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TADEUSZ KOPICZYNSKI, TOMASZ TUNDAK

Gdansk

Experimental Investigation of Ion Current to Cylindrical Langmuir Probe
in Transitional Regime, Using Microwave Technique *

An experimental study of dependence of the ion current collected by a cylindrical probe on the
collisional effects is described. The main achievement is a direct evidence that the ion current in the
orbital motion limit (OML) region does not decrease monotonically with growing pressure, this being
contrary to the recent theoretical predictions.

Nomenclature
e — electron charge, P — gas pressure,
E. — axial electric field, R — glass tube radius,
I; — ion current density, r, — probe radius,
I, — random ion current referred to electron S — sheath thickness,
temperature, T, — electron temperature,
i; — normalized ion current, v; — average thermal ion velocity,
I, — discharge current, V. — electron temperature [eV],
k — Boltzman constant, V, — probe potential,
I, — probe length, V, — probe floating potential,
M — mass number, 4p — Debye radius,
m; — ion mass, A; — ion mean free path, .
n. — electron density, #; — ion mobility,
4, — normalized probe potential, ko — ion mobility (at 760 Torr, 300 K),
n, — axial electron density, U4, — electron mobility.

1. Introduction

Recently several attempts have been made [1+5] to explain the response of Langmuir
probes in the transitional regime. From an analytical point of view the kinetic theory appro-
ach of Chou, Talbot and Willis (C.T.W) is perhaps the most rigorous one, however
the numerical computations presented in [5] are not extensive enough for the purposes of
theexperimenter. Recently Talbot and Chou [6] have completed an approximate analysis of
the probe response which permits the calculat ionof the effect of collisions on the ion-satura-

* Praca wykonana w ramach problemu resortowego PAN-19, grupa tematyczna 4.
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tion current flowing to a cylindrical probe. Their theory predicts the monotonic decrease of
the probe current when an average number of ion collisions in the probe sheath is growing.
The decrease is assumed to be in a transitional regime between the value as predicted by the
collisionless theory of Bernstein, Rabinovitz-Laframboise and the value as predi-
cted by the diffusion theory. According to the collisionless B.R.-L. theory [7, 8] it is regar-
ded that for ¥,=const in an Orbital Motion Limit (OML) region r,/4, <3 the saturation
ion current collected by a perfectly absorbing probe attains a maximum possible value,
and all other processes in a sheath involve the ion current reduction. However, several
experiments have disclosed the existence of a current peak in the OML region, w1th measu-
red values of the current exceeding that regarded as the maximum one.

Zakrzewskiand Kopiczynski [11] have introduced a model of physical phenomena
occurring in the probe sheath of space charge. They have also given a procedure for the
calculation of the normalized probe current. The results of computations have been pre-
sented in a diagram showing the dependence of the normalized probe ion current on
Jp|2; parameter, for constant magnitude of a normalized radius (r,/Ap =const) and constant
normalized probe potential y,=eV,[(k: Te)=15. For S~ /, the characteristic maximum was
observed, which was becoming flattened when increasing r,/Ap parameter. The authors
have derived this theory under the assumption that in the collisionless limit (low pressure —
small Jp/4;) and for r,/Ap<3 an ion current collected by a perfectly absorbing probe is
saturated because of orbital motions in a sheath, and is described by the
B.R.-L. theory. Elastic collisions of ions with neutral particles have two conse-
quences: the destruction of orbital motions and the elastic scattering of ions. Com-
paring to the B.R.-L. theory the destruction of orbital motions leads to an increase of the
current collected by a probe, but its value is lower than the value of the current reaching
the sheath edge as it is considered in the A.B.R. theory [15]. This effect predominates for
lower pressures (4; is greater or comparable to the sheath thickness S). The elastic scatte-
ring of ions causes a monotonic decrease of ion current and dominates for higher pressures
(with growing Ap/4;). As a result the current peak appears at a pressure corresponding to
approximately one collision in the sheath. The purpose of the present paper‘is to provide
a direct experimental evidence for the occurrence of the ion current maximum observed
previously by Kopiczynski et al. [10].

The theory [11] had been designed for constant r,/Ap, so it was necessary to keep this
ratio constant during the measurements. Hence the microwave X-band reflectometer was
employed for the determination of relative values of electron density. The applied method
enabled a direct comparison between experimental and theoretical results.

2. Experimental arrangement

Measurements were carried out in a positive column of a glow discharge plasma in
helium and neon. Fig. 1 presents an experimental arrangement. It consisted of a glass tube,
vacuum apparatus, power supplies and measuring circuits. The measuring circuits were:
an X-band reflectometer, a conventional double probe arrangement and a set of single
probes. The supply system allowed changing the plasma potential and setting it nearly
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equal to the ground potential at the point where electric probes were fixed. Low input
voltages should be ensured for solid-state devices used for taking probe characteristics.
It was accomplished by using a separate anode supply with a regulated and adjustable
output voltage and a cathode supply with a stabilizing resistor. Two probes were fixed at a
distance of 100 cm along the discharge tube. They were used for the determination of the
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Fig. 2. X-band microwave interferometer

axial electric field E,. The X-band microwave interferometer operating at a frequency of
9.375 GHz (A=32 mm) Fig. 2, has been described elsewhere [12]. It was employed for the
determination of relative values of electron density. The double probe circuit was used for
the determination of the electron temperature V,, in a conventional way. The set of four
single cylindrical probes was applied to obtain probe voltage-current characteristics. Table 1
shows the dimensions of the probes used. :

Table 1
Probe radius Probe length Material Aspect ratio
{pm] {mm]
125 5.0 ! w 400
25.0 5.2 ' Pi 210,
50.0 6.2 Pt 125
200.0 8.5 W 42

A special insulating support was applied to protect the probes from the undesired
increase of their effective area. The probes were coated with PYREX glass with the tips
jutting out.
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3. The method and results of measurements

A single probe characteristics were recorded for the probe potential V, in the range
below the floating potential. The gas pressure was defined within the range 30700 m Torr
and the Debye radius was kept constant during a series of measurements. The electron
temperature ¥, was determined independently, from double probe characteristics. Simul-
taneously relative values of the electron density were measured with the aid of the micro-
wave interferometer. The experiment was performed as follows: For a defined gas pressure
the discharge current was varied to keep the ratio ¥, /n, and consequently Ay, constant.
The interferometer readings and ¥V, computations were used to determine this ratio. The
probe current corresponding to the chosen polzirization V,=—14V, was determined from
the single probe characteristics. The absolute value of the electron density was independently
calculated from the discharge current balance. The distribution of charged particles in a
discharge tube is, for the experimental conditions as described above, controlled by the
ambipolar diffusion. Therefore, the axial electron density in a plasma may be expressed
[10] as \

2o

Ho= —— ——z—. 3.1
® meR® u,E, (2

Values of I, E, and R were measured.
The measured values of an electron mobility presented in [13] may be approximated by the
following analytical expression — for helium, for 2<E_/p<5

1,20.8p~ 1108, (3.2)
— for helium, for 5<E,/p<12
uez(l—%> e 4 (3.3)
— for neon, for 6<E_ [p<12
uez( i;—p +0.66> p 10> (3.4

For the purpose of evaluation of the collisional effect on a probe the ion current and the
ion-neutral mean free path should be computed. The following expression for 4; was used

li=—‘—i§iﬂi. ’ (3‘5)

This expression can be simplified if an ion mobility does not change with the electric field.
Then ,
2=29M*u,,p " : 3.6)

Taking the values of y;, collected by McDaniel [13], the mean free path of ions in helium .
may be expressed
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60
iz [um] €X)

and for neon :
52

where p is the presure in Torrs.
Results of measurements have been presented in Figs. 3 to 7. Fig. 3 shows the electron

temperature in neon as a function of the gas pressure. Figs. 4 and 5 show the ion current
density in helium as a function of the gas pressure for Debye radii Ap,=140 pm and A, =170
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um, respectively. The probe current has been determined for the chosen probe poten-
tial ¥, =V ;—10V,. The results obtained for neon have been shown in Fig. 6 for the Debye
radius Ap=150 um. A normalized probe current in helium

T
ii=——ls (3’9)
Ly

2T :
Lo=n.7r.1 ( e) (3.10)

e PP m:
i

where

is the random ion current referred to electron temperature, has been presented in Fig. 7.
The normalized current i; has been determined for V,=V,—10V,, A,=140 pm, and has
been drawn as a function of the gas pressure.
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4. Conclusions

A simple model of the ion collection by a cylindrical probe in the transitional regime
has been already presented [11]. It was based on the assumption that the main features of
the current collection in the OML region were determined by two separate mechanisms:
the destruction of orbital motions and the elastic scattering of ions.

The curves in Fig. 4, 5 and 6 show the current peak for both helium and neon plasmas.
This is the confirmation that there exist conditions when the measured ion current does
exceed the values supposed to be the maximum ones according to the B.R.-L. theory. In-
vestigations of a neon discharge did not give a well pronounced maximum as expected,
but the data were taken in the presence of strong instabilities in the plasma column. Those
instabilities might be responsible for the pecularities in the curve shape. In Fig. 7 the de-
pendence of the ion current in helium — normalized with respect to the random ion
current referred to electron temperature — on the dimensionless parameters r,/Ap and
Ap[A; is shown. This approach makes it possible to compare the experimental results with
the simple theory, from which

5,=7172 z( ) (3.11)

where i{” — current predicted by the B.R.-L. theory for the collisionless limit, Yoo P
functions of r,/Ap and Ap/4; describing the increase or decrease of the current due to colli-
sions, respectively.

Modified results of numerical computations of Chen [16] based on the A.B.R. theory
were used to determine both the sheath radius and the ion current reaching the edge of the
sheath. The agreement between the measured and the calculated values is good.

The widely recognized theory of Talbot and Chou predicts values of the ion current
collected by a probe in the transitional regime. Some experimental results [14, 17] show
a good agreement with those predictions. However, it should be noted, that the data were
obtained for values r,/A and Ap/2; outside the region’ of the current peak. Predictions of
Talbot et al. should be considered therefore as valid outside this region.

The experimental results obtained give the direct evidence for the existence of the maxi-
mum of a probe current in the OML regime. This is in contradiction with the widely reco-
gnized theories (Talbot et al). At the same time the results give at least a quantitative con-
firmation of the validity of the model described in [11].

Acknowledgments. The authors wish to thank Dr Z. Zakrzewski for his helpful
advice and Mr. J. Wasilewski for the help he has given during the preparation of
the experimental arrangement.
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Eksperymentalne badania pradu jonowego cylindrycznej sondy Langmuira w przejSciowym
zakresie cisniefi, przy uzyciu techniki mikrofalowej

Streszczenie

W pracy przedstawiono wyniki pomiaréw pradu jonowego sondy cylindrycznej w funkcji ci$nienia
gazu, przy stalej wartosci stosunku V./i, a wigc i statym Ap, W obszarze wystepowania ruchow orbital-
nych. Do pomiaru wzglednej koncentracji elektronow w plazmie zastosowano interferometr mikro-
falowy pracujacy w pasmie X. Pomiary przeprowadzono w plazmie wytadowania jarzeniowego W helu
i neonie. :

Stwierdzono wystepowanie maksimum pradu jonowego w zakresie ¥p/An <3 (obszar wystepowania
ruchéw orbitalnych). Rezultat ten definitywnie potwierdza teoretyczne przewidywania Zakrzewskiego
i Kopiczyfskiego [11], jest natomiast sprzeczny z przewidywaniami teorii Talbota i Chou [6].
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OKCHEPUMEHTAIBHEIE HCC/IeOBAHMHST HOHHOI'0 TOKa IHIAHIPHAYECKOrO 30H/12
Jlaurmyupa B nepexoqHom nuamazone JaBJiennii ¢ ECHO/IBL30BAHNEM
MHKPOBOJHOBOH TeXHUKH

Pesome

B paboTe HpencTaBIeHb Pesy ibTaThE H3MEPEHAY HOHHOTO TOK2 LZTMHIPHYECKOTO 30HAA B byaxim
JABIICHYS TA32, IPY IOCTOSIHHOM 3HAYCHWH OTHOIICHHIS Veln, T.e. ¥ 1pw NOCTOSHHOM 3HAYCHAK Ap, B I@a-
[Ia30HE BBICTYNAHUA OPOUTAIBHBIX ABUKeHUY. JIns W3MepeHmit OTHOCHTEIHHOM KOHICHTpAUUN 3JIcK-
TPOHOB B NIa3Me IPUMEHSACTCS MAKPOBOJIHOBOM uATEphEPOMeTp, paboTarommuit B nosoce X,

VI3BMepenrs HPOROTUITHCE B TIIA3ME TJICIOMEro paspsana B renue u Heone. KoucTarupyercs nosmiemme
MakCUMyMa HMOHHOTO TOK4a B NHWANA30HE refAp<3 (mmamazon BBICTYNAHUST OPOMTANIBHBIX BHIKEHWIA).
OTOT pe3ynbTAT OKOHYATENBHO TOATBEPAAACT TCOPETHICCKIE HPEABUACHAS 3aKITEBCKOTO 1 KoM -
cxoro [11], vo sBnsieTca HPOTHBOPCUUBEIM IIDEABANCHASIM Teopry Tanbo u Hy.



