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Kinetic-energy distributions of positive and negative ions in Townsend discharges in oxygen
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Translational ftux-energy distributions of positive and negative ions have been measUted at high electric
field-to-gas density ratios (E/N) up to 40X 10-18 V m2 (40 kTd) in diffuse, parallel-plate Townsend dis-
chargesin oxygenusing an ion energyanalyzer-massspectrometer.The O2+ ion is the mostabundantion
detected in the discharge, and exhibits Maxwellian energy distributions for E/N < 20X 10-18 V m2, which is
consistent with predictions based upon the assumption that resonant symmetric charge exchange is the domi-
nant ion-molecule collision process. The less abundant ions 0+, O2-, and 0- exhibit non-Mawellian ion
kinetic-energy distributions at nearly all E/N, indicative of multiple ion-molecule reactions affecting the ion
transport. Mean energies are obtained for each ion as a function of E/N from an analysis of the energy
distributions, and symmetric charge-exchange cross sections are calculated from the data where appropriate.
[S1063-651X(99)09304-6]

PACS number(s): 52.20.Hv, 52.80.-s, 52.25.Fi

L INTRODUCTION

Understanding the details of ion production and transport
in electrical discharges is of importance to both the semicon-
ductor industry, which uses gas-phase discharges for micro-
electronic device production, and the electric equipment in-
dustry, which uses electronegative gases as high voltage
insulation. Oxygen is a gas of interest to both of these areas
due to its common usage in plasma discharges for etching
and cleaning processes, and its nearly universal presence as
an impurity in high voltage insulation systems.

Numerous studies of ion transport in oxygen have been
published over the years, primarily presenting data related to
ion mobilities and drift velocities [I], and a single paper
presents measurements of ion-energy distributions in oxygen
[2]. However, all of this previous work deals with conditions
where the density-reduced electric field (electric field-to-gas
density ratio, EIN) is less than 600x 10-21 Vm2 (600 Td).
In this paper, we utilize a dc Townsend discharge to measure
the energy distribution of positive and negative ions striking
the grounded electrode for values of EIN ranging from 2
X 10-18 to 40X 10-18 Vm2 (2-40 kTd). These values of
EIN are comparable to those observed in the sheath regions
of glow discharges used in plasma processing applications,
and the information about ion-molecule reactions derived
from these investigations is relevant to the analysis of ion-
energy distributions measured in rf plasma discharges (see,
for example, Refs. [3,4]).

Analysis of the identity, energies, and intensities of the
ions generated in a discharge permits a qualitative analysis of
the ion-production processes and subsequent ion-molecule
collision processes that affect the flux of ions through the
discharge. Additionally, analysis of the energy distributions
allows a determination of the range of EIN for which equi-
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librium conditions exist (i.e., conditions for which an ion
experiences many collisions during its transit across the dis-
charge gap, essentially eliminating any dependence of its en-
ergy upon its point of formation). This information, while
measured here for a simple dc parallel-plate discharge, is
useful in the modeling of more complex discharges.

In this paper we report ion-flux energy distributions
(IFED's) for O2+, 0+, O2-, and 0- ions striking the
grounded electrode of a low current, diffuse, dc Townsend
discharge in oxygen. The importance of various ion-
molecule reactions are discussed based upon the shape of the
measured IFED's, and the mean energies are calculated for
each distribution, which are related to drift velocity measure-
ments and, in some cases, effective charge-exchange cross
sections.

n. EXPERIMENT

A.Apparatus

The experimental apparatus used here is essentially the
same as used previously [5] in our studies of Townsend dis-
charges in rare gases. Briefly, the discharge cell consists of
two flat, parallel, II-cm-diameter stainless steel electrodes
surrounded by a cylindrical quartz tube that is uniformily
separated from the outer edges of the electrode by a space of
I mm to allow gas flow through the interelectrode gap. The
interelectrode gap can be varied from 0 to 4 cm, but all data
presented here were obtained with a gap spacing of 2 cm. A
O.I-mm hole is located in the center of the grounded, lower
electrode in order to extract ions for mass and energy analy-
sis. The discharge is generated by biasing the upper electrode
either positively or negatively in order to sample positive or
negative ions, respectively.

Ions passing through the O.I-mm sampling orifice in the
grounded electrode enter the differentially pumped ion en-
ergy analyzer-mass spectrometer system and are energy and
mass analyzed. This device has been described previously
[5,6]. It basically consists of a 45° electrostatic ion-energy
selector coupled to a quadrupole mass spectrometer. The
resolution of the mass spectrometer was approximately I u
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FIG. 1. Voltage-current characteristic curve measured for an

oxygen discharge at EI N = 5 X 10-18 V m2 (5 kTd) at a gap spacing
of 2 em.

(amu), and the resolution of the electrostatic energy analyzer
was maintained at 4 eV, independent of the mass and energy
of the ion.

The electric-field strength E in the discharge gap is as-
sumed to be given by Vdld, where d is the interelectrode gap
spacing (2 cm for all data presented here), and Vd is the
voltage drop across the gap measured by a voltmeter. This
assumption is valid in the Townsend discharges studied here
because the current densities are too low to significantly af-
fect the applied electric field. The gas density N is deter-
mined from the gas pressure in the gap region as measured
by a capacitive manometer (baratron). The combined error of

these measurements indicates that the uncertainty in the mea-
sured EIN of a discharge is :t 3%.

An example of the voltage-current characteristic curve for
oxygen in this discharge cell is shown in Fig. 1. The
Townsend region is designated in the figure, and corresponds
to the region where the discharge voltage Vd is nearly inde-
pendent of discharge current. The external circuitry used to
apply the voltageto the poweredelectrodewasdesignedto
produce Townsend conditions over the largest range of cur-
rents possible [5]. The ion-energy data presented here were
all obtained at discharge currents between 10 and 20 J-LA.
Near 100/LA the dischargebecameunstable (as evidenced
by thediscontinuityin the IV curve)beforetransitioninginto
a stable glow discharge at higher currents. Another smaller
regionof instabilitywasobservedat currentsnear 800 J-LA.

B. Data analysis

As discussed in Ref. [5], the distribution function F(e) of
the ion kineticenergiesthat is measuredby this experiment
is the ion-flux energy distribution, i.e., the number of ions
per second with energy between e and I>+d I> that strike a
particular area of the lower electrode [7]. Under certain dis-
charge conditionsthe form of the IFED can be predicted
froma simpleone-dimensionalmodel[5,8]baseduponthree
basic assumptions: (1) the ion motion takes place in a con-
stant, uniform, high electric field; (2) symmetric charge-
exchange is the predominant ion-neutral interaction, and this
process has a cross section O"crwhose magnitude is nearly
independent of collision energies; and (3) equilibrium condi-
tionsapply(i.e.,the ionsexperiencemany collisionsasthey
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FIG. 2. Measured ion-flux energy distributions for O2+ in O2 at
three indicated values of EIN for a gap spacing of 2 em. The solid
lines correspond to a Maxwellian fit to the data.

travel through the discharge), so that the ion transport satis-
fies the one-dimensional Boltzmann transport equation. For
discharges and ions conforming to these conditions, the
IFED takes the Maxwellian form

1

F(e)= kT + exp( -l>lkT +),
(1)

where I>is the ion energy, and T+ is the "effective ion
temperature" which is defined as

e E

kT += O"CTN'
(2)

where e is the electron charge. Under these conditions, the
mean energy calculated from the ion-flux energy distribu-
tion, (I» F' reduces to

(I»F=kT +, (3)

thus allowing the mean energy to be determined from the
slopeof the IFEDwhenplottedon a semilogplot (aswillbe
shownlaterin Fig.2) [5].Thusa directproportionalityexists
between the mean energy and the density-reduced electric
field, with an inverse proportionality existing between the
mean energy and the symmetric charge-transfer cross sec-
tion:
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e E

(8)F= <rcr N'

For the case where the mass of the ion, M, is equal to the
mass of the molecules in the background gas, the mean en-
ergy has been shown [5] to be related to the ion drift velocity
w by the equation

7r

(8)F=2"Mw2.

This simple model has been shown to describe Townsend
discharges accurately in rare gases for EIN<20
X 10-18 V m2 [5,8], and, as will be discussed later in this
paper, is consistent with the data for O2+ and O2- ions in
oxygen.

It is important to note that (8) F is the mean of the ion-flux
energy distribution (i.e., the mean energy of the ion flux
striking the electrode), which is not the same as the mean
energy (8) of the ions present in the discharge gap at any
given time (which has been called the "true" mean energy
and is the mean energy often referred to in drift-type experi-
ments [9]). It can be shown that the two mean energies are
related to each other by a factor of t [5]:

(8)=t(8)F'

For a discussion of the equivalent relationship between (8)
and CTcrand w for the "true" energy distributions, the
reader is referred to Refs. [9-11]. For the remainder of this
paper the term "mean energy" will refer to (8) F.

For ions and/or discharges that do not satisfy the three
conditions discussed earlier in this section, and therefore do
not exhibit a Maxwellian-shaped IFED, the mean energy
must be determined by performing an energy-weighted inte-
gration of the flux-energy distribution of the form

(8)
J 8F(8)d8

J F(8)d8 '

which for our experimental data can be written

(8)

~8'S,£.. I I
j

2: Sj
j

where 8j and Sj are the energy and number of counts corre-
sponding to the ith channel of the ion-flux energy distribu-
tion obtained by the energy scan of the ion-energy analyzer-
mass spectrometer (IEA-MS).

Detailed investigation of the transmission characteristics
of the IEA-MS system indicates that the ion-energy distribu-
tion data are less reproducible at energies below 10 eV. This
is indicative of low-energy discrimination resulting primarily
from the charging of surfaces near the sampling orifice
[12,13]. Calculation of the mean ion energy for a measured
distribution using Eq. (8) can result in an overdetermination
of up to 20% due to loss of signal at low energies. The

(4)
effects of this discrimination on the calculation of the mean
energies can be compensated for, in cases where the ion-
energy distribution is linear at low energies, by extrapolating
the intensity of the distributions down to 0 eV. In general,
calculated values of (8) F are reproducible to within :t 10%,
with an additionaluncertaintyof +20% for distributions
where it is not reasonable to adjust for the low-energy dis-
crimination.

(5)
m. RESULTS

A. Kinetic-energydistributions

Ion-energy flux distributions were measured for O2+,
0+, O2-, and 0- ions produced in the Townsend dis-
charges. These were the only ions detected from the dis-
charge. No evidence of 04 +, 03 - , or 04 - was detected even
though these ions have previously been detected in drift
tubes and in lower-EIN discharges [2,14-16]. If one as-
sumes that the detection efficiencies of the mass spectrom-
eter are approximately equal for both positive and negative
ions, then the relative order of detected flux intensities is

[02 +]>[0+]>[02 -]>[0-]

(6) for all EIN. However, since the relative detection efficiency
of the positive and negative ions has not been confirmed,
only the relative intensities of ions with the same charge will
be presented later in this paper.

Examples of ion-energy flux distributions for O2+ ions
are shown in Fig. 2 for three widely separated values of EIN
ranging from 2 X 10-18 V m2 (2 kTd) to nearly 40
X 10-18 Vm2 (40 kTd). For values of EIN~15
X 10- 18V m2, the distributions are Maxwellian in shape, ex-
cept for the effects of low-energy discrimination observed
below 10 eV. The solid line in each figure represents the fit
to the data above 10 eV, the slope of which can be used to
determine the mean energy of the distributions (as discussed
in Sec. n). The Maxwellian shape of the IFED's in Fig. 2 are
consistent with symmetric charge exchange being the domi-
nant collision process affecting the transport of O2+ ions in
O2,

Above 15X 10-18 V m2 the ion kinetic-energy distribu-
tions deviate from the Maxwellian form, as is evident by the
"two-temperature" behavior of the distribution shown at the
bottom of Fig. 2 for EIN=38.8X 10-18 Vm2. The solid line
is a fit to the linear portion of the distribution from approxi-
mately 50 to 300 eV, and is used to extrapolate the distribu-
tion down to 0 eV in order to minimize the effects of low-
energy discrimination on the calculation of mean energies
using Eq. (8) (as discussed in Sec.n). The EIN dependence
of the IFED's for O2+ in O2 is similar to that observed for
rare gases [5], which is expected since O2+ in oxygen ex-
hibits a symmetric charge-exchange cross section that is
similar in magnitude to those of rare gas ions. The shapes of
the O2+ IFED's for EIN above 15X 10-18 V m2 are not fully
understood, but may be attributed to the advent of nonequi-
librium conditions (at the lowest pressures used here, rough
estimates indicate a mean free path of approximately 0.1 cm
[9]), or to increasing contributions from collisions other than
symmetric charge transfer as the ion energies increase.

(7)

(8)
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FIG. 3. Measured ion-flux energy distributions for 0+ in O2 at
three indicated values of EIN for a gap spacing of 2 em. The solid
lines correspond to linear fits at energies just above 10 eV used to
correct for low-energy ion discrimination.

Shown in Fig. 3 are three ion-flux energy distributions for
0+ ions at the same values of EIN used for the O2+ data in
Fig. 2. The IFED's for 0+ are non-Maxwellian in shape at
all EIN, showing minor deviations from linear behavior on
the semilog plots. The short lines are fits to the lower-energy
portion of the distributions, allowing extrapolation down to 0
eV to minimize the effects of low-energy discrimination. The
deviations of the data from the lines at higher energies
clearly show the "two-temperature" behavior observed at all
EIN. The maximum energy of the 0+ ions exceed those of
the O2+ ions at the same values of EIN, and, at the higher
values of EIN, extend to the maximum kinetic energies pos-
sible for the applied gap voltage.

Representative IFED's for O2- and 0- ions are shown in
Figs. 4 and 5, respectively, for values of EIN ranging from
3 X 10-18 to 30X 10-18 V m2 (3-30 kTd). With the excep-
tion of O2- at 3 X 10-18 V m2, the energy distributions de-
viate significantly from Maxwellian shape for both ions at all
EIN, indicating the influence of ion-molecule reactions other
than symmetric charge exchange in the formation and trans-
port of the ions across the gap. Additionally, the maximum
energies observed in the distributions for the negative ions
are substantially lower than the maximum ion energies ex-
hibited by their positive ion counterparts, which suggests the
possible influence of destructive ion-molecule reactions such
as collisional detachment during the transport of the negative
ions across the discharge gap.

FIG. 4. Measured ion-flux energy distributions for O2- in O2 at
three indicated values of EIN for a gap spacing of 2 em.

B. Mean energies < £ } F

Shown in Fig. 6(a) are the mean energies (B)F for the
positive ions O2+ and 0+, derived from the ion-flux energy
distributions shown in Figs. 2 and 3, and also from distribu-
tions measured at other values of EIN that are not shown in
the figures. For O2+ and 0+ the mean energies presented
here were calculated using Eq. (8), but with the low-energy
portion of the distribution modified by extrapolating down to
o eV along a linear fit to the data (as discussed in Sec. II B).
For the distributions exhibiting a Maxwellian shape (02 +
below 20X 10-18 V m2), this is equivalent to determining
(B)F from kT +, i.e., the slope of the IFED's, as shown in
Fig. 2. The error bars in Fig. 6(a) are indicative of the :t 10%
reproducibility discussed previously.

The mean energies for the negative ions are shown in Fig.
6(b), as a function of EIN. These values of (B)F are calcu-
lated directly from the measured ion-flux energy distribu-
tions using Eq. (8), with no extrapolation down to 0 eV. This
method was used due to the highly nonlinear shape of the
distributions, which made it difficult to make a simple ex-
trapolation down to low energies. The error bars shown rep-
resent the :t 10% scatter in the measured data, although all
the mean energies calculated for the negative ions must be
considered upper limits due to the potential for over deter-
mination due to low-energy discrimination (up to 20%). The
calculated values of (B)F for each ion over a range of EIN
are presented in Table I.
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FIG. 5. Measured ion-flux energy distributions for 0- in O2 at
three indicated values of EIN for a gap spacing of 2 cm.

The dashed lines in Fig. 6 are linear fits to the data for
O2+ and O2- based upon the expected proportionality be-
tween (e) and EIN described by Eq. (4), for the conditions
presented in Sec. n B. The agreement indicates consistency
with these assumptions for O2+ for EIN<20X 10-18 Vm2
and for O2- for EIN<6x 10-18 Vm2. The similar linear
dependence of the mean energies as a function of EIN ex-
hibited by 0+ and 0- is simply fortuitous, since no sym-
metric charge-exchange processes exist for these ions under
the present conditions where the concentration of 0 atoms is
very small. Additionally, the ion-flux energy distributions
clearly show evidence of other significant ion-molecule re-
action for 0+ and 0- .

The calculated values of (e) F for rare gases have been
shown to be in good agreement [5] with values calculated
using drift-velocity data measured elsewhere, and with Eq.
(5). However, the only drift-velocity or ion-mobility data
[15-20] available for O2+, 0+, O2-, and 0- ions in O2 are
for values of EIN less than 600X 10-21 Vm2 (600 Td). At
500X 10-21 Vm2 values of (e)F calculated from these drift-
velocity and ion-mobility measurements of O2+ [using Eq.
(5)] are in reasonable agreement with an extrapolation of the
dashed line in Fig. 6(a) down to low EIN (not shown on the
figure). For O2-, the calculated values of (e) F from drift
tube measurements at 500X 10-21 V m2 fall below an ex-
trapolation of the dashed line in Fig. 6(b), in agreement with
the overdetermination of (e)F from the measured IFED's
due to low-energy discrimination.
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for low-energy discrimination. The values for the negative ions
were calculated from the measured ion-flux energy distributions
with no correction for low-energy discrimination. The straight lines
are a reference with a slope of one.

C. Relativeabundance of ions

For the data presented here, the mass spectrometer was
tuned to minimize any mass discrimination over the mass
range of 10-40 u. Integration of the IFED's obtained under
the same discharge conditions indicate that O2+ is the domi-
nant ion formed. The absolute intensity of all ions increased
with increasing EIN when the ion signals were normalized
by the measured current.

The relative intensities of atomic to diatomic ions of the
same charge are shown in Fig. 7 as a function of EIN. These

aDeterrninedfrom the ion-energy distributions with extrapolation at
lower energies to correct for the effects of low-energy ion discrimi-
nation (see text).
bDeterrninedfrom the raw ion-energy distributions with no correc-
tion for low-energy ion discrimination.
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TABLE I. Mean kinetic energies (e)F for the four ions gener-
ated in oxygen Townsend discharges as a function of EIN.

E/N O2+ a O+a EIN O2- b O-b

(10-18 Vm2) (eV) (eV) (10-18 Vm2) (eV) (eV)

2.0 7.3 14.6 2.3 15.8 19.5

3.0 11.2 24.2 3.0 19.0 22.6
5.0 17.7 38.0 6.0 37.7 51.6

7.0 26.5 51.0 9.1 51.0 77.6

10.0 35.6 63.2 15.4 77.3 113.5

15.3 51.9 87.5 20.0 103.0 146.0

20.0 58.5 103.3 30.0 117.5 155.0
30.0 78.5 124.5
38.8 84.8 134.0
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FIG. 7. Dependence of the ratio of atomic to molecular ions in
oxygen on E/N.

data show that the intensity of 0- is nearly equal to that of
O2- at low E/N, but decreases to less than 10% at higher
E/N. The ratio of 0+ to O2+ is low at 2 X 10-18 V m2, and
then increases to a peak near 15X 10-18 V m2, although the
intensity of 0+ never exceeds 15% of the intensity of O2+.

IV. DISCUSSION

A. Positiveions

Listed in Table II are some of the likely collision reac-
tions that account for the production and transport of O2+
and 0+ in the discharges studied here. The dominant process
for ion formation is direct ionization to form O2+ (reaction
I), which has a cross section more than twice that of reac-
tions 2 and 3 combined [21] that result in the formation of
0+.

Similar to rare gas ions in their parent gas [5], the IFED's
for the O2+ ion exhibit Maxwellian behavior for values of
E/N below 20X 10-18 Vm2. As discussed previously, this is
consistent with the linear shape of the IFED's shown in the
semilog plots of Fig. 2, and is also consistent with the linear
dependence of the mean energy as a function of E/ N shown
by the dashed line in Fig. 6. Both of these conditions are
indicative of the direct proportionality between (e) and E/ N
described by Eq. (3). This observed behavior suggests that
the simple charge-exchange model described in Sec. II B
may be used to describe the ion transport of O2+ in O2 for
values of E/N less than 20X 10-18 Vm2. This would be ex-

TABLE ll. Reactions affecting positive ion production and
transport in a Townsend discharge in oxygen.

Reaction Process

I e+02-+02++2e
2 e+02-+0++0+2e
3 e+02-+0++0-+e

Ionization
Dissociative ionization
Polar dissociation

4 O2++02-+02+02+
5 O2++02-+0++0+02
6 0++02-+02++0

Symmetric charge exchange
Collision induced dissociation

Asymmetric charge exchange
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pected since this model has been successfully applied to rare
gases [5] which have charge-exchange cross sections compa-
rable to those of O2+ in O2 (reaction 4) [22-28].

For ions and discharge conditions for which the simple
charge-exchange model is valid, it is possible to estimate the
symmetric charge transfer cross section from Eq. (4). Figure
8(a) shows the calculated values (solid circles) of CTcrfor
O2+ from the mean energy values listed in Table I. As sug-
gested by the Maxwellian shape of the IFED's at the lower
values of E/N, the calculated cross sections for E/N up to
approximately 20X 10-18 Vm2 «e)F<60 eV) are in rea-
sonable agreement with published values [22-28] for the
charge-exchange cross section, although the significant scat-
ter among the previously reported values of CTcr make it
difficult to determine the accuracy of the presently calculated
values. The dramatic increase in the calculated values of CTcr
for (B)F>60 eV is consistent with breakdown of the model
assumptions, perhaps specifically due to the advent of other
inelastic collision processes occurring in very high-E/N dis-
charges. The similar upturn in the cross section data of
Kobayashi [22] observed at lower energies in Fig. 8(a) is
presumably unrelated.

All of the above analyses indicates that symmetric charge
transfer is the dominant collision process affecting the trans-
port of O2+ through O2 in Townsend discharges up to 20
X 10-21 Vm2. The only other process which could perhaps
influence the transport and flux of O2+ ions is collision-
induced dissociation (reaction 5), but the cross section for
this process is approximately 100 times smaller than for
symmetric charge-exchange collisions [29].
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TABLE m. Reactions affecting negative ion production and
transport in a Townsend discharge in oxygen.

Reaction Process

7 e+Or-.O- +0
8 e+Or-+O++O-+e

Dissociative attachment
Polar dissociation

9 0-+°2-+°2-+0
10 °2-+02-+°2+°2-
11 O2- +02-+02+02+e
12 0-+02-+0+02+e

Asymmetric charge exchange
Symmetric charge exchange
Collisional detachment
Collisional detachment

Under the discharge conditions studied here, there are no
symmetric charge-exchange collisions occurring for 0+
since the concentration of atomic oxygen in the discharge
due to dissociation is very small at these low currents. The
only ion-molecule reaction between 0+ and O2 that results
in significant energy loss is asymmetric charge transfer (re-
action 6), resulting in the destruction of 0+, and the forma-
tion of a "slow" O2+ ion. This reaction has a relatively
energy-independent cross section with a magnitude about
half that of reaction 4 [24,30]. This is consistent with the
observation that the mean energies for 0+ exceed those of
O2+ at all EIN [see Fig. 6(a) and Table I].

The non-Maxwellian shape of the measured distributions
for 0+ is not completely understood. As mentioned above,
the asymmetric charge-transfer cross section is essentially
constant over the energy range of interest here, and therefore
is not expected to affect the shape of the ion-flux energy
distribution. It is likely that the ions are not in equilibrium at
the highest values of EIN, due to the smaller collisional
cross sections (compared to O2+) affecting their transport.
This is supported by the fact that the maximum ion energies
observed for 0+ approach those corresponding to the gap
voltage for EIN> 5 X 10-18 Vm2. The "two-temperature"
behavior at low EIN is presently unexplained.

Likewise the observed relative intensity of 0+ ions to
O2+ ions as a function of EIN shown in Fig. 7 is also not
clear. The increase with increasing EIN up to 20
X 10-18 V m2 may be explained by increasing electron ener-
gies in the discharge which would favor increased dissocia-
tive ionization processes (reactions 2 and 3). However, the
cause of the small decrease in relative intensity of 0+ above
20X 10-18 V m2 is unclear.

B. Negativeions

Listed in Table ill are some of the likely collision reac-
tions that account for the production and transport of O2-
and 0- in the discharges studied here. Under the conditions
studied here, only 0- is formed directly by interactions with
electrons, i.e., by dissociative electron attachment [31] and
by polar dissociation [21] (reactions 7 and 8). O2- may be
formed by electron attachment, but that process requires
electrons with energies less than 10 eV [21,31] and colli-
sional stablization to form a stable O2- ion. Neither of these
requirements are likely to be met at these high values of
EIN, as shown by Moruzzi and Phelps [32]. The most obvi-
ous source of O2- is then the ion-molecule reaction 9, asym-
metric charge transfer, which has a highly energy-dependent

cross section that peaks near 4 eV, and then smoothly in-
creases with increasing ion energy above 20 eV [33-37].
The work of Moruzzi and Phelps [32] at lower EIN clearly
shows the effects of asymmetric charge transfer, with O2-
intensities beginning to exceed 0- intensities as EIN values
increase beyond 300X 10-21 V m2 (300 Td). The decrease in
the relative intensity of 0- flux to O2- flux with increasing
EIN (Fig. 7) observed here can be attributed to the increase
in cross section for reaction 9 with increasing ion energy.

The other significant ion-molecule interactions affecting
the transport of the negative ions are reactions 10-12 in
Table ill. As with O2+, the transport of O2- is expected to
be dominated by symmetric charge transfer (reaction 10)
[33-35]. This is supported by the Maxwellian shape of the
IFED for O2- at low EIN (see Fig. 4), and by the agreement
between the effective cross sections calculated using the data
in Table I in Eq. (3) and previous values obtained from beam
experiments [Fig. 8(b)].

For EIN greater than 5 X 10-18 V m2, the IFED's for O2-
exhibit a non-Maxwellian shape that is manifested by a de-
crease in ion intensity at higher energies. This deviation is
also reflected in the increase in the calculated effective cross
sections shown in Fig. 8(b) at higher ion energies. This de-
crease in ion intensity at higher ion energies is most probably
due to the destruction of O2- ions by collisional detachment
interactions (reaction II) whose cross sections increase with
increasing ion energy [38-40].

The IFED's for 0- are highly non-Maxwellian for all
EIN, indicating a complex dependence on several competing
collisional processes. While the exact shapes of these distri-
butions are not understood, and may require detailed model-
ing to fully characterize, it is most likely that the energy
dependence of reactions 9 and 12 combine to produce the
distinct shapes of the IFED's for 0-.

While the production and transport of the negative ions
observed here can be reasonably well understood based upon
the gas-phase reactions listed in Table ill, the role of surface
reactions in the formation of negative ions in oxygen dis-
charges must also be considered. Early work in this area [41]
has shown that O2+ ions striking a clean surface will emit
O2, 0, O2-, and 0- particles, with the ions comprising a
very small portion of the scattered beam. More recent work
has shown that a beam of Na+ ions striking a clean surface
coated with oxygen produces primarily 0- ions [42]. How-
ever, Na+ ions striking a "dirty" surface (i.e., a surface that
has not been vacuum cleaned) coated with oxygen produces
primarily O2- ions [43].

It is expected that a similar result would be obtained if the
bombarding ions were O2+, which is indeed the conditions
that exist in the Townsend discharges studied here. While we
cannot separate the gas-phase and surface contributions to
the negative ion formation, it is conceivable that both are
significant, and that surface conditions may have an effect on
the relative fluxes of O2- and 0- .

V. CONCLUSIONS

We have measured the mass and energy of the ions strik-
ing the grounded electrode of a dc Townsend discharge in
oxygen over a range of EIN from 2X 10-18 Vm2 to nearly
40X 10-18 V m2. The O2+ ion is the dominant positive ion,
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while O2- is the dominant negative ion. Analysis of the
ion-flux energy distributions indicate that a simple, one-
dimensional model assuming that symmetric charge transfer
is the dominate ion-molecule collision process is adequate to
describe the transport of O2+ and O2- ions through the dis-
charge for values of EIN less than 15X 10-18 and 6
X 10-18 V m2, respectively. Smaller, but significant, quanti-
ties of 0+ and 0- were detected with complex ion-flux en-

ergy distributions that require more sophisticated modeling
to understand fully.
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