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Translational kinetic-energy distributions of singly and doubly charged ions have been measured at high
electric-field to gas-density ratios (E/N) up to 5.0310217 V m2 ~50 kTd! in diffuse, parallel-plate Townsend
discharges in Ar, Ne, and He using an ion energy analyzer-mass spectrometer. For Ar1 in Ar and Ne1 in Ne
whenE/N ,2.0310217 V m2 and for He1 in He whenE/N,1.0310217 V m2, the energy distributions are
Maxwellian and consistent with predictions based on the assumption that resonant symmetric charge exchange
is the dominant ion–neutral-species collision process. At higherE/N values, the kinetic-energy distributions
for Ar1, Ne1, and He1 show departures from the Maxwellian form that are indicative of deviations from the
charge-transfer model. The mean ion energies~effective ion temperatures! are consistent in the lowE/N range
with the available drift-velocity data, and in the case of Ar1 with recent results of Radovanovet al. @Phys.
Rev. E51, 6036~1995!# from Townsend discharge experiments. The charge-exchange cross sections derived
from Maxwellian fits to the energy distribution data for Ar1 1 Ar, Ne1 1 Ne, and He1 1 He agree with
available data. The relative contributions of the doubly charged ions Ar21, Ne21, and He21 to the total ion
flux were found to be small~less than 3%! and tend to decrease initially with increasingE/N. The mean
energies of the doubly charged ions are higher than those for the corresponding singly charged ions, and the
results suggest that double charge transfer could be the dominant process affecting the transport of Ar21 and
Ne21 for E/N below about 1.5310217 V m2. The observed He21 kinetic-energy distributions are not consis-
tent with a charge-transfer model.@S1063-651X~96!10711-X#

PACS number~s!: 52.80.Dy, 34.70.1e, 82.30.Fi, 51.50.1v

I. INTRODUCTION

Resonant symmetric charge exchange is presumed to be
the predominant type of ion-atom collision that determines
the kinetic-energy distributions of singly charged positive
ions in the cathode fall region or sheath of low-pressure glow
discharges in rare gases@1–9#. Recent experimental work of
Radovanov and co-workers@10# has shown that the kinetic-
energy distributions of Ar1 in a diffuse Townsend discharge
are Maxwellian and consistent with predictions of a simple
charge-transfer model derived by Wannier@11# ~also see@9#
and @12#! for electric-field to gas-density ratios (E/N) up to
about 2310217 V m2 ~20 kTd, 1 Td[10221 V m2). How-
ever, there are indications from this work that at
E/N52310217 V m2, the charge-transfer model begins to
fail. Mase and co-workers@13# have clearly shown from
low-pressure drift-tube experiments that at sufficiently high
effectiveE/N, the kinetic-energy distribution of Ar1 in Ar
will exhibit significant deviations from Maxwellian behavior
with a high-energy tail or peak indicative of ‘‘runaway’’ or
‘‘beamlike’’ ions that experience few if any collisions in
traversing the drift tube. It should be noted that departures
from Maxwellian behavior have also been seen for He1 in
He, Ne1 in Ne, and Ar1 in Ar from the measured ion-
velocity distributions of Ong and Hogan@14# for relatively
low E/N, below 3.2310219 V m2 ~320 Td!. At low E/N, the

measured ion-energy distributions are susceptible to distor-
tions arising from low-energy ion discrimination, ion absorp-
tion, and ion-surface interactions at the metal sampling
plate @15,16#.

Very little experimental data exist on the kinetic-energy
distributions of positive ions in rare gases at highE/N
~above 1310218 V m2). In order to obtain data atE/N
above the breakdown strength of the gas where drift tubes
fail, it has been necessary to resort to the use of low-density,
diffuse parallel-plate discharges generally known as
Townsend discharges. A Townsend discharge corresponds to
conditions immediately above breakdown inception near the
Paschen minimum where the voltage drop across the elec-
trodes is nearly independent of the discharge current@17–
19#. In this type of discharge, the charged-particle densities
are too low to significantly perturb the electric-field strength
between parallel electrodes, and therefore, assuming a uni-
form gas density, the discharge region can be characterized
as having a constant and uniformE/N. The positive ions are
initially produced throughout the discharge volume by elec-
tron impact, and because of the nature of electron multipli-
cation in the discharge, the ion density is expected to be
nonuniform and peaked near the anode.

In an earlier work, Hornbeck@20# used a pulsed
Townsend discharge to measure the drift velocities of ions in
helium, neon, and argon forE/N up to about 2310218 V
m2. The measurements mentioned above by Radovanov and
co-workers @10# of ion kinetic energies in argon at high
E/N were performed using self-sustained Townsend dis-
charges, as were the measurements in the present work. Al-
though the experimental approach is similar to that taken in
our earlier work @10#, the apparatus used here, including the
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discharge cell and mass selectable ion-energy measurement
system, is completely different. Significant improvements
have been made in the design of the system to~i! provide
much higher sensitivity,~ii ! extend the ion-energy range
from 120 eV to 1000 eV,~iii ! increase the maximum attain-
ableE/N by more than a factor of 2, and~iv! improve the
uniformity of the discharge. Measures have also been taken
to reduce previously observed discrimination of low-energy
ions below 20 eV. With the present system it has been pos-
sible to measure also the kinetic-energy distributions of the
minor doubly charged ions Ar21, Ne21, and He21.

The primary purpose of the work presented here is to
extend the previous investigation@10# on argon to higher
E/N and to the gases neon and helium to ascertain the range
of validity of the charge-transfer model for predicting ion-
kinetic-energy distributions. A preliminary report of the re-
sults from this work has previously been given@21#.

II. EXPERIMENTAL ARRANGEMENT

Although, as noted in the preceding section, the experi-
ment described here is conceptually the same as in our pre-

vious work @10#, the apparatus used in the present investiga-
tion is completely different. The much higher ion detection
sensitivity and the extension of the ranges of both ion energy
~up to 1000 eV! andE/N allow a more reliable and complete
investigation of the ion-kinetic-energy distributions and rela-
tive contributions to the total fluxes of the minor doubly
charged ions.

A. Ion-energy analyzer-mass spectrometer

A diagram of the experimental setup is shown in Fig. 1.
The differentially pumped ion energy analyzer-mass spec-
trometer system is, except for minor modifications in the
design and operation of the ion extractor~see the inset of
Fig. 1!, the same as that used for recently reported measure-
ments of ion-kinetic-energy distributions in rf dis-
charges@2,22#. Briefly, it consists of a 45° electrostatic ion-
energy selector coupled to a quadrupole mass spectrometer.
Ions are extracted through a 0.1-mm-diam circular orifice in
the cathode~grounded electrode!. After extraction, the ions
are accelerated and then deccelerated and focused at the en-
trance aperture of the energy selector~Lens 2 in Fig. 1!, so

FIG. 1. Experimental arrange-
ment showing the vacuum cham-
ber, discharge cell, and energy
analyzer-mass spectrometer with
an enlargement of the ion extrac-
tion region. The electron-impact
source was not used in these stud-
ies.
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that they pass through the selector with a constant energy
regardless of their initial energy at the sampling orifice. In
this mode of operation, the energy resolution, defined as the
full width at half maximumD« r , is independent of the ion
energy«. The results reported here were obtained using a
resolutionD« r.4.0 eV. Because of the finite resolution, re-
liable data could not be obtained at ion energies below about
5.0 eV. Proper operation and performance of the system
could be verified using accelerated thermal ions produced in
the electron-impact source.

The ion transmission of the instrument can be affected by
the focusing conditions that are selected. Uncertainties due to
an energy dependence of the ion transmission were assessed
both by ion trajectory calculations@2# and by performing
measurements using different voltages and voltage ratios on
the ion-lens elements. The procedure required to ensure uni-
form transmission becomes more complex as the energy
range of the observed distributions increases. When the
maximum ion energy exceeded 200 eV, it was necessary
~due to limitations of the control electronics! to record data
in 200 eV segments under operating conditions where the
data in all segments matched continuously without adjust-
ments of relative ion-lens voltages. It was found that the
most uniform~energy-independent! ion transmission was ob-
tained using a voltage on the extractor~immediately behind
the sampling aperature shown in Fig. 1! that was held con-
stant during an ion-energy scan. By proper adjustment of this
voltage and corresponding relative lens voltages, it was pos-
sible to achieve nearly uniform ion extraction and transmis-
sion efficiency down to the lowest measurable energies de-
termined by the energy resolution of the instrument.

At the lowest energies, errors due to contact potentials
and shifts in the cathode potential due to steady-state surface
charging during discharge operation can become significant
@22,23#. In general, the ion-energy-distribution data for all of
the gases investigated were found to be less reproducible
below 10 eV than at higher energies. To minimize low-
energy ion discrimination, most of the data presented here
were taken immediately after the electrodes had either been
polished or cleaned by sputtering in a continuous argon glow
discharge.

B. Discharge cell

The discharge cell consisted of two flat, parallel, 11.0-cm-
diam stainless-steel electrodes surrounded by a cylindrical
quartz tube that was uniformly separated from the outer
edges of the electrodes by a space of 1 mm to allow gas flow
through the interelectrode gap. The bottom electrode in Fig.
1 served as the cathode and was grounded through a 1-kV
resistor shown in the circuit diagram of Fig. 2. The 0.1-mm
orifice through which ions were extracted was located at the
center of the cathode. The upper electrode~anode! could be
moved via a mechanical feedthrough to vary the interelec-
trode gap spacing between 0.0 and 4.0 cm.

Optical emission from the discharge was observed in two
perpendicular directions with respect to the center of the
electrodes through separate windows mounted on sideports
of the vacuum chamber. Visual observations of the emission
were used to verify that the discharge was reasonably uni-
form between the electrodes and that there was no ‘‘long-

path breakdown’’ or discharges that occurred from the back-
side of the anode as was sometimes observed in our previous
experiments@10#. Nonuniformities in the discharge emission
appeared sometimes for interelectrode gap spacings less than
about 1.0 cm, where small deviations from parallelism of the
electrodes can become significant. Nevertheless, provided
the discharge was operated in the Townsend regime, the
measured ion-kinetic-energy distributions did not appear to
change significantly when these nonuniformities occurred,
thus suggesting that the nonuniformities in emission are not
associated with significant changes of the electric-field
strength in the discharge gap, i.e.,E/N is still well defined.
Although measurements were made using different interelec-
trode gap spacings, all of the results presented here were
obtained with a gap of 2.0 cm for which observable nonuni-
formities in the optical emission were not evident.

Discharges between the backside~or edges! of the anode
and the grounded walls of the vacuum chamber were pre-
vented by using the combination of insulators and glass tub-
ing shown in Fig. 1. The use of thin electrodes with rounded
edges was also found to be effective in reducing nonunifor-
mities in the fringing field and the concomitant probability
for inception of long-path breakdown. Although it was
shown in our earlier work@10# that the occurrence of dis-
charges behind the anode does not necessarily prevent attain-
ment of a uniform Townsend discharge of well-defined
E/N between the electrodes, all of the data reported here
were acquired under conditions where no detectable dis-
charges occurred outside of the region between the two elec-
trodes. To ensure that the discharge was confined to the re-
gion between the electrodes, the currentsI 1 and I 2 to the
anode and cathode, respectively, were measured as shown in
Fig. 2. Measurements of ion energies were always made un-
der conditions whereI 15I 2 to within the uncertainties in the
measurement of current.

FIG. 2. External circuit indicating the locations at which the
current (I 1 and I 2) and voltage (Vd) were measured. The occur-
rence of transients or the onset of oscillations and instabilities was
recorded with the oscilloscope connected to the cathode. The cath-
ode was grounded through the 1-kV resistor and maintained at
approximately the same potential as the walls of the vacuum cham-
ber.
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The maximum attainableE/N for each gas was limited by
the combined conditions of lowest gas pressure and smallest
gap spacing that could be used to maintain a stable, self-
sustained discharge. The gas pressure within the cell was
regulated to within60.1% with a flow controller. Thus er-
rors in definingE/N due to fluctuations in gas pressure were
deemed to be negligible. The gas number densityN was
determined from the pressure using the ideal gas law, which
was assumed to be valid for pressures in the range 6.58–
100.0 Pa~50–760 mTorr! that were required for the present
experiments. The gas pressure was measured with a capaci-
tive manometer~baratron!. The highest pressure that could
be used was limited by the requirements of the ion-energy
analyzer-mass spectrometer, which was always maintained at
a pressure below 6.531024 Pa (;531026 Torr!. High-
purity gas samples (.99.99%) were used for all of the ex-
periments. Prior to introducing the gas at the desired pres-
sure, the cell was pumped down to a high vacuum. The base
pressure of the cell was typically on the order of 6.531026

Pa (;531028 Torr!. The most significant contaminant ob-
served mass spectrometrically during operation of the dis-
charge was H2O. The H2O content was found to be highest
immediately after the discharge cell was evacuated. Mea-
surements of ion-energy distributions were not made until
the relative intensity of the H2O

1 peak was an order of
magnitude or more below that of the minor doubly charged
ions Ar21, Ne21, and He21. Possible effects due to inter-
actions of rare-gas ions with contaminant molecules are
therefore expected to be insignificant.

C. Electrical characteristics

The electric-field strength in the discharge gapE was as-
sumed to be given byVd /d, whered is the gap spacing and
Vd is the voltage across the gap measured with the voltmeter
indicated in Fig. 2. For the discharge currents that were used,
the voltage drop across the 100-kV resistor in Fig. 2 was
typically much less than 1% of the voltage across the gap.
Uncertainties in the measurement ofVd , and therefore in the
determination ofE, due to the combined effects of possible
power-source drift and/or fluctuations, contact potentials,
and charging of the electrode surfaces were estimated to be
less than63%. Of these, the effect of surface charge is the
least known and may represent the major contribution to the
uncertainty.

Examples of voltage-current characteristics that were de-
termined for argon atE/N;5310218 V m2 are shown in
Fig. 3. Figure 3~a! showsVd versus I for three different
indicated gap spacings and Fig. 3~b! showsVd versusI ob-
tained at different times after the discharge was initiated for
the same gap spacing of 2.0 cm. It is clear from these results
that the voltage-current characteristic of the discharge exhib-
ited changes with both gap spacing and time. As discussed
below, it is reasonable to expect that such changes could
occur.

Despite the difficulty in controlling the electrical behavior
of the discharge, it was found that, for a fixedE/N, the
measured ion-energy distributions were not particularly sen-
sitive to either gap spacing or time of operation. However,
after the discharge had been in operation for many hours, it
was often found that the low-energy part of the kinetic-

energy distributions~below about 20 eV! became suppressed
relative to the rest of the distribution, thus indicating the
onset of possible low-energy ion discrimination associated
with discharge-generated contamination or modification of
the electrode surface. As noted above, this effect was largely
eliminated by cleaning and polishing the electrode or signifi-
cantly reduced by running a relatively high-current (; 5
mA! argon glow discharge in the cell for many minutes.
Argon ions are evidently very effective in ‘‘cleaning’’ the
electrode surface by sputtering. It was generally found that
the most rapid changes in the voltage-current characteristics
occurred immediately after freshly cleaned electrodes were
exposed to the discharge. The curve fort50 in Fig. 3~b!
corresponds to electrodes that had just been polished and
cleaned. It should also be noted that electrode surface effects
are thought to be an important source of low-energy ion
discrimination in the earlier work of Radovanov and co-
workers @10#. All of the data reported here were obtained
under relatively clean electrode conditions in order to mini-
mize this effect.

For the results shown in Fig. 3, the Townsend discharge
region corresponds to the relatively flat part of the voltage-
current curves fromI,1.0 mA to I.50 mA. Within this
range, whereE/N is expected to be well defined, it was
found that the measured ion-energy distributions were not
significantly dependent on the discharge current. At currents
above the limit of the Townsend region, the voltage across

FIG. 3. Examples of the voltage-current characteristic measured
for an argon discharge atE/N.5310218 V m2 ~5 kTd!. ~a! shows
the results for three different indicated electrode-gap spacings and
~b! shows the results obtained after three different times during
which a Townsend discharge was operated starting with cleaned
and polished electrodes att50. The gap spacing for the data in~b!
was 2.0 cm. The Townsend region corresponds to currents between
1 and 50mA.
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the electrodes appears to drop rapidly and go through a min-
imum. The region around this minimum is associated with an
unstable pulsating or oscillatory-type discharge that is the
well-known @17,18,24,25# transition to a stable glow dis-
charge. For the cases represented in Fig. 3, the stable glow
appears at about 1 mA. Because the voltage across the elec-
trodes was observed to have a time dependence in the tran-
sition region, the values for the voltage in this region given
by the curves in Fig. 3 actually represent averages over the
measurement time, which was always much longer than the
period of the discharge oscillations. It was also found that the
observed ion-energy distributions changed dramatically with
the onset of oscillations in the discharge current and there-
fore precautions were taken to avoid this region during the
recording of energy distributions by continuous monitoring
of the current using an oscilloscope shown in Fig. 2. The
onset and nature of the discharge oscillations are known to
be sensitive to the configuration of the external circuit@24#.
The circuit shown in Fig. 2 differs from that used in our
earlier work @10#, and has been redesigned to optimally ex-
tend the usable Townsend region.

Variations in the electrical characteristics of the discharge
with time such as that seen in Fig. 3~b! are expected and can
be attributed to discharge-induced modifications of the elec-
trode surface that in turn change the secondary ionization
coefficient assigned to the release of secondary electrons by
photon, ion, and metastable species impact on the surface. It
is known that the behavior of a self-sustained Townsend dis-
charge is critically dependent on the secondary ionization
coefficient @19,26#. Because of the relatively short times
~typically 1–10 min, depending on the energy range! needed
to accumulate the data for a kinetic-energy distribution, dis-
tortions of the distributions due to slow changes in the elec-
trical characteristics of the discharge were not observable.

Under most conditions, the voltage-current curves exhib-
ited a negative slope in the Townsend region that is charac-
teristic of self-sustained discharges in rare gases. This behav-
ior, which was initially reported by Schade@27# and recently
reviewed by Phelps@28# ~also see Ref.@19#!, is believed to
be due in part to field-enhanced photon- and positive-ion-
induced electron yield at the cathode that is affected by local
space charge. Although collisions of metastable species that
result in ion formation may also contribute to this effect,
there are reasons to doubt that this process is as important as
originally presumed@20,28#. It was found in the present
work, as illustrated by the data at 1.5 cm in Fig. 3~a!, that the
negative differential voltage-current behavior was not always
evident. Failure of the discharge to exhibit this behavior usu-
ally occurred for small gaps and was often correlated with
the appearance of nonuniformities in the optical emission
from the discharge. The reason for the absence of a negative
differential voltage-current behavior at some relatively small
gap spacings is not clear, but may be related to the onset of
constrictions in the discharge that are known to be the pre-
lude to the oscillatory behavior mentioned above@24,28#.
When the gap is reduced, slight nonuniformities in the inter-
electrode spacing are expected to have an enhanced influence
on the behavior of the discharge.

The fact that the measured rare-gas ion-energy distribu-
tions did not depend on either gap spacing or current implies
that the results for a givenE/N are not significantly influ-

enced by the voltage-current characteristics provided that the
discharge is operated in the Townsend regime. Because the
ions were sampled at the center of the gap far from the quartz
walls, nonuniformities or perturbations of the local field due
to possible surface-charge accumulation on the walls were
not important. This assertion is supported not only by the
fact that the interelectrode gap spacing was small compared
to the diameter of the electrode, but also by the lack of ob-
servable dependence of the results on the gap spacing.

III. DATA ANALYSIS THEORY

In analyzing the measured ion-kinetic-energy distribution
data, it is important to know the appropriate form of the
distribution that should be used in making comparisons with
theory. The theory that applies to the cases considered here
where positive-ion transport is governed by symmetric reso-
nant charge-transfer collisions has previously been
discussed@9–12# and is briefly reviewed in the Appendix.
Theone-dimensionalcharge-transfer model for ion transport
used here applies at sufficiently high ion energies where the
angular distribution is strongly peaked in the direction of the
electric field, i.e., the velocity components perpendicular to
the field are assumed to be negligibly small compared to the
component in the field direction. Although one can question
the range of validity of the one-dimensional model, it is ex-
pected that breakdown of the model would primarily occur at
the very low-energy end of the ion kinetic-energy distribu-
tions, below the energy range within which most of the data
presented here are considered to be reliable.

As discussed in the Appendix, what is actually measured
in the experiments described here is theflux-energy distribu-
tion, i.e., the number of ions per second with energy between
« and«1d« that strike a particular area of the cathode@15#.
This is in contrast to thetrue energy distribution, which is
simply the probability that an ion at any given time and
location will have energy between« and«1d«. Under equi-
librium conditions, the flux-energy distribution, denoted here
by F(«), is related to the true energy distribution, denoted
here byf («), by the expression

F~«!5C«1/2f ~«!, ~1!

where, in general,C is a factor proportional to the number
density of ions incident on the sampling orifice. In the fol-
lowing discussion, the flux energy distribution is defined to
satisfy the normalization requirement

E
0

`

F~«!d«51, ~2!

so thatC is determined by

CE
0

`

«1/2f ~«!d«51. ~3!

Issues concerning the proper choice of the energy-
distribution function have been discussed, for example, by
Allen @29# and Skullerud and Holmstrom@15#.

The experimental results obtained here for the singly
charged ions Ar1, Ne1, and He1 are compared with pre-
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dictions based on a solution of the Boltzmann transport equa-
tion at highE/N assuming that symmetric resonant charge
transfer is the dominant process and has a total cross section
of the form

QCT~«!5Q0«
2b, ~4!

whereQ0 is a constant andb is also a constant that satisfies
the condition ubu,1. It has been shown@10# that the
form given by Eq.~4! is an acceptable representation of the
Ar 11Ar cross section recommended by Phelps@30# in the
relevant energy range.

As discussed in the Appendix~also see@31#!, the func-
tion F(«) obtained using Eq.~4! assumes the form

F~«!5~12b!GS 1

12b D 21

3@kT1~12b!#1/~b21!expF 21

kT1
S «12b

12b D G , ~5!

wherek is the Boltzmann constant,G is the usual gamma
function, andT1 is the effective ‘‘ion temperature.’’ For the
cases considered in this work, as will be shown below, it is
generally a good approximation to assume thatb50, i.e.,
that the charge-transfer cross section is a constant. In this
approximation,F(«) assumes a Maxwellian form

F~«!5
1

kT1
exp~2«/kT1! ~6!

and

kT15
e

Q0
S END , ~7!

wheree is the electron charge. Note that the ion temperature
is directly proportional toE/N and inversely proportional to
the cross section.

An apparent mean ion energy is defined here using the
flux energy distribution by

^«&5E
0

`

«F~«!d«. ~8!

Note that this differs from the ‘‘true’’ mean based on the
distribution f («) ~see the Appendix!. Using Eq.~5! in Eq. ~8!
gives

^«&5

GS 2

12b D
GS 1

12b D @kT1~12b!#1/~12b!, ~9!

which reduces to

^«&5kT1 ~10!

for the approximationb50. It should be noted that this defi-
nition differs by a factor of 1.5 from that used in Ref.@10#,
where a different form for the energy-flux distribution was
assumed~see the Appendix!.

The acquired data consist of a set of ion intensities corre-
sponding to F(«) that are denoted here by
Si(« i ,D« r),i51,2,3, . . . ,imax. The value forSi correspond
to the numbers of ions per second recorded for equal dwell
times and the same energy resolution at the nominal energies
« i such that the spacing between successive energies was
always the same, i.e.,« i112« i5constant for all i
(1< i< imax21). The data forSi versus« i (« i.« i c) were fit
to both of the forms given above by Eqs.~5! and ~6!, i.e.,
aexp(2b«) or a8exp@2b8«12b#, where a,b, a8,b8, and b
were treated as adjustable parameters. Here« i c is a lower
limit of the energy below which discrimination effects were
considered to be important.

In the case of the Maxwellian approximation (b50), the
mean energy is simply given from the fit to the data by the
parameterb21, where it is seen that2b is the slope of the
energy-distribution curve when plotted on a semilogarithmic
scale as in Figs. 4–6. In the more general case,^«& is deter-
mined by using the parametersb andb8 obtained from the
fits in the form of Eq.~9!. The mean energies were also
computed directly from the numerical data using

FIG. 4. Examples of the measured kinetic-energy distributions
for Ar1 in Ar at the three indicated values ofE/N for a gap spacing
of 2.0 cm. The lines correspond to fits to the data based on the
charge-transfer model, where the solid line is a Maxwellian@Eq.
~6!# and the dashed line corresponds to Eq.~5!.
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^«&5
( i5 i c11

imax « iSi1( i51
i c « iSi8

( i5 i c11

imax Si1( i51
i c Si8

. ~11!

In the above equation, the valuesSi8 ( i< i c) are from an
extrapolation to the recorded data based on the form of Eq.
~6!, i.e., some or all data fori. i c were first fit to the form
aexp(2b«) and then the recorded values fori< i c were re-
placed with the values given byaexp(2b«i). The use of this
extrapolation avoids errors due to low-energy ion discrimi-
nation provided it can be assumed that the Maxwellian ap-
proximation is valid.

Extrapolations at low energies were also used to estimate
the relative contributions of the doubly charged ions to the
total ion flux. For example, in the case of argon, the relative
contributionR(Ar21), of Ar 21 was estimated using the for-
mula

R~Ar21!5
St~Ar

21!

St~Ar
21!1St~Ar

1!
, ~12!

where

St~Ar
21!5 (

i5 i c118

imax8

Si~Ar
21!1(

i51

i c8

Si8~Ar
21!, ~13!

and

St~Ar
1!5 (

i5 i c11

imax

Si~Ar
1!1(

i51

i c

Si8~Ar
1!. ~14!

Both Si8(Ar
21) andSi8(Ar

1) are from extrapolations based
on the Maxwellian form and, in general,i c8Þ i c , i.e., the
low-energy discrimination effect need not extend over the
same range for both singly and doubly charged ions. Also,
because the maximum recorded energies are not the same for
the singly and doubly charged ions,imax8 Þ imax. At E/N val-
ues where the energy distributions of the doubly charged
ions exhibit significant deviations from a simple Maxwellian,

FIG. 5. Examples of the measured kinetic-energy distributions
for Ne1 in Ne at the three indicated values ofE/N for a gap
spacing 2.0 cm. The lines correspond to fits to the data based on the
charge-transfer model, where the solid line is a Maxwellian@Eq.
~6!# and the dashed line corresponds to Eq.~5!.

FIG. 6. Examples of the measured kinetic-energy distributions
for He1 in He at the three indicated values ofE/N for a gap
spacing 2.0 cm. The lines correspond to fits to the data based on the
charge-transfer model, where the solid line is a Maxwellian@Eq.
~6!# and the dashed line corresponds to Eq.~5!.

54 5647RESONANT CHARGE EXCHANGE AND THE TRANSPORT . . .



Si8 merely represents a linear extrapolation of the low-energy
portion of the distribution for«,5.0 eV in the calculations
of ^«& andR.

IV. RESULTS

A. Kinetic-energy distributions

Examples of measured ion-kinetic-energy distributions
(Si versus« i) are presented in Figs. 4, 5, and 6, respectively,
for Ar 1, Ne1, and He1. Shown in each case are the distri-
butions at three widely separated values ofE/N together
with fits using the form of Eq.~5! ~dashed lines! and Eq.~6!
~solid lines!. The intensitiesSi correspond to the total num-
ber of counts/s that were recorded at each energy, i.e., the
distributions, as shown, have not been normalized. As seen
from the data for« i.60 eV in the top graph of Fig. 6, the
contribution of noise counts to the recorded signals is typi-
cally much less than 1% over the observed energy ranges.
All of the data displayed in Figs. 4–6 were obtained for a
gap spacing of 2.0 cm. No data points are shown for energies
below 5.0 eV, where effects due to the finite energy resolu-
tion are known to distort the energy distribution. In some
cases, energy discrimination effects appeared to extend
somewhat above 5.0 eV as evident by the appearance of
maxima in the distributions. The distorting effects noted by
Skullerud and Holmstrom@15# due to ion-electrode interac-
tions, most evident atE/N below about 1310219 V m2, are
not expected to be important here for energies above 5 eV.

It is seen that, in all cases, the difference between the two
fits to the data are barely noticable, especially at the lower
values ofE/N. In general, if a good fit to the data is obtained
using the model based on Eq.~5!, then an equally good fit is
obtained using the Maxwellian approximation given by Eq.
~6!. This implies, as indicated in Tables I–III, thatb is small
and the assumption of constant charge-transfer cross sections
for Ar 1 1 Ar, Ne1 1 Ne, and He1 1 He is reasonable. It
should be noted that, in fitting the forms of Eqs.~5! and ~6!
to the data, maxima that appeared inSi versus « i for
« i.5.0 eV were ignored.

Above about 2310217 V m2 ~20 kTd! for argon and neon
and above about 1310217 V m2 ~10 kTd! for helium, devia-
tions from the Maxwellian form appeared. As seen in Fig. 4,
the energy distributions for Ar1 develop an enhanced high-
energy tail forE/N.2310217 V m2. This deviation from a
Maxwellian form was not evident in the earlier Ar1 results
of Radovanov and co-workers@10# because of a lack of de-
tection sensitivity and severe limits on the maximum ener-
gies that could be observed in that work. For Ne1 and
He1, the deviations from Maxwellian behavior are initially
manifested by decreases in the ion flux at the low-energy
ends of the distributions.

It is clear from the present results that, at sufficiently high
E/N, the charge-transfer model fails to provide an adequate
prediction of the kinetic-energy distributions for singly
charged ions. It will be shown in Sec. IV B that the mean ion
energies also begin to fall below the model predictions based
on Eq. ~9! or ~10! when deviations from the Maxwellian
form become evident. It should be noted that, in the case of
helium, it was not possible to obtain reliable data on the ion
kinetic-energy distributions for E/N above about

2.0310217 V m2 ~20 kTd! because of the inability to main-
tain a stable self-sustained Townsend discharge.

Examples of measured ion-energy distributions for the
doubly charged ions Ar21, Ne21, and He21 are shown in
Fig. 7. The data presented in this figure were obtained for a
gap spacing of 2 cm and at the indicated values forE/N. The
solid lines are fits to the data of the formaexp(2b«). For
E/N,1.5310217 V m2, the Maxwellian form provides rea-
sonable fits to the distributions for Ar21 and Ne21 ions. In
the case of He21, the measured kinetic-energy distributions
cannot be described adequately by a Maxwellian even at
relatively low E/N values. Below about 1.0310217 V m2,
the He21 distributions exhibit a two-temperature character-
istic as seen by the data atE/N50.2310217 V m2 in Fig. 7.
At high E/N, the energy distributions for all three doubly
charged ions tend to develop maxima at energies signifi-
cantly greater than 5 eV, below which the flux is lower than
expected for a Maxwellian. The extent to which the maxima
in the observed energy distributions for doubly charged ions
are real, e.g., are due to a breakdown of the one-dimensional
approximation for ion transport, or are the consequence of
instrumental effects due to low-energy ion discrimination is
not known. However, from the results obtained for singly

FIG. 7. Examples of the measured kinetic-energy distributions
for the doubly charged ions Ar21, Ne21, and He21 for a gap spac-
ing of 2.0 cm and for the indicated values ofE/N. The solid lines
are Maxwellian fits to the data.
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charged ions, it would appear that effects of ion discrimina-
tion are not likely to extend up to energies greater than 50 eV
as would be required to account for the deviations from
Maxwellian behavior evident from the data in Fig. 7 at high
E/N.

B. Mean energies

For each of the singly charged ions Ar1, Ne1, and
He1, no significant differences were found in the mean en-
ergies determined from fits to the measured energy-
distribution data using Eqs.~9! and~10!. Mean energies that
were obtained from the use of Eqs.~10! and ~11! are pre-
sented in Figs. 8–10 and also in Tables I–VI. For the data at
highE/N that deviate from the Maxwellian form, the values
for kT1 were extracted from fits to the low-energy portions
of the distributions as shown in Figs. 4–6. Maxwellian fits to
the high-energy tails of the Ar1 distributions yielded values
for kT1 indicated by the open diamond symbols in Fig. 8
and the numbers enclosed in parentheses in Table I. It is seen
that the effective ion temperatures associated with the high-

energy tails of the Ar1 distributions forE/N.2.0310217

V m2 are significantly greater than the temperatures associ-
ated with the low-energy parts of the distributions. Neverthe-
less, because only a small fraction of the ion flux is repre-
sented by the high-energy tail, it is found that, at allE/N, the
values forkT1 from the low-energy parts of the distributions
are in good agreement with the corresponding values for
^«& calculated directly from the data using Eq.~11!.

Shown in Figs. 8–10 are values forkT1 ~solid circles!
estimated from the drift velocities,W1 , measured by Horn-
beck @20# in a pulsed Townsend discharge experiment for
E/N,3.0310218 V m2. The estimates are based on the re-
lationship

kT15
p

2
MW1

2 , ~15!

whereM is the ion mass~see Ref.@10#!. Also shown for
Ar1 and Ne1 are values forkT1 calculated from the drift
velocities measured by Hegerberg and co-workers@32# in a
drift-tube experiment~solid inverted triangles!. Although the
drift-velocity results appear to be consistent with the mean
ion energies determined here, in all cases, the values from
Hornbeck’s data for Ar1, Ne1, and He1 tend to fall some-
what below the present values. The results for Ar1 and

TABLE I. Summary of the results for Ar1. Listed for each
value ofE/N are the mean energy^«& calculated using Eq.~11!, the
mean energykT1 from fits to the data using Eq.~6!, theb param-
eter from fits to the data using Eq.~5!, andQCT5Q0 calculated
from Eq. ~7! using kT1 from Maxwellian fits. Values forkT1 in
parentheses, apply only to the high-energy tail.

E/N
(10218 V m2)

^«&
~eV!

kT1

~eV!
b QCT

(10216 cm2)

1.0 1.9060.50 2.30 20.020 57.9
2.0 4.1060.54 4.61 20.015 48.8
5.0 11.6260.59 12.50 0.010 43.0
10.1 25.062.8 26.0 20.036 40.4
15.2 34.763.0 37.0 20.021 43.8
20.4 38.566.0 43.0 ~51.0! 20.010 47.4
30.5 50.967.5 52.0 ~69.0! 20.040 58.7
50.6 70.4610.6 70.0 ~106.0! 72.3

TABLE II. Summary of the results for Ne1. Listed for each
value ofE/N are the mean energy^«& calculated using Eq.~11!, the
mean energykT1 from fits to the data using Eq.~6!, theb param-
eter from fits to the data using Eq.~5!, andQCT5Q0 calculated
from Eq. ~7! usingkT1 from Maxwellian fits.

E/N
(10218 V 2)

^«&
~eV!

kT1

~eV!
b QCT

(10216 cm2)

0.36 1.5360.30 1.47 20.001 24.5
0.50 2.1060.10 2.09 0.002 23.8
0.75 3.2460.15 3.20 0.003 23.1
1.0 3.8160.40 3.95 0.040 26.2
2.0 7.6060.90 8.00 0.011 26.3
5.0 18.363.0 18.8 0.030 27.3
10.0 42.063.4 42.9 20.020 23.8
15.0 57.164.8 56.3 20.012 26.3
20.0 71.865.3 73.0 20.040 27.9
30.0 90.669.1 92.0 20.050 33.1
50.0 106.0610.0 1.09 47.2

TABLE III. Summary of the results for He1. Listed for each
value ofE/N are the mean energy^«& calculated using Eq.~11! the
mean energykT1 from fits to the data using Eq.~6!, theb param-
eter from fits to the data using Eq.~5!, andQCT5Q0 calculated
from Eq. ~7! usingkT1 from Maxwellian fits.

E/N
(10218 V m2)

^«&
~eV!

kT1

~eV! b
QCT

(10216 cm2)

0.54 2.2260.40 2.26 0.030 24.3
1.0 4.5660.25 4.20 0.020 21.9
2.0 9.6360.40 10.1 0.010 20.7
5.0 27.261.2 26.6 0.015 18.4
7.5 37.561.0 37.4 0.026 20.0
10.0 51.362.5 51.3 0.011 19.5
15.0 70.165.0 69.0 0.030 21.4
20.0 91.066.4 87.3 0.040 22.0

TABLE IV. Summary of the results for Ar21. Listed for each
value ofE/N are the mean energy^«& calculated using Eq.~11! and
the fractional contribution to the total ion fluxR~Ar 21) calculated
using Eqs.~12!–~14!.

E/N
(10218 Vm2)

^«& ~eV! R~Ar 21)

1.0 9.562.7 0.01560.005
2.0 19.262.0 0.01660.005
5.3 66.369.1 0.00760.002
10.1 125.0617.0 0.00760.002
15.2 162.0624.0 0.01060.003
20.4 178.0622.0 0.00860.002
30.0 224.0634.0 0.01060.003
50.0 245.0637.0 0.01060.003
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Ne1 from Hegerberg and co-workers show better agreement
with the present data forE/N below 1310218 V m2.

Figure 8 also shows the mean energies for Ar1 previously
reported by Radovanov and co-workers@10# ~open squares!,
which have been multiplied by the factor 0.67~see the Ap-
pendix! to make them consistent with the definition of mean
energy used here. Except at the highest value ofE/N
(2.0310217 V m2), the earlier results agree with the present
data to within the estimated uncertainties. The uncertainties
in the present data are given in Tables I–VI and are compa-
rable in most cases to the sizes of the data points that are
shown. The uncertainties given in the tables reflect the range
of values extracted from energy distributions measured at
different times using different ion focusing and discharge
conditions. The values listed in the tables and also plotted in
Figs. 8–10 are those obtained under conditions for which
there was greatest confidence in the uniformity of the ion
transmission. The uncertainties in mean energy are less than
615% in most cases. The main source of uncertainty in the
data of Radovanovet al. @10#, as reflected in the error bars
shown in Fig. 8, was attributed to uncertainties in fitting the
data. Because the presentSi versus« i data exhibit much less
statistical scatter, this source of uncertainty has been signifi-
cantly reduced.

For the singly charged ions, the solid straight lines are fits

to the data that are consistent with the direct proportionality
betweenkT1 andE/N implied by Eq.~7!, i.e., they have a
slope of 1.0 on a log-log plot. It is seen, especially for Ar1

and Ne1, that above 2.0310217 V m2, where the kinetic-
energy distributions become non-Maxwellian, the values for
kT1 and^«&, indicated respectively by the crosses and open,

TABLE V. Summary of the results for Ne21. Listed for each
value ofE/N are the mean energŷ«& calculated using Eq.~11!;
and the fractional contribution to the total ion fluxR~Ne21) calcu-
lated using Eqs.~12!–~14!.

E/N (10218 Vm2) ^«& ~eV! R~Ne21)

0.36 7.860.8 0.01160.002
0.50 10.861.1 0.01460.003
0.75 14.860.8 0.01760.004
1.0 20.960.9 0.02060.006
2.0 41.562.1 0.02260.006
5.0 82.764.1 0.01260.010
10.1 180.0625.0 0.01560.003
15.2 210.0633.0 0.01660.004
20.0 270.0630.0 0.01860.007
30.0 294.0644.0 0.01960.006
50.0 326.0649.0

TABLE VI. Summary of the results for He21. Listed for each
value ofE/N are the mean energy^«& calculated using Eq.~11! and
the fractional contribution to the total ion fluxR~He21) calculated
using Eqs.~12!–~14!.

E/N (10218 V m2) ^«& ~eV! R~He21)

0.536 20.063.1 0.01260.006
1.0 25.562.5 0.01460.009
2.0 44.568.0 0.01360.008
5.0 113.0628.0 0.01060.006
7.5 156.0631.0 0.01060.006
10.0 194.0635.0 0.01060.006
15.0 276.0650.0 0.01060.006
20.0 320.0663.0 0.01060.006

FIG. 8. Mean kinetic energy versusE/N for Ar1 and Ar21 in
Ar. The crosses are values forkT1 obtained from Maxwellian fits
to the energy distribution data and the open triangles are values for
^«& calculated using Eq.~11!. The open diamonds correspond to fits
to the high-energy tails of the distributions in those cases where
there was a significant deviation from Maxwellian behavior. The
results for Ar1 are compared with the data of Ref.@10# ~open
squares! and estimates from the drift velocity data in Ref.@20#
~solid circles! and in Ref. @32# ~solid inverted triangles!. The lines
are fits to the data based on an assumed direct proportionality be-
tween^«& andE/N. For Ar21, the open inverted triangles are mean
energies calculated using Eq.~11! and the open circles are ion tem-
peratures from Maxwellian fits to the high-energy part of the energy
distributions.

FIG. 9. Mean kinetic energy versusE/N for Ne1 and Ne21 in
Ne. The crosses are values forkT1 obtained from Maxwellian fits
to the energy distribution data and the open triangles are values for
^«& calculated using Eq.~11!. The results for Ne1 are compared
with estimates from the drift velocity data in Ref.@20# ~solid
circles! and in Ref. @32# ~solid inverted triangles!. The lines are fits
to the data based on the assumption of a direct proportionality be-
tween^«& andE/N. For Ne21, the open inverted triangles are mean
energies calculated using Eq.~11! and the open circles are ion tem-
peratures from Maxwellian fits to the high-energy part of the energy
distributions.
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upright triangles, begin to fall below the line. However, for
Ar 1, the drop in mean energy is not as great as implied by
the earlier data of Radovanov and co-workers@10# at
E/N.2310217 V m2.

The mean energies for the doubly charged ions indicated
by the open inverted triangles in Figs. 8–10 and given in
Tables IV–VI are derived from the data using Eq.~11!. The
open circles correspond to the ion temperatures implied by
Maxwellian fits to the high energy portions of the energy-
distribution data as seen in Fig. 7. In the case of He, the solid
diamonds correspond to the temperatures implied by the
low-energy portions of the energy distributions. For all three
gases, the mean energies of the doubly charged ions are sig-
nificantly greater than the mean energies of the singly
charged ions at any givenE/N. The data for Ar21 and
Ne21 show a direct proportionality between̂«& and E/N
below about 1.5310217 V m2, as indicated by the large
dashed lines in Figs. 8 and 9 that have a slope of 1.0.

C. Abundances of doubly charged ions

The relative contributions to the total flux of ions hitting
the cathode from the doubly charged species Ar21, Ne21,
and He21 were estimated at eachE/N using Eqs.~12!–~14!.
The results are given in Tables IV–VI together with esti-
mated uncertainties~typically less than630%) based on
data obtained using different ion focusing conditions. The
results forR(Ar21) are also shown in Fig. 11. There is a
tendency in all three gases for the contributions from the
doubly charged ions to initially decrease withE/N and then
remain relatively constant. TheR~Ar 21) data are also con-
sistent in magnitude with the values reported by Radovanov
and co-workers@10#. In no case were the ions Ar21,
Ne21, and He21 found to constitute more than 3% of the
total ion flux.

D. Charge-transfer cross sections

From fits to the kinetic-energy distribution data using the
Maxwellian form given by Eq.~6!, effective constant charge-
transfer cross sections can be extracted from the adjustable
parameterb using Eq.~7!, i.e.,

QCT5Q05ebS END . ~16!

The question can therefore be raised about the extent to
which the values derived from Eq.~16! are consistent with
the available information about the total resonant charge-
transfer cross sections in the relevant range of energies cen-
tered about the experimentally determined mean energies.
Values forQCT determined from Eq.~16! for Ar 1 1 Ar,
Ne1 1 Ne, and He1 1 He are given in Tables I–III. These
values are also plotted versus^«& in Figs. 12–14 together
with selected cross-section data from numerous
sources@30,33–47# that were extracted from the compila-
tions published by Phelps@30#, Sakabe and Izawa@33#, and
Martinez and Dheandhanoo@34#. The values forQCT that
apply to the data at lowE/N where the Maxwellian form
adequately describes the entire energy distribution are indi-
cated by the closed circles in Figs. 12–14. The closed tri-
angles correspond to the cases at highE/N where the distri-
butions deviate from the Maxwellian form. In these cases,
QCT were derived from fits to the low-energy parts of the
distributions as discussed above. The data from other sources
are indicated by lines or open symbols.

In those cases where the Maxwellian form accurately de-
scribes the measured energy distributions for Ar1, Ne1, and
He1, it is seen that the cross-section values derived from the
data are consistent with the available data and do not vary
significantly with^«&. The cross sections obtained from dis-
tributions that deviate from Maxwellian form tend, in all
cases, to have values that increase with^«& and lie above
those reported in previously published works.

V. DISCUSSION AND CONCLUSIONS

It is possible from the present experimental results to de-
termine the range ofE/N within which the simple charge-
transfer model for ion transport is valid. ForE/N below
about 2310217 V m2 for Ar 1 and Ne1 and below

FIG. 10. Mean kinetic energy versusE/N for He1 and He21 in
He. The crosses are values forkT1 obtained from Maxwellian fits
to the energy distribution data and the open triangles are values for
^«& calculated using Eq.~11!. The results for He1 are compared
with estimates based on the drift velocity data in Ref.@20# ~solid
circles!. The solid line is a fit to the He1 data based on a direct
proportionality between̂«& andE/N. For He21, the open inverted
triangles are mean energies calculated using Eq.~11!, the open
circles are ion temperatures from Maxwellian fits to the high-energy
part of the distributions, and the solid diamonds are temperatures
from Maxwellian fits to the low-energy part.

FIG. 11. Dependence of the relative contribution of Ar21 to the
total ion flux in argon onE/N.

54 5651RESONANT CHARGE EXCHANGE AND THE TRANSPORT . . .



1310217 V m2 for He1, the charge-transfer model provides
a reasonably accurate description of the ion kinetic-energy
distributions. The fits to the energy-distribution data within
theE/N region where the charge-transfer model is valid gen-
erally yield small values for the exponential parameterb in
the assumed form of the cross section given by Eq.~4!, thus
indicating that the assumption of a constant cross section is
reasonable and the ion-kinetic-energy distributions are essen-
tially Maxwellian. Values for the total resonant charge-
transfer cross section obtained from fits to the data using the
Maxwellian approximation were found in all cases to lie
within the range of previously published data.

At E/N values greater than those indicated above, the
measured ion-kinetic-energy distributions begin to deviate
from the Maxwellian form predicted by the charge-transfer
model. These deviations are manifiested in the case of Ar1

by the appearance of enhanced high-energy tails and for
Ne1 and He1 by suppressions in the low-energy end of the
distributions. It is also significant that when the energy dis-
tributions deviate from Maxwellian form, the cross sections
determined from the Maxwellian fits take on values for all
three ions that are significantly greater than suggested by the
available data. This means that the ion temperatures are
lower than would be predicted by the charge-transfer model.
This trend is reflected in the data on mean ion energies that
exhibit significant departures from the simple proportionality
^«&}E/N implied by the model atE/N values where the
energy distributions are non-Maxwellian.

It is not presently known why the observed ion-kinetic-
energy distributions depart from the predictions of the
charge-transfer model at highE/N. Although it can be
speculated, at least for Ar1, that the non-Maxwellian behav-

FIG. 12. Values forQCT from Maxwellian fits to the Ar1 data
versus^«& ~closed symbols! compared with the Ar1 1 Ar charge-
transfer cross sections from the following sources: Ref.@33#, solid
line; Ref. @30#, dashed line; Ref.@34#, open circles; Ref.@35#, open
squares; Ref.@41#, open triangles; Ref.@37#, open inverted tri-
angles; Ref.@38#, open diamonds; and Ref.@39#, open hexagons.
The closed circles correspond to cases where the energy distribu-
tions were Maxwellian and the closed triangles to cases where there
were deviations from Maxwellian behavior.

FIG. 13. Values forQCT from Maxwellian fits to the Ne1 data
versuŝ «& ~closed symbols! compared with the Ne1 1 Ne charge-
transfer cross sections from the following sources: Ref.@33#, solid
line; Ref. @34#, open circles; Ref.@35#, open squares; Ref.@40#,
open triangles; Ref.@41#, open inverted triangles, Ref.@42#, open
diamonds, and Ref.@43#, open hexagons. The closed circles corre-
spond to cases where the energy distributions were Maxwellian and
the closed triangles to cases where there were deviations from Max-
wellian behavior.

FIG. 14. Values forQCT from Maxwellian fits to the He1 data
versuŝ «& ~closed symbols! compared with the He1 1 He charge-
transfer cross sections from the following sources: Ref.@33#, solid
line; Ref. @44#, open circles; Ref.@36#, open triangles; Ref.@47#,
open squares; Ref.@45#, open inverted triangles, Ref.@37#, open
diamonds, and Ref.@46#, open hexagons. The closed circles corre-
spond to cases where the energy distributions were Maxwellian and
the closed triangles to cases where there were deviations from Max-
wellian behavior.
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ior at highE/N is attributable to deviations from equilibrium
conditions in the transport of ions, there is neither unequivo-
cal experimental evidence nor theoretical arguments to sup-
port this speculation. The measured ion-energy distributions
did not, for example, depend significantly on the electrode
gap spacing and the maximum observable ion energies failed
to come close to the upper limiteVd imposed by voltage
drop across the electrodes as recently seen in the case of
H1 transport in H2 discharges@48#.

The mean free path of the ions is estimated, in all cases, to
be small compared with the electrode gap spacing. For ex-
ample, in the case of Ar1 in Ar, the mean free path varies
from about 331023 cm at the lowestE/N to about
431022 cm at the highestE/N. Because the mean free path
is generally more than an order of magnitude smaller than
the gap spacing, it can be argued that there should always be
a sufficient number of collisions to ensure equilibrium.

Of course, arguments based on mean free path consider-
ations or possible changes in the energy distribution with gap
spacing must necessarily also consider the energy depen-
dence of the cross section and the density distribution of ions
in the gap. The resonant charge-transfer cross sections for the
ions Ar1, Ne1, and He1 decrease only relatively slowly
with energy up to about 105 eV, at which point they drop
precipitously @33#. A slow decrease in the cross section with
energy presents an unfavorable condition for the occurrence
of deviations from equilibrium that are manifested by the
appearance of high-energy ‘‘runaway’’ ions.

It is conceivable that apparent deviations from equilib-
rium could be reflected in the data if a significant fraction of
the ions were formed within one mean-free-path distance
from the cathode. However, because of the electron ava-
lanching effect in a Townsend discharge, the ion densities
are expected to be the highest near the anode. It has been
argued @49# that even atE/N as high as 4310217 V m2 ~40
kTd!, the rate of ion formation by electron impact in an
argon discharge is nearly independent of position within the
electrode gap.

Although inelastic collisions that result in electronic exci-
tation or ionization begin to occur at energies above 20 eV, it
is found @31,49#, at least in the case of Ar1 1 Ar, that the
cross sections for these processes are an order of magnitude
or more below that for charge transfer, even for energies up
to 500 eV. It was previously shown by Radovanov and co-
workers @10# that ion-energy loss by processes other than
charge transfer are not likely to affect significantly the trans-
port of Ar1 in Ar for E/N up to 2310217 V m2. The extent
to which inelastic ion-atom collisions resulting in excitation
or ionization cause a breakdown of the charge-transfer model
atE/N above 2310217 V m2 remains unclear. Collisions of
ions with long-lived metastable excited atoms may also be
important at highE/N, but little or nothing is known about
the cross sections or rates for these processes.

Deviations from Maxwellian behavior at low ion energies
may reflect in part a failure of the one-dimensional approxi-
mation. This approximation neglects effects due to momen-
tum transfer and angular distributions of the ions that may be
characteristic of the relevant ion-molecule interactions. It is
expected that angular scattering will be most significant at
the lowest energies and could lead to an apparent suppres-
sion or reduction in the ion flux at these energies.

The mean kinetic energies of the doubly charged ions
Ar21, Ne21, and He21 were found to be much higher than
the mean energies of the corresponding singly charged ions.
This trend suggests that charge-transfer or inelastic collisons
are comparatively less important as energy-loss mechanisms
in affecting the transport of doubly charged ions. From the
experimental results of Huber@50#, it appears that the cross
section for the double electron transfer process

Ar21~3s23p4!1Ar~3s23p6!

→Ar~3s23p6!1Ar21~3s23p4! ~17!

at collision energies below 1000 eV is nearly an order of
magnitude below the cross section for Ar1 1 Ar charge
transfer.~Also see @4# for a review of the double charge-
transfer processes in argon!. If the charge-transfer model ap-
plies to Ar21 1 Ar, i.e., if process~17! above dominates,
then, based on Eq.~7!, the lower cross section for double
charge transfer compared to single charge transfer in Ar1 1
Ar collisions would account for the higher mean energies
observed for Ar21. It is found experimentally@50# that in
the energy range relevant to theE/N values considered here,
the cross sections for the competing processes

Ar21~3s23p4!1Ar~3s23p6!→2Ar1~3s23p5,2P! ~18!

and

Ar21~3s23p4!1Ar~3s23p6!→Ar1* ~3s3p6,2S!1Ar1

~19!

are more than an order of magnitude below that of process
~17!. Thus the present results appear to be consistent with a
simple charge-transfer model for transport of Ar21 in Ar.
This presumes, of course, that the kinetic-energy distribu-
tions are really Maxwellian and that the deviations from
Maxwellian form that appeared here at low energies are as-
sociated either with instrumental ion-discrimination effects
or a possible breakdown of the one-dimensional approxima-
tion assumed in the model. The mean energy data for Ar21

in Table IV, when used in the simple charge-transfer model,
yield total cross sections for process~17! that lie in the range
of 9.0310216 to 10.6310216 cm2. This range of values
agrees, to within the stated uncertainties, with extrapolations
to low energies of the data from Huber@50# and from Cosby
and Moran @51#.

From an examination of available cross-section data@52–
55#, it would appear that similar arguments could be made
for the other doubly charged ions Ne21 and He21. However,
unlike Ar21 and Ne21, the energy distribution data for
He21 are not consistent with the charge-transfer model
within the E/N range covered in this work. In the case of
Ne21, the data given in Table V imply a total double charge-
transfer cross section in the range 4.7310216–6.7310216

cm2.
The relative contributions of the doubly charged ions to

the total ion fluxes impinging on the cathode were found to
be small ~less than 3% at allE/N). The tendency for the
doubly charged ion contributions to decrease and become
constant with increasingE/N is not understood. This trend
would seem to be contrary to expectations based on the rates
for ion formation by electron impact. WhenE/N increases,
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the mean energy of electrons in the discharge should increase
and thereby cause a corresponding increase in the relative
rate for doubly charged ion production consistent with the
known energy dependences of the cross sections for single
and double ionization by electron impact@56#. There is no
evidence based on the energy dependence of the cross sec-
tions @50# that the rates for destruction of doubly charged
ions, such as by processes~18! and~19!, should significantly
increase with increasingE/N. Collisions involving meta-
stable excited species, e.g., He21 1 He~2 3S), could become
important at highE/N due to an increase in the metastable
density; however, nothing is known about either the densities
of metastable species or the effectiveness of these types of
collisions in destroying doubly charged ions. It might be
speculated that processes such as~18! and ~19!, above in
which doubly charged ions are converted to singly charged
ions, could influence the shapes of the energy distributions
for Ar1, Ne1, and He1. In particular, this source of singly
charged ions in the discharge might contribute significantly
to the high-energy tails seen in the Ar1 distributions at rela-
tively high E/N.

It is also of interest to point out that the dimer ions
Ar2

1 , Ne2
1 , and He2

1 were sometimes observed, albeit at
very low abundances, for values ofE/N below about
1.0310218 V m2. At higher E/N, these ions were not de-
tected. Although the dimer ions can presumably be formed
even at low pressures and highE/N by the associative ion-
ization mechanism@57#, e.g.,

He*1He→He2
11e, ~20!

the failure to see them implies that either the rates for for-
mation are very low and/or they are readily destroyed by
collisions @58#.
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APPENDIX

Consideration is given here to the problem of selecting
the correct functional form to fit measured data on ion-
energy distributions in order to make proper comparisons
with the predictions of theoretical models such as based on
solutions of the Boltzmann transport equation. In the discus-
sion that follows, it will be assumed that the correct one-
dimensional velocity distribution is that which corresponds
to a solution of the Boltzmann transport equation for motion
of ions in a high, uniform electric field. The approximation
considered is one-dimensional in the sense that angular scat-
tering and motion of the ions in a direction perpendicular to
the electric-field direction are neglected~see, for example,
Ref. @59#!. If it is also assumed that resonant symmetric

charge transfer is the only collision process with a velocity-
dependent cross sectionQCT(vz), it can then be
shown @10,11,31# that the one-dimensional velocity distribu-
tion assumes the form

g~vz!dvz5C1expF2S eEMND 21E
0

vz
vz8QCT~vz8!dvz8Gdvz ,

~A1!

whereM is the ion mass andvz is the velocity component in
the direction of the electric field. Considering first the ap-
proximation of a constant cross section, one obtains from Eq.
~A1! the Maxwellian form

g~vz!5C1exp~2mvz
2/2kT1!, ~A2!

wherekT1 is defined by Eq.~7!. The equivalent energy dis-
tribution f («) is obtained from the transformation

f ~«!d«5g~vz!
]vz
]«

d«, ~A3!

which gives

f ~«!d«5C1~2M«!21/2exp~2«/kT1!d«. ~A4!

Note that the transformation given by Eq.~10! in Ref. @10#
contains an error in the omission of the factor«21/2.

From the normalization requirement

E
0

`

f ~«!d«51 ~A5!

it is found thatC15(2M )1/2/(pkT1)
1/2. The ‘‘true’’ mean

energy^«& t obtained using the distributionf («) is given by

^«& t5E
0

`

« f ~«!d«5 1
2 kT1 , ~A6!

which differs by the factor 1/2 from the definition of mean
energy used here, Eq.~10!, which is based on a measured
flux-energy distribution.

If, as in the present experiments, one measures ion ener-
gies using an energy or velocity selector, then one is not
directly measuring the true energy distributionf («), but
rather a flux-energy distribution@15#. The shape of the flux-
energy distribution that is recorded depends on the type of
energy or velocity analysis that is employed. The experi-
ments discussed in the present work were performed under
conditions where the ions pass through an electrostatic en-
ergy selector with a fixed energy spreadD« r that is indepen-
dent of the recorded nominal energy« i . Therefore, the sig-
nalsSi(D« r ,« i) recorded at each« i represent a differential
flux that corresponds to the numbers of ions with kinetic
energies in the range« i2D« r /2 to « i1D« r /2 that cross a
fixed area in the planar cathode per unit time. Here the area
is defined by the sampling orifice and the analyzer transmis-
sion function is assumed, for simplicity, to be rectangular. In
reality the transmission function is more likely to be Gauss-
ian as discussed below.

Allowing that, in velocity space, the flux is proportional
to vzg(vz)dvz ~see Ref.@15#!, it can be shown that for a
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rectangular transmission function and an assumed Maxwell-
ian form for f («) @Eq. ~A4! above#, one obtains

Si~D« r ,« i !5noA~pkT1!21/2E
« i2D«r /2

« i1D«r /2S 2«

M D 1/2«21/2

3expS 2
«

kT1
Dd«, ~A7!

wherenoA is an intensity-geometrical factor proportional to
the area of the sampling orifice and the density of ions at the
orifice. Integration of this equation gives

Si~D« r ,« i !5noAS 2

pMkT1
D 1/2G~D« r !expS 2

« i
kT1

D , ~A8!

where

G~D« r !5expS D« r
2kT1

D2expS 2D« r
2kT1

D ~A9!

or

G~D« r !.
D« r
kT1

1
1

6 S D« r
kT1

D 31••• ~A10!

if D« r /kT1,1. It is seen that the signal is roughly propor-
tional to D« r as expected. The signal given by Eqs.~A8!–
~A10! has the formaexp(2b«) for the flux-energy distribu-
tion @Eq. ~6!# that was used to fit the measured kinetic-
energy-distribution data in the present work.

In the more general situation of an arbitrary transmission
functionp(«,« i ,D« r) of ‘‘width’’ D« r , Eq. ~A7! should be
replaced in the Maxwellian case with

Si~D« r ,« i !5noA~2pkT1 /M !21/2

3E
0

`

p~«,« i ,D« r !expS 2
«

kT1
Dd«. ~A11!

If the transmission function is Gaussian, then

p~«,« i ,D« r !;exp@2a~«2« i !
2/D« r

2#, ~A12!

wherea52.771 is the appropriate factor required forD« r to
be the full width at half maximum. Provided« i@D« r , the
transmission function does not significantly distort the flux-
energy distribution and the formaexp(2b«) should still pro-
vide an acceptable representation of the data. However, as
« i becomes comparable to or smaller thanD« r , the shape of
the measured distribution becomes increasing governed by
the form ofp(«,« i ,D« r).

If the measurements are performed using avelocity selec-
tor with a rectangular transmission function, then the re-
corded signals are given by

Si5C2E
v i2Dv/2

v i1Dv/2
vzg~vz!dvz , ~A13!

whereC2 is a constant andDv is the constant velocity reso-
lution centered about a recorded velocityv i . In the case of a
Maxwellian form, integration of this equation yields

Si5C2S kT1

m DG8~v i ,Dv !exp~2Mv i
2/2kT1!, ~A14!

where

G8~v i ,Dv !5expS 2
MDv2

8kT1
D FexpSMv iDv

2kT1
D

2expS 2
Mv iDv
2kT1

D G . ~A15!

For sufficiently high velocity and velocity resolution such
that v iDv/kT1!1, one obtains, after appropriate change of
variable, a flux-energy distribution of the form
a«1/2exp(2b«). This is the form that gave the best fit to the
data in Ref.@10# and gives a mean flux energy of 3kT1/2.
This is also the form obtained for a standard three-
dimensional Maxwellian distribution@29#. Although reason-
able fits to the present data were sometimes obtained using
this form, it was found that this happened under conditions
where effects of low-energy ion discrimination were most
evident. In any case, this is not the proper form to use for
comparing the present data with the model predictions.

It should also be pointed out, as discussed by Allen@29#,
that if an energy analyzer is used for which the ratio
D« r /« is a constant instead ofD« r ~see Ref.@50#!, then the
recorded flux will be proportional to« i . In this case the
appropriate fit to the data for a Maxwellian should be of the
form a«exp(2b«). In no case were the present data ad-
equately represented by this form.

Finally, if the charge-transfer cross section has the energy
dependence given by Eq.~4!, it is found after performing the
integration in Eq.~A1! and making the transformation to the
energy variable that

f ~«!d«5C8~2M«!21/2expF2
«12b

kT1~12b!Gd«. ~A16!

The form given by Eq.~5! is obtained using Eq.~A16! in Eq.
~1! and requiring the normalization implied by Eq.~3!. The
factorC8 is determined by the normalization requirement for
f («).
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