AUGUST 1970

4 France, D. M. and Trezek, G. J., “The Contribution of Space-
Charge in Slender Channel Electrogasdynamics,” Advanced En-
ergy Conversion, Vol. 9, No. 4, Nov. 1969, pp. 135-140.

5 Trezek, G. J. and Soo, 8. L., “Gas Dynamics of Accelerating
Particulate Flow in Circular Ducts,” Proceedings of the 1966 Heal
Transfer and Fluid Mechanics Institute, 1966, pp. 148-166.

¢ Trezek, G. J. and France, D. M., “Axial Pressure Correlation
for Accelerating Particulate Pipe Flow,” Industrial & Engineering
Chemistry Fundamentals, Vol. 7, No. 2, May 1968, pp. 247-253.

AUGUST 1970

AJAA JOURNAL

ONE-DIMENSIONAL PARTICULATE ELECTROGASDYNAMICS 1391

7 Shine, J. C., Kahn, B., and Brandmaier, H. E., “An Experi-
mental Investigation of the Performance Characteristics of an
Electrogasdynamic Power Generator,” Proceedings of Interna-
tional Conference on Energetics, ASME, Aug 1965, pp. 76-94.

8 Williams, F. A., Combustion Theory, 1st ed., Addison Wesley,
Reading, Mass., 1965, pp. 390-429.

® Handbick der Physik, Springer-Verlag, Berlin, Vol. 3, Pt. 1,
1960, pp. 469-471.

VOL. 8, NO. &

Langmuir Probe Response in a Turbulent Plasma

E. W. Prererson® and L. TaLsort
University of California, Berkeley, Calif.

A theoretical and experimental investigation of the response of collisionless cylindrical Lang-
muir probes in unsteady plasmas is made with the specific aim of developing methods for
measuring the mean and statistical plasma properties. A comprehensive theory describing
the transient responses of both single-probes and symmetric double-probes to arbitrary (low-
frequency) fluctuations in electron density, plasma potential, electron temperature, and ion
temperature is formulated by perturbing the probe steady-state equations about the mean
plasma properties. The ratios of probe radius to debye length and applied potential to electron
temperature are used as controllable parameters to form a set of equations from which the
mean and rms properties may be determined. Experiments are performed in an unsteady
highly expanded low-density flowing argon plasma. Pertinent features of the theory are veri-
fied and quantitative measurements of the mean and fluctuating plasma properties are made.

Nomenclature

A = probe area
Ex,Ee = normalized partial derivatives appearing in the equa-
tions defining the floating potential measurement

Fx,Fo = normalized partial derivatives appearing in the equa~
tions defining the single-probe current

normalized partial derivatives appearing in the equa-
tions defining the double-probe current

current in double-probe circuit

retarding field electron current

attractive field probe current (ion or electron)

defined by Eq. (5)

probe length

mass of species

charged particle density

one electronic charge

probe radius

time

freestream velocity

applied probe to probe or probe to reference potential

defined by Eq. (3)

defined by Eq. (4)

temperature (eV)

[6/(47Nq)1V?, electron debye length

defined by ¥Eq. (8)

potential measured with respect to the plasma potential

Gx,Ge =

Hh
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X = &/0 nondimensionalized potential

¥ = V /O nondimensionalized potential
Subscripts

-+,— = positive ion, electron

1,2 = numerical designation for double-probes
f = open circuit potential

m = measured quantity

0 = computed using mean plasma properties
P = plasma

w = probe surface

Superscripts

!

= ion current to a probe that is common to a double-probe
system
= denotes time average

|

1. Introduction

LUCTUATIONS or instabilities are an important charac-
teristic of many interesting plasmas. Because the free-
molecule Langmuir probe has proved successful in measuring
the local properties of steady plasmas, atlempts have been
made to use these probes to measure the mean and statistical
properties of unsteady plasmas. Considerable work in this
direction has been done where the earlier authors'—* at-
tempted to predict the average probe current for fluctuations
in electron density, plasma potential, and electron tempera-
ture. These analyses were based on the steady-state theories
of Bohms and of Langmuir and Mott-Smith,® thus restricting
the attractive-field probe current colleetion (ion or electron)
to the “thin sheath limit” (TSL) or the “orbital motion
limit” (OML). Demetriades and Doughman’ gave atten-
tion to the problem of measuring the actual magnitudes of the
fluctuations. Beginning with the steady-state theory of
Langmuir and Mott-Smith,s they found the influence of fluc-
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tuations in electron density, plasma potential, and electron
temperature on the electron current collected by plane,
cylindrical, and spherical probes operating with a large posi-
tive or negative bias. Because a closed set of equations
usually could not be formed from these results, the mean and
statistical properties were in general indeterminable. How-
ever, one notable exception was that the average current to a
cylindrical probe operating with a large positive bias in the
OMUL was independent of all fluctuations, while the rms cur-
rent was a direct measure of the fluctuations in electron den-
sity. Recently Suttons examined the possibility of using
positively biased cylindrical Langmuir probes, with smallr/\,
to measure the electron density fluctuations in hypersonic
turbulent wakes. However, applications of the aforemen-
tioned results are quite limited by the restriction to current
collection in the OML or TSL, since for many plasmas physi-
cal limitations associated with probe construction render the
first limit [(r/\) < 1] unattainable while the assumption of
collisionless collection eliminates the latter [(r/\) > 1]. In
addition, the problem of measuring the mean and statistical
properties of plasmas characterized by separate ion and elec-
tron temperatures was not dealt with in these earlier investi-
gations.

The purpose of the present paper is therefore to determine
the response of cylindrical Langmuir probes in an unsteady
plasma with the aim of developing methods for measuring the
mean and statistical plasma properties. The influence of
arbitrary (low-frequency) fluctuations in charged particle
density, electron temperature, plasma potential, and ion
temperature on the response of both single-probes and double-
probes operating at moderate values of the applied potential
in plasmas where the ratio of ion to electron temperature is
less than one are considered, for a wide range of ratios of
probe radius to debye length. A comprehensive theory de-
seribing the transient responses of both single-probes and
symmetric double-probes is formulated by perturbing the
collisionless probe steady-state equations about the mean
plasma properties. Equations are derived which relate the
instantaneous, average, and mean-square measured probe
signals to the instantaneous, average, and mean-square
plasma properties. These formulas are then used to deter-
mine the values of the correlation terms to be used in the cor-
rect deduction of the mean plasma properties using the equa~
tions relating the mean-measured properties to the actual
mean plasma properties and their respective correlation
terms. In turn, these mean properties may be used to im-
prove the computation of the fluctuating magnitudes, and
so on. The problem as it appears in this nonlinear form in-
vites an iterative solution which converges rapidly when the
fluctuations are small. Following the analysis possible sim-
plifications and solutions are discussed and direct comparisons
are made with experiment.

2. Steady-State Probe Responses

Several®—™ good reviews of Langmuir probe theory and ap-
plication are available in the literature. To date the most
realistic collisionless probe theory has been given by Lafram-
boise!* who numerically solved the theoretical analysis pre-
viously formulated by Bernstein and Rabinowitz.'* The re-
sults are valid for a wide range of ratios of probe radius to
debye length and a complete range of ion to electron tempera-
ture ratios. Ample experimental confirmations of these re-
sults have been obtained in a weakly ionized flowing argon
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plasma!* and in a low-density potassium plasma.® There-
fore algebraic representations of the numerical results of
Laframboise!? are used to describe the cylindrical probe
steady-state response. These relations are summarized here
for completeness. The approximate analytical expressions
derived by Kiel” which describe the probe current collection
were hot available at the time this analysis was performed.

Peterson® has shown that the magnitude of the current
(ion or electron) attracted to a single-probe operating in a
plasma consisting of electrons and singly charged ions may be
represented by

Jy— =K, NO_* (8 + |x)= ey

where
x = ®/6_ @
a = a/[In(/N) + bl + ¢(0,/6) + d 3)

B=e+ {f+ gllnG/NP — [I/InG/N]} X 6+/06-) +
{Yn@/N]} @
K. = 2mrLg(q/2n M, Y2 (5)

and a—m are numerical constants whose magnitudes as shown
in Table 1 depend only on the species being collected. As
shown in Ref. 18, values of probe current calculated using
Eqs. (1-4) differ by <3%, from the numerically computed
values given by Laframboise,*? provided 5 < r/\ < 100, and
x > 10 (< —38) for electron (ion) collection. In the electron-
retarding field the electron current is assumed to be defined
by the well-known expression

I = K_NO6_Y?exp(x) (6)
where
x=%/0-=x.— x )

Therefore the potential at which the single-probe collects
zero net current is

®, = 10_ 4+ 0_aln[B + |x/[] = &, — ¥,
where ®
= —% In(M,/M)

The electron temperature measurement from the single-probe
characteristic is defined by the well-known relation

O_ = [P(nI)/0®] ! 9)

and once the electron temperature is known the charged par-
ticle density may be computed according to

N = [J4.-00)/ K+ 028 + [x])*] (10)

The current flowing in a double-probe circuit consisting of
probes (1 and 2) of equal radii but with areas 4; and A4, was
shown® to be

H = [Joy — Ji(42/ A1) expy]/[1 + (As/A)) expy] (11)
where
¥ =V/0_=x2— x, Jor = Jor(x2), J1p = J1:0)

The electron temperature measurement from the double-probe
characteristic proceeds according to the relation

6_ = {(Jide/ s + T DQH/QV) T X
(I + /(B + [xDDlv-o (12)

Table 1 Numerical values of the constants appearing in Egs. (3) and (4)

Constant a b ¢ d e I g ! m
Ion current 2.900 2.300 0.070 —0.340 1.500 0.850 0.135 0.000 0.750
Electron current 2.900 2.300 0.110 —0.380 —2.800 5.100 0.135 2.800 0.650
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while the charged particle density may be computed from
the double-probe characteristic using

N = [HW)/[K:0-%(8 + [x+))*] (13)

where s refers to x1 or xs, whichever is appropriate.

3. Probe Response in a Transient Plasma

The primary object of the transient analysis is to relate
the mean-measured plasma properties and the measured in-
stantaneous, average, and mean-square probe currents to the
actual mean and statistical plasma properties.. Because the
steady-state measurements defined by Eqgs. (1, 8, and 11)
are taken to be instantaneously valid the transient analysis
is in fact quasi-steady and will be limited by a critical fre-
quency (determined by Berman and Lam'® to be somewhat
less than the ion plasma frequency) below which the steady-
state probe theories remain useful.

Assume that the instantaneous descriptions of the probe
signals are given by J (), H({), ®.,{t). Then as is customary
in turbulence theory® the momentary value of the plasma
parameters may be defined as

Nt = N+ n@), d0t) = O + ¢
O_(t) = 6+ 0_(1), 6.(t) = 6, + 6.1

where the lower case letters denote the fluctuating com-
ponents defined by

() = (0-(0) = @+(1) = (o) = 0
and the bar or angular brackets { ) denote a time average,
the integration period being long with respect to the time
scale of the turbulence, yet small compared to any slow varia-
tions in the plasma parameters which are not regarded as be-
longing to the turbulence. Similarly define the instantaneous
single-probe current, double-probe current, and floating
potential measurement by
J() = J 40, HO = H + W(t), Pu,(l) = Puy + ¢u,(0)
(14)
3.1 Single Probe Ion or Electron Current Collection
If Eq. (1) is expanded in a Taylor series then to first order
the normalized instantaneous probe current is of the form
J/Jy =1+ Fx(n/N) + Fo_(6-/6-) +
Fo.0+/8) + Fs(¢/6) (15)
where J, is defined to be the current J(¥,6_,0.,8) computed
at the average properties. Now, the average measured probe
current J = (J(N,0_,0,,8)) is not necessarily equal to the
current J,. If the series expansion is continued and the time
average taken then the dependence of J/J, on the fluctuating
magnitudes is
T/ Js =1+ 5 Fvl(n/N)? + Fo_o{(0-/6)%) +
Fo,0{(8+/6.)% + Faa{(¢/6_))] -+ Fyo((n/N)(0-6/))+
Fro{(n/N)(8:/6,)) + Fxal(n/N)(¢/6.)) +
Fso{(¢/6)(6-/6.)) + Foo((¢/6.)(6:/6,)) +
Fo,0(0:/0,)(6-/0-)) (16)
where terms up to and including those of second order are
retained. The remaining measurable quantity, namely the

mean-square current fluctuation, is found from Egs. (14-16)
to be

(G/T )% = FxX(n/N)? + Fo X(6-/6)% -+
Fe+z<(0+/é+>> + F<1>2<(¢/é—)2> -+
2[FxFo {(n/N)(6,/6.)) + FxFa{(n/N)(¢/6)) +
FaFo {(n/N)(0-/8.)) 4+ FalFo_{(¢/6_)(8_/6.)) -+
FsFo {(¢/6)(6:/0.)) + Fo_Fe{(0-/06-)(6:/6,))1 (17)
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where again terms up to and including those of second order
are retained. If the fluctuations are truly random and large
enough to require the inclusion of third order terms including
the triple correlations {(n)(6_)(¢)), ((n)(n)(6_)), then, for
example, J/J, would depend on thirty unknowns. The coeffi-
cients Fy, Fo, ete., evaluated at N, O,, 6_, &, are just the
normalized partial derivatives appearing in the Taylor series
expansion. For example,

(Pa
In(r/N,) + b]2
In(Bs + Ix0) + law/(Bo + IxD)1 X

e+ () ]

TSI AW A [ln(r/)\o)]z:l ©./ “)}
where the appropriate numerical constants may be selected
from Table 1. Space alone prohibits the listing of the four-
teen coefficients appearing in Eqs. (16) and (17); however
they are given in Ref. 18.

The coefficients (Fy%,Feo_ 2 ete.) of the unknown correlation
terms appearing in Eq. (17) depend on the controllable
parameters 7/\, and $/6_. In principle a set of independent
equations may therefore be formed whose solution will pro-
vide a first approximation for these correlation terms.

Fy = (N/J)QJ,/ON) = 1 —

3.2 Floating Potential Measurement

A knowledge of the dependence of the normalized, instan-
taneous, mean and mean-square floating potential measure-
ments on the mean and mean-square fluctuating values of the
plasma parameters is of considerable practical interest as well
as a prerequisite to understanding the double-probe transient
response. The necessary results can be determined from Eq.
(8) by applying the technique outlined in Sec. 3.1 and are
included in Ref. 18.

3.3 Double-Probe Current Collection

The instantaneous double-probe current-voltage charac-
teristic is defined by Eq. (11). However, a bias voltage ap-
plied between the probes results in an asymmetric division
of the probe potentials around the floating potential and
consideration of this effect is required in order to properly
evaluate the Taylor series coefficients. Mathematically this
is best illustrated by expressing the nondimensionalized po-
tential ¢ = V/O_ = {1 4+ . as the sum of the individual
probe potentials measured with respect to the floating poten-
tial. Thus

X2 = x5 + ¥ (18)

and the double-probe ion current defined by Eq. (1) may be
written as

xi=xs— ¥

Ji' = K\NO VB — xr + ') (19)

where ¢’ is either (Y1) or (—y»), while Eq. (11) describing
the double-probe response becomes

H =K, N,O ' [(B — x; — ¢n)* —
(8 — xs+ g exp(P)] {1 + (42/4) exp(¥)]~+ (20)

Now the applied potential V is assumed constant with re-
spect to the time scale of the turbulence and since the float-
ing potential x; is independent of fluctuations in plasma
potential, it follows that the double-probe currents defined by
Eqgs. (19) and (20) are only sensitive to fluctuations in N,
6., and 6,. If the procedure desecribed in See. 3.1 is applied
to Eq. (20) while using the results discussed in Sec. 3.2 to
describe current fluctuations driven by changes in floating
potential (which results from fluctuations in plasma param-
eters other than the plasma potential) then the normalized
instantaneous, mean, and mean-square double-probe currents
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are given by
H/H, = 1 + Gy(n/N) + Ge_(0-/6_) + Go.(6:/6,) (21)
A/H, = 1+ Guo{(n/N)(6-/6.)) +
Gro{(n/N)(0+/6.)) + Go_o {(0_/6)(0,/6.)) +
1Gvx{(n/N)?) + Goo{(0-/6)% 4 Go,0.{(6:/61)9] (22)
((h/H)?) = GxX(n/N)?) + Go X(0-/6)) +
Go.X(0+/6,)% + 21GnGo ((n/N)(0_/6_)) +
GrGo ((n/N)(6:/6.)) + Go Go {(8_/6.)(8,/6.))] (283)

where the coefficients (Gw, Go_, ..., etc.), evaluated at N,
6., 6_, and ¢, are given in Ref. 18. Again these coefficients
were found to be functions of the controllable parameters
r/No and ..

Equations (20) and (8) are valid in the OML (TSL) if «
and B are replaced by the constants @ = 1, 8 = 1.0 (o = 0).
Therefore if the appropriate values of @ and 8 are used, the
transient response of a double-probe operating in the OML
(r/N < 1) or TSL (r/X > 10%) may be determined from Egs.
(20) and (8) by using the technique outlined in Sec. 3.1. The
results similar in form to Eqs. (21-23) are included in Ref. 18.

3.4 Electron Temperature Measurement

The double-probe is particularly well-suited to measuring
the electron temperature in an unsteady plasma as its in-
stantaneous current-voltage characteristic is independent of
fluctuations in plasma potential. From Eqgs. (19) and (20)
the ratio of mean to mean-measured electron temperature is
found}to be

(6-/6_,) = 1QH/OV)/QH,/OV)ly_o[1/(J)/TVv=0 X
{0+ a/(B+ [x/D1/11 4+ /(B + |xsD1n}

where (J')/J,’ may be determined from Eq. (19) and is given
in Ref. 18. Now H = H,(H/H,), thus

OH/oV = (oH./oV)(l/H,) + H.(/0V)(H/HL)

However, from Eq. (20) (H,)v—, = O, whereas [(2/0V)-
(H/H,))v—, is finite, therefore

[<H>/Ho —_ <J’>/JOI]V=0} X
TN/ T Vo

{IL+ /(B + xsD/IL+ /B + D} (29

where @, 8, and x; are to be computed from the mean or mean-
measured plasma properties as designated.

Expressions analogous to Eq. (24) were derived by Deme-
triades and Doughman? for the ratio of mean electron tem-
perature to its mean value measured from the single-probe
characteristic. It is of interest to note that in the absence of
fluctuations in (6_) the measurement of the electron tempera-~
ture from either the single-probe or double-probe characteris-
tic is formally correct at least to second order.

©/6_,) = [1 +

3.5 Number Density Measurement

The number density is usually computed from the value
of the saturation current measured at some large potential
(xx or ¥x), and the measured electron temperature. If N,
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is defined to be of the form
N = J/{O_ 2K [(8 + |xw)*]n} (25)
then the ratio of mean to mean-measured density is

N/N.. = (HW)]/ H. ¥ 1}(O_/6_)1)1 X
{8+ Dl + [a'De1n/18 + [xs + [¥x'DL}  (26)
N/N. = GUT )/ T Gen) 1H6-/0_,) 1)t X
{18 + Ixs=1n/[(B + |xaD)?1} @7

for computations from double-probe and single-probe charac-
teristics, respectively.

3.6 Discussion

The equations presented in the previous sections relate the
instantaneous, average and mean-square single-probe ion or
electron currents (attracted by the probe potential) and the
double-probe current to the instantaneous, average and
mean-square plasma properties. In addition, the equations
which relate the mean-meausured plasma properties to the
actual mean plasma properties and their respective correla-
tions are derived. In principle a set of independent equations
can be formed from Eq. (17) or (23) using the controllable
parameters r/\,, xo, 2and ¥,. The solution of this set provides
a first approximation for the unknown correlation terms to
be used in the correct deduction of the mean plasma proper-
ties. In turn these mean properties may be used to improve
the computation of the correlation terms, and so on.

Because of the large number of equations involved and
since the coefficients (Fy, Fo_, . . ., Gyo_, . . ., €te.) of the cor-
relation terms are functions of three parameters (r/),,
0./6_, X, or ¥,) a complete set of numerical values for these
coeflicients will not be presented; however, two general com-
ments are in order. First, for moderately large values of the
nondimensionalized potential (x,) the coefficients (Fys, Fa,
ete.) of the terms involving fluctuations in plasma potential
approach zero, even though the remaining coefficients (Fyu,
Fo_, ete.) are potential dependent. Therefore in this limit
Eqgs. (15-17) describing the single-probe current measure-
ments become identical in form to Eqs. (21-23) describing
the double-probe current measurements. Second, in the
limit as the ratio of ion to electron temperature becomes
small, all coefficients of the terms involving fluctuations in
ion temperature become negligible and an exact evaluation
of this temperature is not required. Therefore in the limit of
moderately large x, and small ©,/6_ the mean and mean-
square single-probe and double-probe currents depend on the
t_hre(; correlation terms {(n/N)?), {(n/N)(6_/6_)) and {(f_/
0.)%.

Some typical values for the various coefficients are included
in Sec. 4 in order to make meaningful comparisons with ex-
periments. Additional tables and graphs giving values for
these coefficients are included in Ref. 18.

4. Experiment

The objective of the experiment is to verify the results put
forth in Sec. 3 and to demonstrate the feasibility of using
Langmuir probes as diagnostic tools to determine certain

Table 2 Flow parameters

Temperature, ‘.
°K Density, em—3 Collision Mean-free-paths
frequency Debye
ion, elect, Mach elect-ion, length, charge atom- electron- electron- ion-
Flow  elect atom ion atom no. sec”t em exch. atom ion neutral ion
I 1750 ~130 2 X 101 1 X 104 ~9 6 X 107 8 X 10~* 1.6 1.2 4X 1071 3 X102 8X 10
II 1500 ~150 4 X 101* 7 X 101 ~8 1 X108 5 X 104 2.1 1.8 2 X107t 4x 102 6 X 10
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properties of unsteady plasmas. Both the mean and root-
mean-square double-probe current and single-probe ion and
electron currents are measured and the influence of the con-
trollable parameters /N, and ¥V /O_ on each of these measure-
ments is demonstrated.

4,1 Plasma and Flowfield

The measurements are taken in an unsteady highly ex-
panded low-density flowing argon plasma. Gas from a
supply manifold is metered, then injected in any desired com-
bination of axial, radial, or swirl directions, into the stagna-
tion chamber where it is inductively heated using a 0-50 kw
RF generator. It then expands through a 4.45-cm-diam
free-jet orifice to provide a supersonic low-density flow at the
test position from where it is removed by continuous pump-
ing. The properties of this jet were established as deseribed
in Refs. 18 and 21 and are shown in Table 2 for flow condi-
tions 1 and II.

The stability of the flow is dependent on the mass flow
rate and method of injection. Typical power spectra taken
at the test position showing fluctuations in total light inten-
sity and probe saturation currents are shown in Fig. 1. This
spectrum may be roughly approximated by the given ex-
ponential relation, the inverse transform of which implies a
micro time scale corresponding to a length scale of 80 em
(based on U = 1700 m/sec) for the small-scale disturbances.
Since the jet spans ~35 cm between stagnation chamber and
Mach disk the flow is considered to be unsteady in time with
the probe and phototube sampling those regions of plasma
having different properties which are being continually con-
vected by the test position. Because light intensity measure-
ments are independent of changes in potential, fluctuations
must be present in one or more of the other plasma properties.
Consequently this plasma is well-suited to the study of the
results presented in Sec. 3.

4.2 Probes and Their Application in an Unsteady Plasma

The cylindrical Langmuir probes are constructed by leav-
ing a length of bare tungsten wire protruding from an insu-
lated stem which is of sufficient length to insure that the
collecting surface samples the undisturbed flow. The various
probes and their geometries are listed in Table 3. Probes
having the same diameter were used together as double-probes
and individually as single-probes. Comparison of the infor-
mation presented in Tables 2 and 8 indicates that all mean
free paths with the exception of that for ion-ion collisions are
large compared to the probe diameters. Detailed descrip-
tions of the Langmuir probe construction, cleaning, circuitry
and methods for obtaining data may be found in Ref. 18.

In the high Mach number flow described in Sec. 4.1,
kT_/ MOV < U « (ET/M_)"2, thus ion motion is primarily
convective, and therefore dependent on yaw angle, while the
electron motion is random. Because electron motion is inde-
pendent of flow velocity the transient theory is obviously
valid for electron collection. Tf transverse velocity fluctua-
tions are not significant (their presence would not be expected
in the time varying plasma studied here) then the probe can
effectively be aligned with the flow and the transient theory
is valid for ion collection as well.

An important consideration in any plasma experiment is
the disturbance of the plasma by the presence of the probe.
Because of the possible influence of transverse velocity fluc-
tuations on ion current collection, electron current measure-
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Fig. 1 Power spectrum.

ments were thought to be of particular importance. The
area of a probe was therefore limited such that its rate of
electron collection was small compared to the rate at which
electrons are convected across the ~12-cm-diam near-isen-
tropic flow region at the test position. For the largest probe
electron current [(J_)probe/(J_)plasma ~ 6 X 102, while
the disturbance was proportionally smaller for the other
probes and negligible for ion current collection.

Limiting the probe area to minimize the possibility of dis-
turbing the plasma requires small L/r for the larger diameter
probes and some compromise between the two effects is re-
quired. Measurements?! indicated that the increase in cur-
rent per unit length to the large diameter probes, which re-
sulted from the decrease in L/r to 3, could be limited to
~25%, if the tips of the probes were insulated. Such probes
were used in this study; however, the effect on measurements
of the normalized mean-square probe current should be much
less pronounced.

4.3 Single-Probe Ion and Electron Current Fluctuations

The normalized mean-square electron current is shown in
Fig. 2 as a function of r/\, for |x.| = 25 and the test condi-
tion of 64/0_ ~ 0.1. Included in this figure are the coeffi-
clents of the correlation terms appearing in the appropriate
simplified form (see Fig. 2) of Eq. (17). The data for flow
conditions I and II were normalized to the theoretical curve
of Fy? by assuming ((n/N)? = 0.09 and 0.0625, respectively.
Therefore deviations from this curve imply contributions to
{(j/J o) from terms other than {(n/N)2). Because the data
conform closely to the curve (Fx?) for moderate values of
r/X, and increase with decreasing /A, as the OML is ap-
proached, it is thought that {((n/N)?) provides the major con-

Table 3 Langmuir probes

Probe no. 1 2 3 4 5 6 7 8 9 10 i1 12 13
2r (mm) 0.010 0.025 0.127 0.127 0.254 0.254 1.01 1.01 1.52 1.52 2.03 1.27 1.27
A (mm?) 0.243 0.465 1.65 1.65 2.38 2.48 6.90 6.98 13.4 13.4 15.1 11.5 11.5

L/r 1500 460 65.2 65.2 29.0 30.2 4.20 4.30 3.66 3.66 2.32 3.78 3.78
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Fig. 2 Normalized mean-square saturation electron cur-
rent as a function of r/\.

tribution to {(5/J,)%. In principle the individual correlation
terms may be determined directly from the data; however,
the scatter is sufficient to prohibit an accurate evaluation
using r/X, as the only adjustable parameter.

The dependence of the intensity of the fluctuations in elec-
tron current on |x,| is shown in Fig. 3, where the cumulative
data from each probe were normalized to the theoretical
curve of Fy? for the appropriate r/\, by assuming current
fluctuations represent fluctuations in density only. Thus the
data illustrate the potential dependence of the probe cur-
rents and do not reflect the data scatter as did Fig. 2. The
data from probes 1 and 2 have not been included in Fig. 3
since these data lie as shown in Fig. 2 in the theoretically un-
defined region where r/X\, < 5. Again deviations from the
theoretical curves imply contributions to ((j/J,)% from cor-
relation terms other than {(n/N)%). TFor values of |x.] > 20
the normalized data conform quite well to the theoretical
curves representing {(n/N)? vs |x.|. The measurable fluctua-
tions in probe current therefore result from fluctuations in
density as Fe_? and FyFe_ remain nearly constant or in-
crease with |x,/.18

The preceding remarks also apply for the normalized mean-
square ion current data shown in Figs. 4 and 5. Because the
results obtained for ion and electron collection were consis-
tent, it is concluded that ion collection was not appreciably
disturbed by transverse velocity fluctuations and that elec-
tron collection did not significantly disturb the plasma.
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Fig. 3 Normalized mean-square saturation electron cur-~
rent as a function of |x|.
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Fig. 4 Normalized mean-square saturation ion current as
a funection of r/\.

4.4 Double-Probe Current Collection

Typical normalized mean-square double-probe data are
shown in Fig. 6 where the cumulative data from each double-
probe were normalized to the theoretical curve representing
the contribution from number density fluctuations. Included
in these figures are the coefficients of the correlation terms
appearing in the appropriate simplified form (see Fig. 6) of
Eq. (23). Recall from Figs. 2 and 4 that both Fy and Fe
depend on a similar manner on r/\,, whereas the functional
dependencies of Gy and Ge on |¢,| are quite different. As a
result, the individual correlation terms are more easily re-
covered from the double-probe data which is in effect more
sensitive to fluctuations in electron temperature. Even so,
the data again imply that fluctuations in charged particle
density are responsible for the measured fluctuations in probe
current.

Double-probe data are not presented for values of |¢.| <
1.0 for two reasons. First, there existed a residual noise
level such that {(j/J)? becomes large as J — 0. Second,
there was some drift in the potential of the double-probe
system with time, and since it was necessary to take the
r.am.s. and mean data separately to keep this residual noise
level at a minimum, the common zero potential position could
not be determined exactly. This uncertainty in potential
introduces a significant error in {(5/J)2) for small values of
|¢,]. The effect was to increase the intensity indicated by
one probe, while reducing that shown by the other probe.
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Fig. 5 Normalized mean-square saturation ion current as
a function of [xo|.
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Fig. 6 Normalized mean-square current collection by
double-probe.

4.5 Relative Intensities of the Fluctuations

The first approximations for the individual correlation
terms must be caleulated from single-probe or double-probe
data_according to Eqs. (17) and (23), respectively. For
6,/6_— 0, andlarge |x,| in the case of the single-probe, these
equations reduce to the simplified forms shown in Figs. 4
and 6. If, as in this case, the relative intensities of the fluc-
tuations are of moderate values, then Egs. (16) and (22) re-
duce to J/J, = H/H, = 1.0 and the correlation terms may
be calculated without iteration. The equations, in this
simplified form, apply to all three independent measurements
of current intensity reported in the previous sections. There-
fore, consistent values for the correlation terms should be
recovered from single-probe ion, single-probe electron, and
double-probe current collection data.

Recall that the data imply (with the exception of fluctua-
tions in potential) that fluctuations exist only in charged
particle density. Therefore, the problem is again simplified
and the relative intensity of these fluctuations may be deter-
mined from the data of each individual probe. The resulting
values for flow condition I are shown in Fig. 7 for single-probe
and double-probe data taken at values of the normalized
potentials of |x.| = 25.0 and |¢,| = 2.0, respectively. Elec-
tron _current measurements indicated an average value for
((n/N)?) of ~0.30, while single-probe ion current and double-
probe current measurements gave ~0.27. The reason for
this small difference was not apparent; however, data taken
in flow II, not shown here, gave similar results of ~0.25 and
~0.22 for electron and ion collection, respectively.
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Fig. 7 Intensity of number density fluctuations.

Fig. 8 Mean electron temperature and number density.

4.6 Mean Plasma Properties

The mean electron temperatures as indicated by both
single-probe and double-probe characteristics are shown in
Fig. 8. Because 6_/0_,, = 1.0 in the absence of fluctuations
in electron temperature these data were measured directly
from the probe characteristies.

The mean charged particle number density, defined by
Egs. (26) or (27), was computed from both single-probe ion
current and double-probe current measurements using values
for the electron temperature determined by the respective
methods. In the presence of moderate fluctuations in the
plasma properties J (xx)/Jo(xx) = H(Yn)/H.(Yn) = 1.0,18
and since ©_/0_,, = 1.0, it follows that N/N,, = 1.0. There-
fore the values of number density shown in Fig. 8 were com-
puted without iteration from the probe characteristics.

The mean values of electron temperature and charged par-
ticle density shown in Fig. 8 were used in the computation of
7/ X, Xo» Yo and 6,/6_. In turn, these parameters were used
to compute the coefficients (Fy, F¥O-, ..., Gy, GyO—, ..., etc))
of the correlation terms appearing in the equations defining
the mean and mean-square current collection.

5. Conclusions

A theoretical and experimental investigation of the re-
sponse of cylindrical free-molecule Langmuir probes to arbi-
trary (low-frequency) fluctuations in the plasma parameters
N, 0_, 0., and ® was made and equations were derived which
relate the instantaneous, average, and mean-square probe
signals to the instantaneous, average, and mean-square
plasma properties. In addition, the influence of fluctuations
in the probe signals on measurements of electron temperature,
charged particle density, and floating potential were theo-
retically and experimentally investigated.

The normalized probe current intensity was found to de-
pend on the parameters r/N,, Xo, ¥, and ©,/6_. 1In principle
the controllable parameters /X, x,, and ¥, could be used to
form sets of independent equations from which individual
and/or groups of correlation terms could be determined. Be-
cause independent sets of equations could be formed describ-
ing single-probe ion, single-probe electron, and double-probe
current collections, three independent measurements of the
correlation terms are possible.

In particular the theoretical dependencies of the mean and
mean-square single-probe ion, single-probe electron, and
double-probe currents on the controllable parameters r/\,,
Xo, and ¥, were experimentally verified for the case 6,/0_<« 1.
The individual correlation terms were evaluated and con-
sistent results were obtained from the three independent cur-
rent measurements. It was found that the individual correla-
tion terms could be most easily determined from the double-
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probe response, since the mean-square double-probe current
was most sensitive to changes in the controllable parameters.
The mean-square probe current was found to be most sensi-
tive to fluctiations in number density. _Thus when data
exhibit typical experimental scatter, ((8_/0_)2) > ((n/N)2) if
terms involving fluctuations in electron temperature are to
be determined with accuracy.

The ratios of mean to mean-measured charged particle
density and mean to mean-measured electron temperature
were found to depend on the magnitudes of the individual
correlation terms. However, for moderate values of the rel-
ative intensities the errors introduced by assuming ©_/0_,, =
N/N, = 1.0 were small compared to the typical data secatter.
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