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ELECTRIC PROBES AND NEW METHOD

BY
M.M. Masoud

Plasma Physics and Accelerators Department
Nuclear Research Centre, Atomic Energy Authority

13759, Cairo, Egypt.

ABSTRACT

The unbiased floating double electric probe
technique for measuring plasma parameters
has been discussed theoretically for non-
magnetised plasma. The single and double
probes basic foundation are presented. The
applications of the methcods to determine the
plasma parameters from experimental results
are reported.

1. Introduction.

The attemp to determine characteristic properties of
the plasma gas discharge by electric probes was one of the
first ways in which physicists tried to study such dischar-

ges.

The earlist work simply involved measurerent the pot-
ential by an insulated probe upcn its insertion into the
plasma. Langmuir et al,. 1 proposed that, the prebe poten-
tial should be externally varied and one could then deter-
mine a large number of promrtices of the plasma by analyzing
the resulting behaviour of the current collected by the
probe. This theory was developed and experimentally veri-

fied in series of articles -5

The main disadvantages of the simple Langmulr probe
is that,large electron current can be drawn from the plasgma,
also the probe has to be connected to some external poten-
ial source,thereby seriously change the properties being
measured. This can be overcome partially by using a double

probe.

The double probe consists of a pair of ordinary Lan-
gmuir symmetric probes inserted into the plasma as close
together as possible, consistant with their sheaths not
overlapping. The over all assembly is allowed to float
electrically, but a potential difference is placed between
the two probes 6-9 . Since such assembly has the advantage
of making the measurements independent of the acutal pot-
ential of the ambient plasma but still each probe indivi-

dually disturb the plasma in his region.

The minimum disturbance of the electric probe can be
achieved by using a double floating probe,where the probes
are not subject to any external potential. The plasma space
potential is used to determine the probe characteristics,by
different load resistors on the probe ocutput. This method
is useful for the pulsed discharge, where the correction
factor due perturbation can be neglected, and reduces

the numbers of the experimental shots.

2. Single Probe :—

consider an isolated plane probe immersed into the
plasma, due to the high mability of the electrons, they will
reach the probe and its potenital becomes negative. This
will forms a sheath of positive ions surrunds the probe,
Figure {1). The space potnetial formed will prevent more

electrons to reach the probe.



Since the main function of the proboe depends on jits
current-voltage characteristics, so the basic circuit used
is shown in Figure (2). There are different geometries of
the probe, but here plane probe is coensidered,althceugh
cylinderical or spherical are experimentally prefered.
When the probe potential is negative with respect to the
plasma, the space charge sheath of the positive ion is
formed to compansate the potential difference between the
probe and plasma. The sheath layer appears as a dark re-
gion increases with the increase of the probe potential.
For a probe with high negative potential, it collects
positive ions current, depends on their concentration.
With changing the probe potential from negative to positive
value, with respect to the plasma, the voltage-current
characteristic curve of the probe is obtained, Figure(3).
The probe characteristic curve consists of different

regions A-B-C-D-E, discussed as follow:

(A)  When the probe is sufficiently negative with
respect to the plasma, only the random positive ion cur-
roent (Ii) is collected, and the space charge surrounds
the probe will absork the potential difference and screen

the probe from the plasma.

(B-C) When the probe potential is made less negative,
at a point B, e¢lectrons start to reach the probe beside
the positive ions, and the probe current decreases with
gradual increase of the probe potential. At a certain
potential, C, the collected electron current is cquals to
the positive ion current and the current flows through the

probe is zero.

(C-D) At that region the electron kinetic energy is

sufficient to overcome the retarding force of the probe

potential. Hence the electric probe current increcases
with the increase of the probe potential.

(D-E) At the point D the probe potential is at the
plasma potential, i.e. the space charge disappear, and
the probe will be in contact with the plasma and will
collect both random thermal current of the electronsand
positive ions. With the increase of the probe potential

a saturation current is reached at the point E.
Further increase of the probe potential will accele-
rate the electrons which will increase the probe current

due tco collision and other processes.

Theoretical back ground for calculation of the electron

temperature and density.

Assuming that the particles have a Maxwellian dis-
tribution, then the electron density (nv)for electrons with

velocity greater than v can be exprssed by the relation:

2
m v
n_=n_exp -~ € veee (D)
v 2KT
e
where:
n, is the plasma electron density,
m, is the electron mass,
k is Boltzmann's constant and
Te is the electron temperature.

The electron collected by the probe are those with a
kinetic energy greater than the retarding electric force,
j.e.l mov2 > eV, where V is the probe potential. tlence the

2
collected clectron current density, Jcc' by the probe is:



= = wp —{eV/kT [P (2
JuC JV Je exp —{ev/ e) )
where
J is the random electron current density at the
C
sheath edge, dirccted towards the probe.
l -
= = n
JU 7Yl (1)
whoere
v is the average thermal {random) electron vel-
ocity within the plasma. For Maxwellian dis-
tribution.
" 5
= . 4
v {8 kTe/ n me) (4)
= 5
then Je =n_e (kTe/Z ﬂ'me) N (5)

The total collected current by the probe:-

Ic - Iis * Iec
= It IGS oxXp «(ev/kTe) . (6)
where:
L. = Juch = 30 exp-{ev/kT ) e (7}
l(i,c)s is the saturation currents for i or e,and

1) is the probe surface area.

Estimation of the electron temperature:-

From the characteristic curve of the probe,one can
evalaute the electron temperature using equaticn(6}. By
substracting the ion current Iis and drawing the curve of
loyarithm iu versus V give a straight line for the region
B - E , Figure (4), the slope of that line is e/k’l‘C from

which 'I‘C can be estimated:

[c = IC - IsL: Ies exXp - {uv/k[u} N (8)

d(ln Ie)/dV' = -e/kTe ‘e (9)

Estimation of the electron density:

The electron density can be estimated using ecquat-
ion (5) , where the electron temperature '1"Q has been dete-

rmined previously, then :

- - Tmy?
Iog =g A =n_ A KT /2T m) cee (10

The saturation electron current is determined from Figure
(4), the peint D.

Ion temperature estimation:-

For most of the laboratory plasma, the electron den-
sity is equals to the ion density, i.e. n, = R, The ion
saturation current is the probe current at the point A
Figure (3):

I, =n, Ae (kT /Zﬂ'm.)t .o (11)

is i i i "

In this relation IIS' ni, A and mi are known, then

"[‘i can be estimated.

Factors affecting the probe measurements:-

The probe theory depends on the collection of charged
particles with certain energies by the probe, and the
current density of that particles determine the plasma
paramcters. For particles with specified energies, the
distribution function detetrmine their densities. The

collection of these particles depends on the effective



potential configuration affect them, where probe potential
and space charge as well as other physical processces are con-
sidered. The probe circuit measurcs the current flows
through it, hence the current density depends on the probe
and sheath surface areas beside the trajectories of the

moving charged particles.

The previous picture shows that the factors to be
considered in the probe thecory are :-
a) Particles distribution function.
b} Potential spacial configuration between the
probe and the plasma (sheath edge).
¢} Plasma shape and dimensions,
d} Probe shape and dimensicons .
e} Paticles equation of motion due to electric
field and other forces arise, taking into acc-
ount the collisions.
These factors are discussed in details in several articles,
and their basic equaticn is discribed (3,4 & 8).
The determination of plasma density, the collected current
by a probe of arca A and sheath thickness ds' must be
known.
For thick sheath less particles are collected by the probe.
For cylinderical probe , the probe current is exepressed
by Langmuir 2 as

_ |
I = nevAa (1 - eVp/kT)’/2 i

For thin sheath, most of the particles, cross the
sheath directed towards the probe, are collcected.

S0 evquation (3} is applied , the factor % in equaticn
{1) is due to, % of the plasma density is directed inside

the sheath , and % is the average of the direction cosine

over a hcmisphere.
The sheath thickness can be determined using the theoret-

ical expression of the space charge current flows through

the probe.
i 5 3/2 2 /
I = 5w {(2e/m) ' AV o« {I + 2.66 / kKT/eV)
where
o = d for plane probe,
2 2 3 2
o = rp {(%- 0.4 ¥ + 0.09167 P~ - ...)" , for

cylinderical probe.

o,
It

1n lrp/rs).

3. Double electric probe :-

It consists of two identical probes, normally cylin-
drical configuration, biased with respect to each other
by an external source, but the entire system floats with
the plasma potnetial. The double probe has the advantage
that it can be used in plasma, with high space potential,
and time dependant space potential. Also it draws no
current from the plasma l.e. it disturb the plasma only

at its leocation.

The probe construction and circuit are shown in

Figure (5).

Since the two probes are floating, they tend to be
negative with respect to the plasma, so it is assumed that
they collect the full positive ion current. If the poten-
tial difference applied between them is Vd' then the space
charge potential effect, gives the potential levels of
the two probes as shown in Figure (6). Since no currents
are drawn by the probe from the plasma, then the total

electron currents must be cgqual  to the ion currents.



i + i = i, 0L v 2 e
¢l 02 il 12 - ) t12)
wheroe 101, i02 are the probes electron current, 1Sis th
saturation ion current iil R and 1 & 2 represent probe
i

I & 2 respectively.

The current passes through the probes circuit muse
be equals to half of the difference of the clectron curr-

unts, from the facing arca of the probes to each other,

1o icl = Zid PR (13)

The potential relations of the two probes are :-

Vo+ V=V +V “ee (14}

vV, -V =V -V s (15)

The collected current (i ) of each particle (p} at each

probe is similar to that in single probe,

i 0= isp CxXp l-evb/kTp) - {16}

where iSp is the saturation current of that particle,
vy is the probe potential and

Tp is the temperature of that particle.

If the potential difference between the probes is
increased, then the relatively positive probe collects
more e¢lectrons, until at a certain potential it reaches

a saturation.

The current cquation of the electren is obtained

by adding equation (12) and (13) as

. - i . i7
102 1d+l { )

o 18
i i, Ly (1)

When the applied potential is reversed a similar are

cbtained, as shown in Figure (7).

Estimation of the electron temperature:-

From egquation (6}

o ¢ )
ig1/ig, = exp ) eV VZ)/kref - {19)

From equations (15) and (18}

i -i./i . +i, = Ok = exp {—e(vd-vs)/kTe# - (20)

sl 'd’"s2 'a

where

d(lno(/dvd) = e/kTe (21)

By drawing ln ol versus Vd will evaluate the elect-

ron temperature. In that case isl and 152 represent the
saturation current iil and 112 which can be cbtained from
the characteristic curve. This method in some cases has
an error in the evaluation of Te, where the electron
temperatures are affected by the probes, i.e. Tel for probe
1 and Tez f?r the probe 2. The error in that casc does
not excced 5 lTel - TeZ)'

Estimation of the ion density:-

The maximum clectron current to either probe isZiiSI

which much less than the electron saturaton current '1CS



The ion density can be calculated from the rela-

tion
.1 Y
I = 5 nOGA (kTe / mi] . {22)

4. Double probe load resistor method:

A new method has been introduced 10 for measuring
the eclectron density and temperature in a plasma with a
space potential enough to drive a current between two
identical cylinderical probes. The main advantage of
this method beside its simplicity, minimum experimental
arrangements and measurements, and less disturbance, is

that no correction factor is regquired.

For the two floating probes the plasma potential
Vpl' sz, at the probe 1 and probe 2 respectively, is

considered differs where v 1 £V and v

p2 ' p2 ~ Vp17AY
Supposc that each probe is subject to a variable poten-
tial, then the characteristic curves of both are similar
to that of the single prcbe shown in Figure (3). The
characteristic curves of the two probes are represented
separately in Figure (8}. A leoad resitor is connected
between the probe leads, and the potential created on
that resistor is used for the estimation of the plasma

parameters. The probe circuit is shown in Figure(9).

At open circuit, R = ®® | the potential difference
between the probe leads will be, AB, which is egual to
the difference of the space potential between Lhem,vds.
Since the two probes are identical then the Jifference

in the space potential, VS, is
AV =V -V v [23)

where

and Vs are the plasma potential at the location

v
52 1
of probes 1 and 2 respectively.
The difference in the floating potential betweoen the two

probesavf ., taken as isolated probes, is:
av, = sz -y el (24)
It is noticed from the characteristic curve that ,

= AV = Vv P 2%

[ Vs A £ ds {25)

when a load resistor, R is connected between the
probe leads, it will exhibit a load line with a slopc
1/R, and the current flows through it will be equals

to the net current of each probe, I.-

where : IC = Iil - Ie1 = IeZ - I12 - (26)
The voltage drop across the resistor R will be less
than the potential difference between the two isolated
probes where probe (1} potential decreased byﬁVl and
the same for probe (Z)AVZ. This can be written as:-

Avf = v +15'\.'l +1}.\.i'2 cee 127}

where vV = lC R .. (28)
0 i Al = d - . <
Define st Vsl Vfl (29)



iif

' =V - V_. i0 I = -

and Vet = Va2 T Ve 30 e2 = legp ©XP ("eBV,/KT.) e 433
For identical probes and plasma tempcrature and notice that the magnitude of &V only considered in the

density dees't change from one probe to the another above equation and the signe represents an increase or

one, decrease as shown in Figure {(8). The current flows thr-

ough the probe circuit Ic will be
AV_ =V, -V =BV = Ve, -V

52 sl f2 fl ( \
I =1I exp{-e AV. /KT }. (1 -~ AV /V__)
Hence v, =V = v ¢ £ X 1""e 17 st
sfl sf2 sf )
- exp (e Avl/kTe))( aes {36)
Where st is the differcence between the space and the ( .
flaocting potentials. = Ifkexp(e sz/kTe)' L+ sz/vsf)
The collected electrons and ions currents, are neayr to
floating position, could be written as follow: = exp (~e AV,/kT ) --- (37)
{ )L‘ where I_ is ambipolar cur t of i 1
I.. = e n_A_ expl-epV /KT . }20(\" ~-AV b/m.{ £ P urrent o ons or electrons.
il f P 1 e ( sf 1 i)
Y t\Vl N Experimentaly the potential difference messurde hetween the two probes
= @ nEAp (2¢ st/mi) exP(_e‘bvl/kTe)‘ (1- V__)
1 sf at onen circuit R ie equalto vﬂ
= = _ LY
B Iifl'LxP( OAVl/kTe) - 4L Avl/vsf) (31) Hence V 1r obtained ar :
YRew ~ VR eV .. (38)
where ,
I = en. A (2 eV /m.)“’ . 132) Where VR is the measured potential betweem the twa nrobee for load
1f1 £ P sf' 1
. resistor R .
n. = is the ambipelar ion density at floatin ot-
£ P Y 9 P If AV, and AV, is large such that exp{-e AV,/kT )&l
ential and the clectron current is :- 1" e
and exp(—eAVZ/kTe) <<, cee (39}
_ ) Then equations (36) and (37) will be
Icl = Icfl axp (ehvl/RTQ} - {33)
I, = - I_exp (e AV, /KT ) ... (40
Similurly, the ions and clectrons currents flows in c £ 1"7e (40)
probe 2 will be :- %
. = - Ip exp (e DV,/kT }. (1l °V2/st’ vee (a1}
Ii2 = Iif2' oxXp leﬂyz/kie)- (1 + C;VZ/VSEJ (34)

Then
and



exp (e ANI/kTo) = oxp (¢ sz/kTQ].(l+ dV2/VS

Since Av, &« VS then equation (42) gives

2 f

- 1
o Avl/ch = e AU2/kTe + 3 bVZ/VSf

(e/k'l‘U + 1/2 vs ) Bv

f P

Hence: AV = Cl LY

Where C, =1 + kT f2e V
e 5

1 £ e

¢!

(423

{43
(44)

(45)

The drop in the probes space potential difference Qvf,

due to the load resistor R will be
AV = BV, + AV, = AV1(1+C1)
Then equation (41} will take the form:

exp (e/kTe. av/l+Cl)

av e

Experimental estimation of the plasma parameters:

First the potential difference between the two
probes for open circuit is measured which represent
f)Vf. By using different high value load resistor
10 Kgr range) av{ Avf-v
case, {o. by 1)

} is obtained for ecach
load

Drawing In I ¢ / bversus AV  the value of

C Vload
could be obtained.,

Rload

(46)

(47}

Substituting the value of If in equation (40),the

electron temperature Te could be calculated.

The wvalue

of Cl could be evaluated from the equation (47) with
the knowledge of If, Te’ Ic& V. This could be done
using the slope of the line, m, ln I versus AV where
m-(l/l+C1). e/k‘l‘e . The evaluation of the value of

v

could be done by the use of equation (435) and the

sf
value of Cl' The plasma density (np) value could be
estimated using the obtained values, If, Te [ st and,
equationg.
I, = en; A (2eV /rn);j el (4B)
f f'p sf'1
and
= - - 49
ng np exp ( evsf/kTe) (49)
For very high load resietor
AV) « Vg
The solution of equation (36) and (37) gives
I, = 21, Sinch eaV,/k T e (50)
Where AV v AV, = V /2 and AV, /k'l‘e << 1
Hence I = 1 v/kT
e = £ ean o «es(51)
With the nrevions knowledre of T and the nure of eauation {51) the

r

aceirracy of the thearvy can he cheerved



Expoumedd diotmion on N prube massnmonds .
For ‘Bu\k M ‘,J_qgm,u 3 har Reom W (nJ”}J
the. ebidhion & L amd @% oltamd %M
PJ\-C'Q)‘L au{wﬂ with et sltomed % {aser chtn%‘w\&(c.&io)
T thesuledd M\r@hﬂlao )ﬁﬁ debl Pﬂvéh"“,
ot thal Ao plasia panamcling SFQLLw@ m‘a«mﬁu amd
m‘lﬁ@cj‘uﬂ, daen m)ra&kd‘ma\mw near the

%&JM‘} PMQ& (o ,13)

Lenud o j{-‘f"‘ 9“\2‘;““1'\ é’”d‘”‘ﬂ&t " skewy am
&%W Delivesnn the Doad auswRel mohed and paoriqus
pvalls wimgy spchocspy and G o Tmgenalivis
a0 well an Ly g Jrath Comgeraton phase (B =o0.2T)amd
aflr &rﬂiﬁwd‘;:&% Lesme | ?}m MW ’ﬂ%(n,u,u)

Moload mosta Gehwiqne reoedls aspubs wdlh Atk
hilawme d % S»w\:bﬂk amd aedile {.vz.th .

The arﬁm)cmazfm m o Hoculocd TuzafmsX hrave no
b e valne en e pesulls amd ane munch Horn Tham
Tl omtwiwuxa& QWS - The 9|,w-,_,f e.,,u/,./] Moo plasmee
e b Can he calivad uomng e Some praadine Ao |
‘QWM% The  measunmenls  Com e done dsmy
deonic chond and debie  agusbo syilbinn o
pownd dup el waing Oseliveqe . frtlicge Mace

com peseal,  ollon procoses m B plone “

References:

1.

190.

11

Langmuir, T.and Mott-Smith. Gen.Elec. Rev. 26,
731, (1923).

Langmuir, I. The Collected works of Irving

Langmuir,BEd. Suits, G., (Pergamon Press lysl).

Swift, J.D. and Schwar, M.J.R., Electrical Probes
for Plasma Diagnostics, Llife, London, (1970).

Chen, F.F., Plasma Diagnostic Techniques, Eds.,
Huddlestone, R.H. and Leonards, S$.L., Ch.3.,
(Academic Press 1965}.

Friedman, W.D., Rev. Sci. Instrum, 42, 963, (1971).

Johnson, E.0., and Malter, L., Phys. Rev. 76,1411,
{1949).

Johnson, E.G., and Malter, L., Phys. Rev. 80,58
{1950) .

Schott, L., Plasma biagnostics, Ed. Lochte
Holtgreven, H. (North Holland, 1968).

Chenn, F.F., Rev. Sci. Instrum., 35,1208, (1l964).

Bourham, M.A., Ph.D. Thesis, Ain Sahams Univ.
(1976) .

P.T. Runsby , J.W.H Paul , drd M. M, Magend (1474)

Plasma Phasics. ek 16 pp 369 .
Stangeby , £ €, U87) ). Phys D At PUy*-
Qo ., P I4TE

EQ- Commal, H, M, (o) th.D. To e mlihd,

Masaud \ MM Bowiham, M.A_, Shankawy , W el Saudy A4

2 Muhm.‘m.sd\ 422, przo CVAE6)



Fig. {1} Plasma and ion shealh in a plane probe .
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Figure{9) Load resistor double probe circuit
Figure (7) Voltage -Current characteristics of electric
double probe.
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