions consists of two contributions, perpendicular eledric
field extrads them out of the probe dhannel, while diffusive flux has an oppaite diredion.

For modest positive voltages balance is established for dlightly perturbed plasma
density, since amomalous diffusion is quite large. However, for sufficiently large V density
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depletion kecomes sgnificant, and electron saturation current to the probe is limited by the
perpendicular diffusion flux to the depleted channel, i.e., by the value of the diffusion
coefficient. The larger the diffusion is, the larger voltage shoud be gplied to the probe to
read current saturation. Hence, models that consider density as undsturbed are valid for
modest applied vdtages. We a@nsider anomalous diffusion which is modelled by constant
coefficient D .

Initial equations for the analysis are the particle and momentum balance equations for
eledronsandions

0w, )=0 , 1)

0=-0p, +enl¢ —en[ﬁe XE] +R, , 2

m,0 Unii i) = -Op, —enO¢ + en[ﬁi XE] -00c-R, +R,, , (3)
where 71 istheionstresstensor, R, isthe dedronionfrictionforce

R, =051nmy, (u,H —uc”) , EC,D =nmy, (ﬁ,D —ﬁem) , 4)
and R, istheionneutral frictionforce

Ry = nityv, @y =1,) | (5)

where iy isthe dfective massfor charge exchange allisions, v isthe lli sion frequency.
The velocity of neutralsis assumed to be small er than that of ions.

The basic equation system Egs.(1-3) must be cmpleted with the set of boundry
condtions. At infinity ions and eledrons are moving along the magnetic field with sound
speal s, the density is equal to undsturbed density np and the potential is equa to the
undsturbed plasmapotential ¢ = (To/2€)In(T/27TMeCs?) with resped to the grounced wall. At
plasma-shegh boundry (z=0) the longitudina current coming from plasma must be ejual
to the aurrent passng through the sheah

- jH 2=0 = enscs _ens \ ]—;/27-[]719 eXp [_ e(¢5 + ¢_/’ _¢p)/7:3] ! (6)
where subscript s denotes that quantity is taken at the plasma-shegh boundry, ¢, isequa
to the probe patential V inside, or to zero ouside the probe dannel.

The system of basic eguations can be simplified. Particle ontinuity equations (1) lead
to current continuity equetion

00 =0 . (7
Longitudinal current density can be expressed from longitudina component of momentum
balance euationfor eledrons Eq.(2) asafunction o density n and pdential ¢ profiles

jH = _aH [D||¢ - (Te/e)Dn 1n(n/no )] = _JHDHW ) QU = ¢ - (Te/e)ln(n/no)_ ¢f . (8)

Expressons for transverse aurrent density can be derived from momentum balance
equation for ions Eq.(3). These expressons are quite complicated and are the topic of more

detailed forthcoming paper, so here we spedfy only two of them: for viscosity driven
transverse cnductivity for cases of slab and cylindrical geometry:

j :Li%’ i +£1n£ / :L_a 3,7 iDE,_a +£1n£ (9)
I B ox 0 ox’ e n T e Mor i or e n, ’

(where 71 isthe viscosity coefficient) and for the case of conductivity caused by ion-neutral
frictionfor arbitrary geometry

G, = -V DD% +Tfln”E . (10)

B e n,
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Substituting expressons (8) and (9) or (10) for current comporents into current
continuity equation (7) one obtains a system of two equations for density and pdential. Here
this system is written for the case of slab geometry

02n+ On UH()L,U

D— and 11
o oz e o D
1 92 0 92 T, +T, 9’ L,U
S +-<¢ ln— the case of viscosity) or 12
B2 ax2 %-’ ax2 @ % ( y) ( )
0
H'NZ'N 9 - a s L —~—+In— ‘l’ (the case of ion-neutral friction)  (13)
B oxp 6x
with the boundary condtions at |nf|n|ty and boundiry condtion at plasmaboundary
0 U
an(ja—lf . =en.c, —en,c, exp émin((pp -y, lnn, + ¢/)% : (14

For simplicity in Eqg.(11) it is assumed that longitudinal ion velocity is equal to the sound
spedl. Then the system of Egs.(11-14) isasubjed of numericd simulation.

3. Results

The system of equations (11,13) with boundry condtion EQ.(14) was Slved
numericdly for the cae when the transverse @nductivity caused by ion-neutra friction
dominates. Typical distributions of the potential and density are shown in Figs.(2,3) for large
applied vdtages. Longitudinal charaderistic scde of perturbation is close to
I||:}\mfp(m/me)”2 as was derived anayticaly for small probe patentials [1,3]. The
transverse dharaderistic scaeisalso close to the result obtained from the lineaized model [1]

Ré—]\/vﬁ-iction — \/ I’leViNnOIHZ / Bon _ (15)

The I-V characteristics are shown in Fig.(4) for two values of anomalous diffusion
coefficient. The slope of the transitional part of the I-V charaderistic is close to that derived
under the assumption d undsturbed density [1]. The values of the dectron saturation current,
obtained in the simulation, corresponds to the simple estimate

I ~2eD (6n/6x) ~2eD'nl /Ry , or I} =2keD'nl /R, (16)
where D’ isthe dfective diffusion coefficient, asit follows from Eq.(11,13), just the sum of

anomalous diffusion coefficient D and dffusion coefficient correspondng to ion-neutral
collisions

D= D+ PV (T, +T)/mia, . (17)
Expresson (16) is obtained from the assumption that the diffusion to the depleted
channel of dimensions |} and R, determines the saturation current to the probe. The exad

numericd coefficient k in Eq.(16) shodd be obtained by comparison with the results of
numerica simulationand is of the order of unity.

4. Conclusions

Structure of density and pdential distribution rea the flush-mourted probe is
determined by the cmbination d anomalous diffusion and ion transverse cndLctivity
(caused by viscosity, inertia or collisions with neutrals). For large gplied probe voltages
plasma density nea the probeis sgnificantly depleted. The dharacteristic longitudinal scdeis
determined by classca Spitzer conductivity and is equa to I":Amfp(m/me)ﬂz. The
characteristic transverse scde is essentialy determined by the type of transverse ion
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conduwctivity. The dedron saturation current is limited by the diffusion to the depleted
channel, therefore the value of saturation current is determined by the ratio of the anomalous
diffusion coefficient to the value of the dfedive anductivity. The calculations presented can
explain experimenta results for the flush-mounted probes obtained on many tokamaks, in
particular the observed small ratio of electronto ion saturation current.
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