
PHYSICAL REVIEW E VOLUME 50, NUMBER 5 NOVEMBER 1994

Langmuir-probe measurements in fiowing-afterglow plasmas
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The validity of the orbital-motion theory for cylindrical Langmuir probes immersed in flowing-

afterglow plasmas is investigated experimentally. It is found that the probe currents scale linearly with

probe area only for electron-collecting but not for ion-collecting probes. In general, no agreement is
found between the ion and electron densities derived from the probe currents. Measurements in recom-
bining plasmas support the conclusion that only the electron densities derived from probe measurements
can be trusted to be of acceptable accuracy. This paper also includes a brief derivation of the orbital-
motion theory, a discussion of perturbations of the plasma by the probe current, and the interpretation
of plasma velocities obtained from probe measurements.

PACS number(s): 52.25.—b, 52.70.Ds, 52.30.—q

I. INTRODUCTION

Largely as a result of the work of Smith et al. [l], the
use of cylindrical Langmuir probes to measure absolute
electron and ion densities in flowing-afterglow plasmas
has become rather common in recent years. The
"orbital-limited" or "orbital-motion" theory of probes
that is usually used in the analysis of probe data has the
virtue of simplicity and there is good, although indirect
experimental evidence that accurate electron-density
measurements can be made if the probes are used "prop-
erly. " What constitutes proper use, however, is not en-
tirely clear. The problem is of considerable interest in the
case of measurements of electron-ion and ion-ion recom-
bination rates since the results depend directly on the ab-
solute values of the electron or ion densities.

In principle, ion-collecting probes should produce far
smaller perturbations since the probe currents are smaller
by the square root of the electron to ion mass ratio. It
appeared to us that ion-collecting probes might be prefer-
able for our studies of electron-ion recombination pro-
cesses, especially since some authors [2] had used ion-
collecting probes in flowing-afterglow measurements of
ion-ion recombination rates. Our experiments with ion-
collecting probes, however, gave results that were incon-
sistent with those obtained from electron-collecting
probes and we were initially unable to decide which of
two determinations could be trusted. Recent Langmuir-
probe measurements in discharge plasmas by Sudit and
Woods [3] pointed out a possible source of the problem.
Their results indicated that the orbital-motion theory
overestimates ion densities by factors of up to 10 under
their experimental conditions and the authors suggested
that the neglect of ion-neutral-species collisions in the
orbital-motion theory may be the principal cause of the
discrepancy. A discharge plasma, however, di6'ers con-
siderably from an afterglow plasma and those findings
may have no direct bearing on the use of probes in an

afterglow plasma. While the literature on Langmuir
probes is very extensive, and several attempts have been
made to incorporate collisions into the theory (see, e.g. ,
the review by Chung, Talbot, and Touryan [4], and refer-
ences cited therein), a rigorous theory of probes in the
presence of collisions does not seem to exist. In their re-
view, Chung, Talbot, and Touryan state that the numeri-
cal work required to make practical use of some of the
more rigorous theories is prohibitive, which would make
them unattractive to most experimentalists.

The problems that we encountered motivated us to
perform a series of test measurements and to examine in
some detail the use of probes in flowing-afterglow plas-
mas. Our main interest was to test the orbital-motion
theory by checking some of its predictions, such as scal-
ing of the probe currents with surface area and the con-
sistency of ion- and electron-density measurements.
Measurements of electron-ion recombination rates are
the principal motivation for this work, but we will de-
scribe such measurements here only to the extent that
they support the validity of the orbital motion theory of
electron-collecting Langmuir probes.

A brief rederivation of the probe theory in the orbital-
limited regime is given to show which assumptions are
made and where they are likely to fail. Electrical pertur-
bations of the plasma by the probes are discussed in some
detail. The dynamics of flowing-afterglow plasmas is not
the subject of the paper, but we include some remarks on
Langmuir-probe measurements of plasma velocities in or-
der to point out some inconsistencies in their interpreta-
tion.

II. THKORKTICAL CONSIDERATIONS

A. The "orbital-limited" theory of Langmuir probes
for cylindrical probes

The calculation of the charged-particle current to an
attracting cylindrical probe is a simple matter of classical
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is the Debye shielding length, c0 is the permittivity of the
vacuum, k is Boltzmann's constant, T is the electron tern-
perature, n, is the electron density, and e is the electronic
charge. One considers the motion of a charged particle
of mass m with initial velocity vo=(v, +v„)'~ and im-
pact parameter h, where the subscripts designate the
tangential and radial components of the velocity, motion
parallel to the probe being irrelevant. If the effective po-
tential energy U(r) (sum of electrostatic and centrifugal
potential energies)

U,z(r) = e V(r)+ ,'mv v(h /—r)

has no centrifugal barriers, i.e., V(r) approaches zero
more slowly than the 1/r2 centrifugal potential, the par-
ticle will approach the probe axis to a closest distance r,
at which the radial part of its kinetic energy becomes
zero, i.e.,

U,s(r, ) =mvo/2 . (4)

For some initial conditions, r, will be less than the probe
radius r and the particle will strike the probe. For a
given probe potential V(r } and initial kinetic energy
mv v /2, the largest impact parameter for which a particle
strikes the probe is given by

h,„=r[1 eV(r }/(mvo/—2)]' (5)

and the probe has a collision cross section (effective tar-
get area) of

mechanics, provided that the range of the shielded probe
potential V(r) is large compared to the radius of the
probe r and that the particles do not suffer collisions
while being accelerated to the probe. The derivation
given here is essentially the same as that given by Mott-
Smith and Langmuir [5] but it is expressed in terms that
make the analogy with atomic collision physics more ap-
parent. As is customary, we assume that the length of
probe is far larger than its diameter. The range of the
probe potential is approximately given by the sheath ra-
dius given by Bettinger and Walker [6],

Rs=1.66K,&(eV/kT) ~ +r
where

dition into the integration limits, we have multiplied the
integrand with a function S which is defined to be zero
for [1—eV(r~)/(mvo/2)](0 but equal to unity else-
where.

The case of greatest interest in afterglow plasmas is
that where the initial velocities U0 have a Maxwellian dis-
tribution in the plane of motion,

f ( v o ) = ( m /k T)v o exp( —m v o /2k T} .

It is convenient to make the substitutions

y = V(r )e/kT and x =vs(m/2kT)'

The probe current then becomes

I =2n, e( A /m. )(2kT/m)'

X f "(1 y/—x )'~ Sx exp( x—)dx, (10)
0

where A =2m.r L is the surface area of the probe.
The integral approaches the value y'~ /2 in the limit

—y/x »1, which corresponds to the important case of
a strongly attracting potential. The probe current then is

I =2n, e( A /m)(2kT/m)'~ (eVr /kT)'

The current is quite large; for typical probe dimensions
(2r =25 pm, L =0.5 cm), an electron-collecting probe
draws a current of I = 107 pA at Vz

= 1 V. Equation (11}
is identical to that derived by Mott-Smith and Langmuir
[5] and it is commonly used to deduce electron and ion
densities from measured probe currents. The integral in
Eq. (10) can be expressed in terms of error functions, but
the resulting expressions are awkward. A numerical in-
tegration shows that the approximate form in Eq. (11) is
excellent for eV /k T & 1. In practice, the probe potential

V~ is measured with respect to a reference electrode
(often the walls of the plasma chamber) rather than the
potential of the plasma and n, is obtained from the slope
of a graph of I vs V . The assumption is made that the
potential drop between the plasma and the reference elec-
trode is not afFected by applying a bias voltage to the
probe.

When the probe is operated at V =0, Eq. (11}is not
applicable. Instead, by integrating Eq. (10) one obtains
the well-known formula for the current at space poten-
tial,

g =2Lh I =(n, eA /4)(gkT/nM)' (12)

=2Lr [1—eV(r )/(mvo/2}]'~ (6)

where f (vo) is the distribution function of velocities in
the plane of motion. The range of integration should be
restricted to values of vo and V(r ) for which the root in
the integrand is real. Rather than incorporating this con-

The electrical current to the probe is then obtained by
multiplying Q with the flux of particles having velocities
around v0 and integrating over velocity,

I =2Lne f r~[1 eV(r )/(mvo/2)]—' Svof (vo)dvo,
0

(7)

In a real plasma, both ions and electrons will contrib-
ute to the probe current. The total current then is the
sum of the individual currents which can be calculated
separately from Eq. (10), but in practice a positive probe
bias potential reduces the current due to positive ions to
completely negligible values and Eq. (11}is entirely satis-
factory for an electron-collecting probe. At slightly nega-
tive bias voltages, both positive ions and electrons con-
tribute to the current. In that case, a numerical integra-
tion of Eq. (10}for the charged particles of interest and
summing the currents may be required for comparison
with measured J-V curves;

The assumption that the effective potential contains no
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centrifugal barrier is not critical in the range of electron
densities of interest in afterglows (10 to 10" cm ) since
the sheath radius tends to be large compared to the diam-
eter of the probe. If, for the purpose of estimation, we as-
sume that the potential goes to zero at the sheath radius
and remains zero outside of that radius, then a centrifu-
gal barrier of height —,'mvo(h/R, ) is located at the
sheath radius R, . For impact parameters h greater than
R, the barrier exceeds the kinetic energy of the incoming
particle so that the particle is reflected. This means that
the impact parameters given by Eq. (5) should be restrict-
ed to values less than R„sinceparticles with h )R, nev-
er come under the influence of the attracting potential
and thus cannot be collected. The sheath radius R„how-
ever, depends on the probe voltage [see Eq. (1)] and it is
not immediately obvious what fraction of ions will be
reflected. To gain some insight into the magnitude of the
effect, the impact parameters in a numerical integration
of Eq. (10) were limited to values of less than the sheath
radius given by Eq. (1). The results showed that for
values of the ratio A,D/r & 1 Eq. (10) still is an excellent
approximation. If one reduces that ratio to less than
0.25, the current is reduced by about 25% below that
given by Eq. (10). For a probe radius r =1.25X10
cm (diameter of 25 pm) this will occur for n, ) 10"
cm . Thus there is no serious problem for electron den-
sities below 10" cm

Collisions between charged particles and neutral atoms
are neglected in the orbital-limited theory. This appears
to be justified if the mean free paths of the charged parti-
cles are very large compared to the sheath radius, but
first of all this is not always true under experimental con-
ditions. Table I lists typical values of relevant length
scales. The mean free paths were estimated from momen-
tum transfer cross sections obtained from mobility data.
As may be seen, the electron mean free path is only about
four times larger than the sheath radius at a typical probe
voltage of 0.5 V and at an electron density of 10' cm

The ion mean free path under the same conditions is ac-
tually smaller than the sheath radius. Furthermore, con-
sideration of the mean free path for momentum transfer
does not provide a satisfactory criterion since it does not
take into account the fact that the fractional energy loss
in an ion-atom collision,

hE/E =2m, ms„/(m;+ms„) (13)

( =0.165 for ions of mass 40 amu in helium),

(assuming isotropic scattering) is several orders of magni-
tude larger than that in an electron-atom collision, in
which case, since m, «mg„,

4E/E=2m, jm
„

( =2.72 X 10 for electrons colliding

with helium atoms) .

A single ion-atom collision, for instance of an ion that
has been accelerated by the probe potential to energy of
E =20kT, may leave it with insuScient total energy
(
—3.3kT on average for ions of mass 40 in helium) to es-

cape from the potential well surrounding the probe. It
will be collected by the probe with high probability. If
the number of ion-atom collisions is small (low-pressure
limit), collisions will enhance the current to the probe to
values above that given by the orbiting theory. In the op-
posite case of a very large number of collisions, the ion
current to the probe will be limited by diffusion and drift
to the probe. The current then should decline with in-
creasing pressures. The basic mechanisms are analogous
to those considered in the theory of ion-ion recombina-
tion where one distinguishes a low-pressure (Thomson)
regime and a high-pressure (Langevin) regime. Similar
considerations led Schulz and Brown [7] to propose
different models of ion-collecting probes, depending on
the number of ion —neutral-species collisions in the
sheath.

TABLE I. Typical values of the Debye lengths, sheath radii, ion and electron mean free paths, and Langmuir-probe radii.

Debye length A.&=3.77X10 cm at n, =10" cm ' (T, =300 K}

=1.12X10 ' cm at n, =10' cm

=3.22X10 ' cm at n, =10 cm -'

Sheath radius R, =5.9X10 cm at n, =10" cm ' and V~=0. 5 V

=1.76X10 cm at n, =10' cm and V~=0. 5 V

=5.92X10 cm at n, =10 cm and Vp 0 5

Ion mean free path L; =0.8 X 10 cm (Ar+ ions in 1 Torr of He, at 300 K)

Electron mean free path L, =6.2X10 cm {in 1 Torr of He, at 0.5 eV)

Probes R~ = 1.25 X 10 'cm ("large" probe)

R~ =5 X 10 cm ("small" probe)

L~ =0.4-0.45 cm
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The situation is different in the case of electrons which
have to suffer several hundred collisions before their total
energy is rendered negative by an amount of the order of
a few kT. Collisional "trapping" of an electron in the
probe potential is thus unlikely. Again, an analogy can
be made to theory of collision-stabilized recombination in
an ambient gas. As is well known [8], collisional stabili-
zation is far less efficient in electron-ion recombination in
an ambient gas than in the case of ion-ion recombination.

These estimates suggest that the orbital-motion theory
may be adequate for electrons but that it is likely to fail
in the case of ions. A rigorous theory of ion collection in
the presence of collisions is diScult to construct and
there does not appear to be any theory that accomplishes
this task. The experiments that will be described in the
next section show that the orbital-motion theory fails
severely in the case of ions. It appears unlikely that the
theory can be "salvaged" by introducing minor correc-
tions for collisional effects.

The derivation of the orbital-motion theory was made
for a stationary (nonflowing) plasma, but there is no
reason to believe [4] that a probe in the orbiting mode
would behave differently in a flowing plasma since the
random particle velocities [entering through Eq. (8)] are
far larger than the subsonic flow velocities that are used
in most experiments. The situation is not quite clear in
the case of ions where the orbital-motion theory may not
be applicable. For instance, if the ion current is limited
by drift motion to the probe, the relevant drift velocities
may not be large compared to the flow velocities. This
introduces a further complication in the theory of ion
collection, as was also pointed out by Chung, Talbot, and
Touryan [4].

B. Pertnrbations of a flowing-afterglow plasma

by Langmuir probes

Ideally, the presence of the probe should not affect any
plasma parameters, such as densities, electric fields, or
the electron temperature. Perturbations of a small region
around the probe will have to be accepted as unavoidable,
but the probe should not significantly perturb the quanti-
ty that one wishes to measure, for instance, the densities
of electrons or ions.

Mechanical perturbations of the flowing plasma are
not very important. The probe itself and its support
structure obviously cause minor hydrodynamic perturba-
tions of the plasma flow, but the effect will be limited to a
small region downstream from the probe. In many flow
tube experiments, far larger objects (e.g., gas inlets) are
inserted without detrimental effects.

A potentially more severe perturbation of the plasma
results from the fairly large electron currents that are
drawn by a positively biased probe. A simple estimate
shows that the current, even for small bias voltages, can
easily exceed the "natural" or "flow" current of electrons
that flows through a cross section of a flow tube,

R
Iflo =e n, (z, r}vs (r}2or dr . (15)

0

Here, z denotes the position of the probe in the flow tube
and R is the tube radius. A numerical integration, using

lf ew
V

gas

probe

depletion
region 'wJ

voltage source

FIG. 1. Schematic diagram of electron and ion currents
entering the flow tube from the discharge and leaving to either
the probe or the flow tube wall.

a parabolic velocity profile and the electron density distri-
bution obtained by solving the radial diffusion equation,
gives the approximate formula

Is =0 3e. nR n, (r =0)vs (r =0) .

This current is approximately 25 pA at n, (r =0)=10'
cm for a tube of radius R =2 cm and central flow ve-
locity vs,„(r=0)=5000 cm1s. The Langmuir-probe
current at n, (r =0)=10' cm for a probe of diameter
2r =25 pm and length 4 mm at a bias voltage of +1 V,
however, is close to 100 pA, four times larger than the
natural flow of electrons. The comparison is more favor-
able in a tube of larger cross section and higher flow ve-
locity, but in most commonly used tubes the probe
current would still be a significant fraction of the flow
current.

The estimate shows that the probe has to attract elec-
trons from the upstream region of the flow tube by pro-
ducing an electric field that penetrates into that part of
the tube. Thus a perturbation of the electron currents in
the plasma will be present. However, a depletion of elec-
trons, i.e., a reduction of the electron density, need not
occur if this electric field reduces the diffusive current of
electrons to the wall by an amount that is equal to the
probe current. The probe then simply diverts part of the
wall current and returns it to the walls indirectly through
its circuitry. The maximum current that can be drawn is
then limited only by the total electron current that enters
the tube. One might also consider a mechanism in which
the electric field penetrates into the plasma source (usual-
ly an electrical discharge) and draws additional electrons
from the discharge plasma. This seems less likely,
though, since in most such sources the electrons are pro-
duced indirectly by Penning ionization of atoms by meta-
stable helium atoms and the electric field would not have
much effect on the flux of metastable atoms from the
source. Figure 1 schematically depicts the currents in a
flow tube with electrically conducting walls. The direc-
tion of the arrows is chosen to conform to the convention
for electrical currents, i.e., the electron current entering
the flow tube is negative. It should not be assumed that
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the sum of the electron and ion currents entering the
tube, I,o+I,o, is necessarily equal to zero since currents
can also flow in the conducting walls. For the same
reason, it is not necessary that the currents to the mall,
I, and I,-, add up to zero.

Under most conditions of interest, this mechanism of
supplying electrons to the probe by reducing the wall
current seems to work welf and then there is no serious
depletion of electrons over a significant range of bias volt-
ages. The probe current rises with increasing bias volt-
ages, as given by Eq. (11), until it saturates at some value
which may approach the total current entering the tube.
The magnitude of the electric drift field that is needed to
supply the probe current I is quite small. It is approxi-
mately given by

Ed =(I )/( An, ep), (17)

where p is the electron mobility ( =760X 10 cm /V s for
helium at 1 Torr [9] and A is a characteristic cross sec-
tion of the current path. Using the same numbers as in
Eq. (16), one obtains values of E=0.5 X 10 V/cm if the
current flows through the tube cross section 3 =~R . A
field of this magnitude can be produced by a negligible
depletion of less than 10 electrons in a sphere of 1 cm ra-
dius around the probe (see Fig. 1). The field is small com-
pared to the radial ambipolar space charge field which
confines the electrons and which controls the radial
outflow of ions. The ambipolar space charge field has the

magnitude

E, = (kT/e)(1/n, )Bn, /Br

and its radial average is of the order

(E, ) =(kT/e)(1/R)=13X10 V/cm

for T=300 K . (19)

The estimate shows that the radial outflow of ions to
the wall remains essentially unchanged by an electron-
collecting probe. The argument against significant de-
pletion of the plasma can be stated quite simply: Since
the plasma seeks to remain electrically neutral, a de-
pletion of electrons is possible only by removing ions, but
the electric field produced by the probe is too small to re-
rnove the less mobile ions from the plasma. Hence there
is no depletion.

A further, although minor point concerns the question
of electron heating due to the small drift fields that will
arise in the plasma. The effect can be estimated from
known values of the characteristic energy (the D /p ratio)
for electrons drifting in helium at a field of 10 V/cm at
a pressure of 1 Torr. The heating would be entirely negli-
gible, even at fields ten times larger (see Fig. 14.1 in Ref.
[10]).

Unfortunately, conditions can arise where the probe is
unable to draw current at the expense of the wall current,
and we encountered such effects in our experiments. It
appears that sometimes the wall surfaces can be severely
contaminated, in which case surface charges accumulate
on nonconducting surface layers and the electron wall
current becomes unusually small. The Langmuir probes

then cannot function properly since there is no wall
current to be diverted to the probe. The effect can be
drastic (see Sec. III B) and, unless one is aware of it, one
may be misled into believing that the electron density is
far lower than it actually is. We have not tested flo
tubes made from nonconducting materials, for instance
from glass, but it appears that rather large and well-
cleaned reference electrodes would be needed to prevent
depletion of the plasma. A problem may also arise when
one attempts to use probes far upstream near the plasma
inlet. Here, the probe current can easily approach the to-
tal current entering the tube and the probes then do not
function as intended. In practice, this is not usually a
problerD since most flow tubes contain a fairly long sec-
tion at the entrance to establish proper flow conditions.

III. EXPERIMENTAL MEASUREMENTS

The experiments were carried out with the goal of
checking the internal consistency of the orbital-motion
theory by testing several of its predictions, namely, (1) the
square of probe current should depend linearly on the
probe potential over a significant range, (2) in a quasineu-
tral plasma containing only a single ion species of known
mass, the ion current should be smaller by the square
root of the electron-to-ion mass ratio, (3) the probe
current should be linearly dependent on the probe surface
area, and (4) the probe current should be proportional to
the ion or electron density.

Ideally, an experiment should compare the measured
electron and ion densities to results of an independent ab-
solute measurement that employs a more rigorous
method, such as microwave interferometry or microwave
cavity frequency shift techniques. This has been done by
others, although not in flowing-afterglow plasmas. There
is, however, good indirect evidence in support of the ab-
solute values of the measured electron densities from
measurements of electron-ion recombination rate
coefficients in flowing-afterglow plasma. Measurements
of this type will be discussed later.

Two different sets of experiments were performed using
two different flow tubes. In the first set of experiments,
we investigated Langmuir probes of two different sizes in
both the electron- and ion-collecting modes. The second
set focused on a comparison of ion- and electron-density
measurements, determinations of electron-ion recombina-
tion coefficients, and measurements of plasma velocities.

A. Measurements with two probes of diferent sixes

The flow tube used in the first set of experiments mas a
small and rather simple flowing-afterglow system employ-
ing a hollow-cathode discharge source, a stainless-steel
flow tube (diameter of 3.65 cm), and a downstream mass
spectrometer (see Fig. 2). The effective gas flow velocity
was quite small, typically 1000 cm/s. Helium was admit-
ted through the discharge at a pressure of 1.6 Torr and
argon was added at a downstream gas inlet at a pressure
of about 0.1 Torr to convert metastable helium atoms to
argon ions. The only function of the mass spectrometer
mas to verify that Ar+ ions mere the dominant ion
species in the plasma.
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FIG. 2. Schematic diagram of the flow tube used in the mea-
surements with two probes.

Tungsten probe

Teflon

FIG. 3. Sketch of Langmuir probes used to compare probes
of different sizes. The exposed part of the probe wire has a
length of 4 to 5 mm. The spacing between wires is about 4 mm.
The single probes used in the second set of experiments were
constructed in the same way.

This simple apparatus had the advantage that the
probes could be exchanged very quickly and that they
could be observed visually through a glass window. Two
cylindrical tungsten probes of different diameters (nomi-
nally 10 or 25 pm) and lengths (3.6 or 3.8 mm) were
mounted parallel to each other on a movable support at a
distance of about 4 mm from each other (see Fig. 3). The
probes could be translated and rotated to the desired po-
sition while being viewed by a telescope. The probe wires
were made from gold-plated tungsten, but the gold layer
disappeared during the cleaning by electron bombard-
ment. An effort was made to measure the diameters of
the probe wires as precisely as possible. Direct measure-
ments using mechanical micrometers were found to be
too unreliable, especi. ally for the smaller wire size. Better
mechanical measurements were obtained by winding
many turns of wire on a core and measuring the total
length of many turns. Two optical methods were used;
one employed optical diffraction of laser light from a
helium-neon laser, the second consisted of projecting an
enlarged image of the wires using a microscope lens.
Samples of the thinner wire were also examined under a
scanning electron microscope which showed that wires of
this size are not perfectly uniform and have a consider-

able surface roughness. Based on these measurements,
we concluded that the smaller wire had a diameter of
10+1 JMm, and the larger wire a diameter of 25+3 pm.
By optical diffraction measurements, the ratio of the two
wire diameters was found to be 2.44+0. 1. Very fine
quartz tubing was used to insulate part of the probe wire
and to improve mechanical rigidity. The probe was
oriented at a right angle with respect to the flow tube
axis.

Initially, current-voltage probe curves were measured
with a digital electrometer (Keithley Instruments Model
617) with a built-in precise voltage bias. Its analog out-
put was recorded on a chart recorder. The electrometer
had the advantage of precise voltage and current read-
ings, but the bias voltages could be swept only slowly
(about 1 to 10 s for a single sweep}. A dependence of the
probe curves on the rate and direction of the voltage
sweep ("hysteresis" effect} was noticed only when operat-
ing the probe in the electron-collecting mode. Cleaning
of the probe surface by drawing large electron currents
from the plasma (up to 1 mA at 40 V, for several minutes)
was found to be absolutely necessary to reduce hysteresis
to tolerable levels. The residual hysteresis consisted
mainly of small shifts along the voltage axis and had little
effect on the slope of the I vs V probe curves. As a rule,
ion currents collected by the probes were far more stable
and less sensitive to the prior history of a probe.

In later work, an electronic voltage-sweep circuit in
conjunction with a differential amplifier followed by an
analog squaring circuit was used and the probe curves
were displayed on an x-y oscilloscope. The results were
essentially the same as those obtained with the electrome-
ter. This comment does not apply to the results obtained
in the second flow tube (see Sec. III C), where significant
differences were found between the results obtained with
the electrometer and with the electronic sweep circuit.

B. Results of measurements
with two difFerent probe sizes

The probe curves obtained with the larger probe were
generally very good in the sense that the square of the
probe current varied linearly with the applied voltage up
to quite large potentials of 8 V. This was true for both
the ion and electron branches of the I-V characteristics.

In the case of the smaller probe, the I vs V curves for
the electron branch showed a significant upward curva-
ture at large bias voltages. An example is shown in Fig.
4, where for ease of comparison the I vs V curve for the
smaller probe has been scaled up by the square of the ra-
tio of probe surface areas. The initial slopes (below 1.5 V)
of the curves are fairly close, but at higher voltages the
discrepancy is quite evident. This suggests that only the
initial slope of the I vs V curves should be used to calcu-
late the electron density. The smaller probe would have
given larger electron densities (by about 45%%uo in the ex-
ample of Fig. 4) if the slope at higher voltages had been
used in the analysis.

We tried to find a plausible explanation for the
differing probe response at higher bias voltages, but no
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clear conclusion was reached. It was thought that an up-
wards curvature of the I vs V curves might be the
"correct" behavior and that, in the case of the larger
probe, the effect was compensated by either a depletion of
electrons or a change in plasma potential. Experimental
tests failed to support this conjecture. For instance, tests
were made to detect changes of the plasma potential due
to the presence of an electron-collecting probe. In one
such test, the larger probe was biased positively (0 to 3 V)
and the voltage of the smaller probe was measured with a
high-impedance voltmeter. The test showed that the
plasma potential relative to the chamber wall did not
change by more than 10 mV. A further test was made in
which the larger probe was biased positively (using fixed
dc potentials from 0 to 10 V) and the current to the small
probe was measured in the usual manner by sweeping the
voltage. A fairly small (6%%uo) reduction of the current col-
lected by the small probe was observed when the larger
probe was held at the large potential of 10 V. This obser-
vation indicates that the electron density in the probe vi-

cinity can be depleted by an electron-collecting probe,
but that the effect is fairly small.

The results obtained with the small electron-collecting
probe show some disagreement with the orbital-motion
theory, but if one limits the analysis to small voltages, the

problem can be circumvented. Probe measurements in
the ion-collecting mode indicated a different and more
serious problem. At the highest plasma densities (near
10' cm, as measured by electron-collecting probes) the
smaller probe collected nearly the same ion current
(about 80%) as did the larger probe even though its sur-
face area was only 43% of that of the larger probe. Fig-
ure 5 shows an example of measured I vs V curves. To
bring out the discrepancy more clearly, the data for the
small probe have been scaled up by the square of the sur-
face ratio. At lower plasma densities (10 cm ) the
currents collected by the two probes were essentially
equal. This result is clearly inconsistent with the orbital-
motion theory. If one were to use that theory to deduce
densities, one would obtain different ion densities for
probes of different size, neither of which would agree
with the electron density obtained from the electron
branch of the I-V curves. The larger probe would have
given an ion density two to three times larger than the
electron density, while the smaller probe would have
given a four to six times higher density. %e emphasize
that the I vs V curves were nevertheless quite linear, as
was expected from the orbital-motion theory. Linearity
of the I vs V curves by itself clearly cannot be taken as
evidence that the orbital-motion theory is applicable.

25000

20000

15000C

0

0
10000

CO

CP

FIG. 4. I' vs V curves for electron-
collecting probes of two sizes. Open squares:
probe diameter, 25 pm; probe length, 3.8 mm.
Filled squares: probe diameter, 10 pm; probe
length, 3.6 mm. The currents of the small
probe have been rescaled by the ratio of the
probe surface areas. The electron density in-
ferred from the larger probe is 4.3 X 10' cm
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C. Probe measurements of ion and electron densities
in the fast flos tube

The first set of experiments gave us some insight into
the behavior of probes in flowing-afterglow plasmas, but
the conditions were not quite typical of most flow tube
experiments. Most experiments use electrodeless mi-

crowave discharges as the plasma source and employ
higher gas flow velocities. Therefore a second set of data
were taken using a fast flow tube employing a microwave
ionization source.

The basic features of the second flow tube were similar
to those of the first, but the tube had a slightly larger di-
ameter (4 cm} and it was equipped with a fast Roots
pump that allowed operation at larger flow velocities
(5000 cm/s). The plasma was generated in a microwave
discharge in helium at pressures from 0.8 to 1.6 Torr,
and, as before, argon was added to convert metastable
helium ions to Ar+ ions. A single Langmuir probe (di-
ameter 27 pm, length 4 mm} was installed on a movable
rod so that it could be positioned at any point on the axis
of the flow tube.

The apparatus was equipped with calibrated flow me-
ters and precise pressure gauges that allowed better flow
characterization than was possible in the first apparatus.
It was also possible, using the Langmuir probe, to ob-

serve the decay of the electron density as a result of
electron-ion dissociative recombination when molecular
gases were added to the plasma at a reagent inlet port.
These measurements will be described here only to the
extent that they provide a test of the probes.

As in the first set of experiments, the I vs V curves for
electrons and ions showed good linearity, but over a
smaller range of bias voltages. Also, the rate at which
the probe voltage was swept had a noticeable efFect on the
slope of the I vs V curves. For instance, when the probe
voltage was swept slowly (in 1 to 10 s) and the digital
electrometer was used to measure the currents, the slopes
of the I vs V curves were consistently smaller by
10—20%%uo than those obtained using the fast sweep cir-
cuit. As a rule, the I vs V curves for ions were less sensi-
tive to the voltage sweep rate than those for electrons. In
order to find the "best" sweep rate, probe curves were
recorded at various electron densities and sweep rates.
The results showed that the I vs V curves varied little
with sweep rate in the range from 1 V in 0.1 s to 1 V in 10
ps. Most of the data were taken at sweep rates of 1 V in
5 ms.

It was also observed that the electron current began to
"saturate" at smaller voltages when the probe was placed
close to the plasma inlet. The cause of the saturation is
most likely that the probe current then is limited by the
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FIG. 5. I vs V curves for ion-collecting
probes of two sizes. The ions were Ar+. Open
squares: probe diameter, 25 pm; probe length,
3.8 mm. Filled squares: probe diameter, 10
pm; probe length, 3.6 mm. The currents of the
small probe have been rescaled by the ratio of
the probe surface areas. The electron density
was the same as in Fig. 4.
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total electron current that enters the flow tube. At points
further downstream, the linear range was larger, typically
2—3 V. Finally, at very low electron densities (below
about 10 cm ), the I vs V curves again became non-
linear. The probe current I, rather than I, varied linear-
ly with voltage. This sets the lower limit of the range of
electron densities that can be covered. Smith and Plumb
[11]suggested that at very low densities the space charge
sheath expands to such a size that the probe no longer
has cylindrical symmetry.

In the course of this work, we twice observed a rather
disturbing effect: The decline of the measured electron
density as a function of position was perfectly normal in
the upstream part of the tube, but it appeared to drop off
rapidly once the electron density approached values of
about 2X10 cm /s. By contrast, the ion densities mea-
sured with the probe exhibited the normal, slowly decay-
ing behavior. This peculiar effec persisted for several
weeks of operating the flow tube and then disappeared.
The most likely explanation is that the surfaces of the
(stainless-steel) tube were coated with an insulating layer
that was eventually removed by the plasma.

One important result of these measurements is the
comparison of the apparent electron and ion densities
that were inferred from the data. Figure 6 shows the ra-
tio of measured electron and ion densities, as calculated
from the orbital-motion formula. The ions were almost
entirely Ar+. The helium pressure was varied from 0.5
to 1.6 Torr and data were taken at different points in the
flow tube to obtain the variation with electron density.
The observed ratio n;/n, is seen to decrease by a factor
of 2 at all electron densities as the pressure increases from
0.5 to 1.6 Torr. The result is clearly unacceptable since
in a quasineutral plasma the true ratio should be close to
unity at all pressures. Either the electron or the ion den-
sity or both must be given incorrectly by the orbital-

1,6

1.4

motion theory, but it is not obvious which, if any, of the
two densities can be trusted. The question was decided
by remeasuring the known recombination coefficient of
Oz, which will be described in the next section.

D. Electron-ion recombination measurements

an, (z, r—) ), (20)

with u „(r)=v„.(r =0)[1—(r/R) ] is solved Here, .D,
is the ambipolar diffusion coefficient which can be de-
duced from zero-field mobility data, using Einstein s rela-
tion between diffusion and mobility. This treatment takes
proper account of the radia1 dependence of n, and the ra-
dial variation of the gas flow, but it ignores axial
diffusion. The neglect of axial diffusion is not entirely
justified since the axial gradients in a recombining plasma
can easily approach the radial gradients. It should be in-
corporated into more accurate models.

In a second, simplified model the radial dependencies
of n„and U „,are ignored and diffusion losses are calcu-
lated assuming that a fundamental-diffusion-mode distri-
bution is approximately valid in the recombining plasma.
The electron continuity equation then can be written as

In these measurements, oxygen was added to convert
by ion-molecule charge transfer the nonrecombining Ar+
ions to 02 ions that subsequently undergo dissociative
recombination with electrons. The decay of the electron
density as a function of position was analyzed to obtain
the recombination coefficient of 02+. Its value is known
from the microwave afterglow studies of Mehr and Bion-
di [12] to be (1.95+0.2) X 10 cm /s at an electron tem-
perature of 300 K. Other measurements [13,14] support
this recombination coefficient, but some of them also rely
on Langmuir-probe measurements while others were nor-
malized to the microwave afterglow value and are thus
not truly independent.

In order to measure the recombination coefficient accu-
rately, two computer models of the recombining plasma
were constructed. In the first, the electron continuity
equation

Bn, (z, r)IBz=[l/u „(r)]
X ((D, Ir) [Older [rdn, (z, r) IBr] I

Bn, (r =0}/B,z = —
( / I, v)Isn, (r =0)v„+an,"}, (21)

1.0
~— ~ z=16 cm

6'hz=15 cm

0.8 +—-hz=12 cm~—+z=ll cm

0.6—
0.0 0.5 1.0

pressure (Torr)

FIG. 6. Apparent ratios of the argon-ion and electron densi-

ties at different gas pressures and different positions in the fast
flow tube. At p =1 Torr, the electron density at position z = 16
cm was n, =SX10 cm . At z =11 cm it was n, =3.95X10
cm

where vd =D, /A is the diffusion loss frequency and A is
the fundamental diffusion length (for a cylinder,
A=R/2. 405). In this model, an eff'ective (low velocity
U ff has to be used that is not equal to the average gas flow
velo city (u...) =

—,'u(r =0). A comparison of calcula-
tions made with the two models indicates that the
simplified model is of adequate accuracy if one uses

,us=(1.7+ 01)(v „).The exact factor depends on the
relative magnitudes of the diffusion and recombination
losses. The simplified model has the virtue that it is far
easier to incorporate additional reactions (e.g. , ion con-
version) and was the preferred method of analysis.

From a large set of experimental data at different gas
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pressures we obtained consistent values of the recombina-
tion coefllcient a(Oz+}=(2+0.2) X 10 cm /s, in excel-
lent agreement with the values obtained by the mi-
crowave afterglow method. Any possible error in the ex-
perimental determination of electron densities would
have alected the inferred recombination coei5cient so
that the agreement must be regarded as strong support
for the reliability of the electron-density measurements.
This obviously implies that ion densities, for instance the
argon-ion densities shown in Fig. 6, are not given correct-
ly by the orbital-motion theory.

E. Measurements of plasma Sow velocities

(v&„&)=(zz —
z& )/(tz t& ) . — (23)

The pulse arriving at the second location, however, has a
different time dependence and it consists only of those
electrons that have not diffused very far from the flow
tube axis. Since the gas flow velocity has the highest
value on axis, a pulse will propagate with a velocity that
is higher than the average defined by Eq. (22). It was
found difBcult to solve the problem analytically, but some
insight was gained by a simple random-walk computer
simulation. In the simulation, a test particle was made to

The analysis of the recombining plasma depends criti-
cally on the effective flow velocity v,z. It is common
practice to use Langmuir probes to determine the flow
velocity of the plasma by modulating the plasma source
and monitoring the passage of the maximum electron
density at two or more locations in the flow tube. While
this measurement is quite simple to perform, its interpre-
tation deserves some scrutiny. In an early application of
the technique, Adams, Church, and Smith [15] compared
the velocity obtained in this manner to an average "plas-
ma velocity" that was defined as

(vr ) =(1/(n, ))f n, (zz, r)vs, „(r)2rrrdr, (22)
0

where
R

(n, )=f n, (zz, r)2mrdr .
0

Adams, Church, and Smith show that (v~) =—3(vs,„)
for a fundamental-mode radial electron density distribu-
tion. The numerical solution of the electron continuity
equation yielded (vr ) =1.41(vs,„),quite close to the
approximate value —', . Our attempts to verify the factors

3 or 1.41 experimental ly by comparing the average gas
flow velocity (obtained from calibrated gas flow meters
and pressure gauges) to the measured pulse propagation
velocity were quite unsuccessful. Typically, we obtained
numbers of 1.8 rather than —', . It became clear eventually
that the so-called average plasma velocity differs consid-
erably from the propagation velocity of a plasma pulse or
the velocity of the modulation envelope. Two different
physical concepts are involved: (v ) is the average flow
velocity of electrons through a cross section of the tube
while the propagation velocity of a pulse is inferred from
the delay time between arrival at two different locations,
i.e.,

execute a three-dimensional random walk in a simulated
parabolic flow. Particles were eliminated whenever they
diffused outside the tube radius. The computer recorded
the times when the test particles passed through two
"gates" located at positions z, and zz, displayed the dis-
tribution of arrival times, and calculated the velocities.
The gates simulate the Langmuir probes that are used in
the experiment. The location of the first gate was chosen
so that the test particle had a 1/e probability of surviving
to the first gate. Even after several thousand iterations,
the results suffered somewhat from poor statistics, but it
was nevertheless clear that velocities were close to 1.8
times larger than the average gas flow velocities, in agree-
ment with the experimental findings. The results of the
simulation depended slightly on the size of the gate (cir-
cular disks of —,', to —,

' of the tube cross section, centered
on the axis).

The computer simulation and the experimental results
show that average plasma velocity, as defined by Eq. (22},
is not identical to the propagation velocity. If we had
used the average plasma velocity in our analysis of the
recombining plasma, we would have obtained
a(Oz+)=1.5X10 cm /s. Fortunately, only a small er-
ror results if one uses the measured propagation velocity
(1.8( v „)) instead of the effective velocity (1.7( vs ) ) in
the analysis of recombination data by Eq. (21), as is com-
mon practice.

IV. SUMMARY AND CONCLUSIONS

Our results support the orbital-motion analysis of
Langmuir probes only if they are used in the electron-
collecting mode. The densities deduced from electron-
collecting probes of different sizes are consistent provided
that the probe currents at low voltages are used in the
analysis. Recombination measurements confirm that the
absolute values are quite accurate (about 10%). These
findings corroborate the work by other experimentalists.

Serious perturbations of the plasma by the probes were
observed only when the reference electrodes were con-
taminated, but otherwise they seem to be surprisingly
small. Probes of small radius show greater deviations
from the orbital-motion theory and do not seem to offer a
significant advantage compared to the commonly used
size of 25 pm.

Our results also show, however, that the orbital-motion
theory fails for ion-collecting probes. The experiments
show that the probe currents do not scale correctly with
the probe surface area and that the inferred ion densities
are not in agreement with measured electron densities. It
also appears that the response of ion-collecting probes de-
pends on gas density. This is not the first result that casts
doubt on the validity of the orbital-motion theory for
ion-collecting probes. Similar, but smaller effects have
been noted in stationary afterglow plasmas [16] and more
drastic discrepancies between ion and electron densities
have been found in discharge plasmas [3]. Strong nega-
tive dependencies of the probe current on gas density
have also been observed [7]. On the other hand, some in-
vestigators [2] have used ion-collecting probes to obtain
data on the pressure dependence of ion-ion recombina-
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tion rate coefficients (at pressures up to 8 Torr), implying
that such probes might be well suited for flowing-
afterglow studies. We must conclude that this is not the
case and now regard the results on ion-ion recombination
rates and the inferred variation of the recombination
coeScients with gas density with some caution.

The use of Langmuir probes to measure flow velocities
is found to be useful and quite accurate, but one should
be aware that the measured velocities are not the same as
the so-called average plasma velocity.

The question remains of why the orbital-motion theory
fails for ion-collecting probes. It appears likely that the
energy-reducing collisions between ions and atoms lead
to trapping of ions in the potential well surrounding the

probe. A trapped ion will su@'er further energy-reducing
collisions and eventually strike the probe. The target
area of the probe then largely depends on the density of
atoms and the ion-atom collision cross section, rather
than on the surface area of the probe. Our measurements
using two di8'erent probe sizes support this picture. It is
possible that the orbital-motion theory may give better
results for probes that are even larger than those used
here and this may be worth exploring.
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