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ABSTRACT

The rate coefficients for electron attachment to ozone have been
12

measured in N -03 mixtures and are found to increase from 8 x 10
to 1.8 x 10-1 cm3/sec as the characteristic electron energy increases
from 0.1 and 0.8 eV. The dependence of the attachment rate coefficient
on the ozone pressure at electron energies near 0.15 eV is consistent
with a two~body attachment process, presumably dissoclative attachment.
The temperature dependence of the recombination coefficient for elec-
trons and 02+ can be approximated by '1‘838_1 with the actual values
being (3.0 £ 0.3) x 107/ cm>/sec at 205°K, (2.2 £ 0.2) x 10/ cm /sec
at 295°K, and (1.0 t 0.2) x 10-7 cm3/sec at 690°K. The recombination
coefficient for electrons and 04+ at 205°K is estimated to be 2.3 x

10-6 cm3/sec.

Distribution Limitation Statement No. 2

iii

e e e W A i B . e iy, 0 i g e Al " e B T e e e B R . -




(This page was intentionally left blank)

iv

st O T it R el ekl

g




CONTENTS

Section

I. SUMMARY. . . & & v o ¢ o ¢ s ¢ <t 0 b s 0 0 e

1I. ELECTRON ATTACHMENT AND DETACHMENT IN OZONE. . .
1. Introduction . . ¢« ¢ & ¢ v & o o o o ¢ o o &
2. ApparatuS. . « + ¢ s o s o s 4 0 s 4 b s e
3. Interpretation of Results. . . . + « « « « &
4. Attachment Data. . . « « « ¢+ o ¢ ¢ o s o o
5. Discussion . « + ¢« v 4 ¢ 0 v e b 06 w0 e

III. ELECTRON-ION RECOMBINATION IN ATMOSPHERIC GASES.
1. Introduction . . « « v ¢ ¢ ¢ v ¢« & v s « o &
2. Experimental Method. . . . . . . . . . .,
3. Relevant Afterglow Processes . . . . . . . .
4. Results and Discussion . . « . . « . o . .
5. Conclusions. . . «. « ¢ ¢ v ¢« v ¢ s o o o o

REFERENCES . . & & ¢ ¢ 4 o o o o o o & ¢ o s o 6 o s o o s

DISTRIBUTION . o & ¢ o« ¢ v o ¢ o o o o s o s o s o o o o &

13
15
19
19
19
22
24
32
35
38

e e




Pigure

ILLUSTRATIONS

Ozone gas handling system.

Apparatus for measurement of electron attach-
ment and ozone density. The electrodes of the
drift tube are enclosed in a stainless steel
chamber fitted with uv windows and electrical
feedthroughs.

Typical waveforms for electron attachment mea-

surements.

Waveforms used to obtain electron component of
current waveform. The mercury lamp pulse begins
siortly after the trigger pulses and the begin-
ning of the rf pulse.

Total current waveform obtainad under condi-
tions suitable for good attachment coefficient
determinations.

Electron and ion current waveforms showing elec-

tron detachment at low 03 concentration.

Summary of attachment rate coefficient data from

measurements in 03-N2 mixtures.

Microwave afterglow apparatus showing the micro-
wave cavity and the radio-frequency mass spectro-

mter .

vi

10

11

14

15

O e e

Fo R




P —
Figure
9 Reciprocal plots of observed elecctron density

10

11

12

and 02+ wall currents as functions of time in
the afterglow of an 02-Ne microwave discharge.
The 02+ wall currents have been normalized to
the electron density at an afterglow time of
6 msec. The solid line represents a numeri-
cally computed fit to the observed 2lectron
density, taking into account both the recom-
bination and ambipolar diffusion loss mech-

anisms.

Observed oxygen pressure dependence of the
recombination coefficient a(02+). The
short dashed, long dashed, and solid lines
correspond to 02-Ne, 02-Ne-Ar, and 02-Ne-Kt
gas mixtures, respectively.

Observed temperature deps.ndence of the co-
efficient for the recombination of 02+ ions
and electrons obtained from afterglow studies
in Oz-Ne and 02-Ne-Kr gas mixtures., The
single point @) is a derived value of (!(02+)
obtained under conditions where 04+ was a sig-

nificant afterglow ion (see text and Fig. 12).

Dependence of the effective recombination co-
on the [04+]/[02+] concentra-
LY. has been multiplied by
the factor (Ro+l) in order to show the fit
of the experimental data to Eq. (14). The

slope and intercept of the solid line yield
6

efficient aeff

tion ratio Ro.

recombination coefficients a, 2.3 x 10”

7

cm3/sec and a, =3 x 10~/ cm3/sec, respec-

tively.

vii

28

30

33

e @ Yk A i, ¥




(This page was intentionally left blank)

viii




STUDIES AND EXPERIMENTAL WORK ON ATOMIC
COLLISION PROCESSES OCCURRING IN ATMOSPHERIC GASES

SECTION I

SUMMARY

" This technical report describes: a) a preliminary experi-

E mental investigation of electron attachment and detachment in ozone;

I and b) an experimental study of the temperature dependence of electron-
I positive ion recombination in atmospheric gases. The rate coefficients
for these processes are needed for the prediction and analysis of the
electrical behavior of the earth's atmosphere in the presence of
natural and artifically induced ionization.

Conventional drift-tube techniques have been used to study
the attachment and detachment of low-energy electrons to oz>ns. In
these studies, the attachment rate coefficient is determinc .n the
slope of the ion current waveform observed at the collector. iulti-
channel signal averaging techniques have been used to improve the
signal to noise ratio of these ion current waveforms. Initial studies
in pure ozone indicated very large attachment rates, and yielded ion
! waveforms that were difficult to analyze. To overcome this difficulty
the ozone was diluted with nitrogen, a non attaching gas. By using

estimated characteristic electron energies and electron drift veloci-

ties for the various N2-03 gas mixtures, the attachment rate coeffi-
cients vere determined for energies between 0.1 and 0.8 eV. At energies
near 0.15 eV the concentration of 03 in the mixtures was varied from
0.5 to 3.5 Torr for total pressures of 50 Torr. The results are con-

| sistent with a two-body attachment process, presumably dissociative

I attachment. The attachment rate coefficients vary from 8 x 10-12 to

1.8 x 10-10 cm3/sec as the characteristic energy varies from 0.1 to

0.8 eV. These results must be regarded as preliminary because some of

the waveforms at low electron energies show evidence of electron de-

tachment.
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The temperature dependence of the coefficient for the recom-
| bination of electrons with mass identified 02+ ions has been determined
from observations of the electron and ion decay rates in the afterglow
following "single-pulse" microwave discharges in 0,-Ne, 0,-Ne-Ar, and
Oz-Ne-Kt gas mixtures. In most cases, these studies were conducted
under conditions where 02+ was the only significant afterglow ion species
and where the recombination of electrons with the 02+ ions was the do-
ninant loss mechanisms. Temporal mass analysis, using multichannel
signal averaging techniques, show similar decay rates for the electrons

and for the 02+ ions over the major portion of the afterglow. The

observed recombination coefficient, u(02+), has a temperature dependence

approximated by T'.'-l, the actual values ranging from (3.0 ¢ 0.3) x !

10" cn3/sec at 205°K to (1.0 £ 0.2) x 1077 cn’/sec at 690°K. At lower -
i temperatures (<250°K), the dimer fon 0,.0 + becomes significantly more

Pl 2 72
| important. From an analysis of afterglow studies involving the simul-

taneous recombination of electrons with this dimer ion and with O +
ions, we obtained an estimated value of u(02-02+) - 2.3x 10-6 cm”/sec
at a gas temperature of 205°K.
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SECTION 11

ELECTRON ATTACHMENT AND DETACHMENT IN OZONE

1. Introduction

Analyses (Ref. 1) of the absorption of electromagnetic radia-
tion at radar and radiometer frequencies following nuclear explosions
in the upper atmosphere have indicated the presence of night-time
electron removal processes that are faster than the well known three-
body attachment to oxygen. These theoretical studies propose that the
additional attachment is caused by dissociative attachment to ozone.
Because the night-time ozone concentrations used in these analyses
(Ref. 1) are highly uncertain, the derived attachment rate coefficient
3 x 10713

Additional interest in the effect of ozone on atmospheric deionization

cm3/sec) is uncertain and must be measured in the laboratory.

arises from the possibility of ion-molecule reactions such as charge
transfer and associative detachment. Thus, Fehsenfeld, Schmeltekopf,
Schiff, and Ferguson (Ref. 2) have found that 0 and 02-
transfer to 0, to form 0, and that O, reacts with CO2 to form CO3 .

3 3 3
As we shall see below, there is evidence that one or more of these ions

rapidly charge

undergoes detachment in a reaction with ozone. The work described
below represents the initial stages of a program designed to measure
the rate coefficients for electron attachment and detachment and

accompanying ion molecule reactions in 03 and 02-03 mixtures.

2, Apparatus

The experimental system (Figure 1) can be divided into two
sections, a discharge region in which ozone is produced and trapped
and a reaction region where the electron attachment properties of ozone
can be studied. The ozone is produced by dissociating a flowing stream
of oxygen gas. The discharge products pass through the cold trap, which
freezes out the 03, and then into the pumps through the bypass valve.

*
A diatherm unit 1s used to power the microwave cavity clamped around

*
Raytheon Microtherm Model CMD4.
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Fig. 1 - Ozone-gas-handling system.
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the flow tube. The cold trap is maintained at liquid nitrogen tempera-
tures. The oxygen flow rate and the oxygen pressure are adjusted for
the maximum collection of ozone in the cold trap (Ref. 3). When
sufficient ozone, roughly 1/2 cc, has been collected, the discharge

is switched off, the oxygen flow stopped, and the trap is exposed to
the vacuum pumps for approximately one hour.

The reaction region of the apparatus consists of a uniform
field drift tube into which the ozone caa be expanded. Provision is
also made to allow mixtures of ozone and nitrogen to be made. The
total pressure in the drift tube is measured by using a null-reading
diaphragm morometer (Ref. 4), which separates the vacuum system from
the oil manometer. The ozone density can be calculated from the
measured absorption of a known ultraviolet (uv) line. A low pressure
mercury lamp is used as a source and a Perkin Elmer monochromator is
used to select the desired line after it has passed through the drift
tube. Because the path length and the absorption coefficients for
ozone are known (Ref. 5), the ozone density in the drift region is
readily calculated. For ozone pressures between 0.0l and 0.5 Torr the
2536 ; Hg line is used, while higher ozone pressure can be measured by
using either the 2967 or the 3125 ; lines.

Because ozone is readily destroyed by metallic surfaces such
as Kovar, all the metal parts of the system, excluding the electrodes
of the drift tube, were coated with a thin Teflon film. The electrodes
were gold-plated discs and wires. With this arrangement the ozone
pressure change was less than 1 percent per minute.

The drift tube (Figure 2) consists of a semi-transparent
cathode (C) (Ref. 6), a set of guard rings, and a collector (S). A
short distance in front of the collector is a fine wire grid (G), which
shields the collector from induced currents caused by the movement of
charged particles across the drift region. By applying a suitable rf
voltage (=2MHz) to alternate grid wires, the grid can also serve as an

electron shutter (Ref. 7).




*sy3noayjpaaj TedOTIIDIT2
pue SmMOpPUIM AN YITm PalITJ iaqueyd [I33IS SSITUTRIS B U PIasoO[dua aie aqni IITAP ayl
3o s3apo13d3T3 3yl ~4£ITSUIP BUOZO pue JUBWYDIEII® UOXIDST3 JO JuwaiInseaw 103 snieieddy - z -By1g

103e)|1350Q
Aejd
236614} 12
Ajddng
19mod
dwe) pasing =
|
- R
T 9 “ J
(o]
o _
Jashjeuy o dwe)
jauueYdRINW J| sd o !
: |
R
Joyerq
e e i = = — e - e —- e -




As shown in Figure 2, a master oscillator triggers both the
multichannel analyzer and the pulsed uv lamp, which releases electrons
from the cathode. The lamp can be switched on for any selected time
interval and the triggering of the lamp can be delayed relative to the
start of the multichannel analyzer. Electrons are released from the
cathode while the lamp i1s on and these electrons drift across the tube
toward the collector under the influence of the applied electric field.
The mean energy of these electrons is controlled by the nature of the
gas in the gap and by the ratio E/p, where E is the electric field
strength in V cm-1 and p 1s the pressure in Torr. If no rf is applied
to the grid wires, then the electrons reach the collector and cause a
voltage to develop across the load resistor (R). This voltage is
amplified and then digitized before being stored in the memory of the
multichannel analyzer. If this procedure is repeated n times, then
the signal to noise ratio (S/N) of the current waveform will improve
by /n. 1In this manner, one can obtain S/N values comparable with those
obtained by using synchronous detection schemes (Ref. 8 and 9) but in
much less time.

If an attaching gas is present in the drift tube, some of the
electrons released from the cathode will attach to form negative ions.
Thus, the current waveform will have two components, a fast electron
component and a slow ion component. When no rf is applied to the wire
grid, the total current waveform will be collected, averaged, and
recorded by the multichannel analyzer. An example of this mode of
operation is shown in Figure 3. The upper trace indicates the duration
of the light pulse, which is equal to the initial electron pulse width.
The center trace is a "single shot" recording of the current waveform
while the lowest trace is this same signal after it has been averaged
5000 times. This averaging process took approximately 2 min. Under
the conditions of this experiment, the initial peak is caused by
electrons that cross the gap without attaching while the remainder of

the waveform is caused by negative ions formed by attachment.

o i e e
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Fig. 3 - Typical waveforms for electron attachment measurements.
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If the rf voltage is applied to the grid wires continuously, !
all electrons will be absorbed by the grid and the collecied current
will be the ion component of the waveform. However, if for one sweep
no rf is applied and on the second sweep rf is applied, then the dif-
ference in the collected currents will give the electron component of
the current waveform. Fortunately, this subtraction can be done in-
ternally in the multichannel analyzer. A schematic diagram of the
circuitry necessary to perform this operation is shown in Figure 4.

By using this technique, it 1s possible to obtain the total, the elec-

tron, and the ion current waveforms with adequate signal to noise.

3. Interpretation of Results

It has bezn shown by earlier work in this laboratory (Ref. 8)
that for waveforms, such as that of Figure 3, it is possible to obtain
the attachment rate coefficient either from the slope of the leading
edge of the ion waveform or from the ratio of the areas under the total
waveform and under the ion component of the waveform, provided the
electron and ion drift velocities are known.

Preliminary investigations in oxygen at low E/p yielded values
for the attachment coefficient in fair agreement, *20%, with the data !
of Chanin, Phelps, and Biondi (Ref. 8). Our initial investigations
with nominally pure ozone indicated such large attachment rates that
all electrons attached close to the cathode, forming a narrow pulse of
ions. Waveforms of this type cannot be analyzed in the manner described
above. To overcome this problem, the ozone was diluted with nitrogen,

a non-attaching gas. These mixtures were made by adding the required
amount of nitrogen to a known amount of ozone already in the system.
Figure 5 is an example of a total current waveform taken in such a
mixture at E/pT = 0.112 V f:rn-1 Torr-l. The peak at early times is
caused by unattached electrons crossing the tube, while the second

peak is caused by the much slower negative ions that are formed through-
out the drift space. It was found that the attachment coefficients,

obtained by using either the "slope'" or the "area" method, agreed to

“-d_
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Fig. 5 - Total current waveform obtained under conditions suitable for
good attachment coefficient determinations.
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better than i5 percent when the waveform showed a sharply decaying
electron signal and an exponentially rising ion component as in Figure
5. By varying E/pT the electron energy can be changed, and one is
able to measure the attachment rate coefficient as a function of elec-
tron energy as given below.

The determination of the electron energy scale for electron
energies below 0.3 eV presents some problems when the concentration of
03 is above 0.2 percent because of a lack of information regarding
elastic and inelastic scattering cross sections for electrons in 03.
We have estimated momentum transfer Ve and energy exchange Va .0lli-
sion frequencies for 03 by using the known dipole moment of 03. These
quantities are related to the drift velocity, the characteristic energy,
and E/N by (Ref. 10)

v /N = 1.758 x 10t? %ﬁ (1)
and
\)u/N = f—_—l‘:—l{%, (2)

where N is the gas density, w is the electron drift velocity, €1 is the
characteristic electron energy and kT is the energy of the neutral gas.
1f the electron energy distribution were Maxwellian, the electron tempera-
ture would be given by ek/k. The values of w, € and E/N for a gas
mixture can be calculated if we assume that for the mixture,

vm

vm Ni
-Zi Tin_ ()

mixture,

and

V] v N

u - [_u] A (4)
y

N mixture LN i )

where Ni is the density of 1th gas component. For the 03-N2 mixtures

we have used the momentum transfer and energy loss frequencies given

12
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by Engelhardt, Phelps, Risk (Ref. 11) for nitrogen and estimates for
ozone. By using these assumptions, the characteristic electron energy
and electron drift velucity for any mixture of 03-N2 can be calculated
as a function of E/pT applied to the mixture. Obviously, there is a
need for definitive measurements of electron transport coefficients

in 03 and mixtures of ozone with other gases.

For ozone pressures greater than 0.2 Torr, the electron and
ion waveforms show a clear separation of the electron and ion compon-
ents as in Figure 5. However, at lower ozone pressures there is evi-
dence of delayed currents because of detached electrons. An example
of this is shown in Figure 6 where the upper waveform is the electron
current observed in pure nitrogen at 24 Torr. Because no attachment
occurs in nitrogen, this waveform is almost identical to the pulse of
electrons leaving the cathode and clearly establishes the response of
the detection system and the cut-off time of the lamp. The lower two
curves are the electron and ion components of the total waveform after
0.018 Torr of ozone had been added to the system. The electron curve
clearly indicates the presence of delayed electron currents, which we
interpret as resulting from a detachment reaction. The lower curve
is the waveform caused by negative ions. The presence of a negative
ion current at the collector after the source of detached electrons
has disappeared is most readily explained by proposing the presence
of a second ion that is stable against detachment.

4, Attachment Data

The data presented in Figure 7 are a summary of the attach-
ment rate coefficients obtained in various 03-N2 mixtures for charac-
teristic electron energies between 0.035 and 0.9 eV. The mixture
pressures ranged between 10 and 60 Torr and contained between 0.5 and
16 percent ozone. It should be emphasized that these data are taken
from waveforms where detachment effects were small. Over the ozone
pressure range investigated, it can be seen that all the points fall

within a reasonably narrow band. This is consistent with a two-body

13
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Fig. 6 - Electron and ion current waveforms showing apparent electron

detachment at low 03 concentrations.
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attachment process, presumably dissociative attachment. The attachment
rate coefficient decreases rapidly as the electron energy decreases

for electron energies between 1 and 0.1 eV. Unfortunately, there are
some questions concerning the interpretation of the data at energies
below 0.1 eV. 1In order to make measurements at these low energies,

it is necessary to use large amounts of ozone and high nitrogen pres-
sures. Under these conditions, it is possible that a three-body attach-
ment reaction to normal oxygen, using nitrogen (Ref. 9) as a third
body, might occur. Normal oxygen can be present in the system because
it is produced when ozone is destroyed on the surfaces. It is also
possible that some oxygen might be trapped along with the ozone in the
cold trap. Preliminary indications are that this effect is small.
Another possible source of error at low energies is that the calculated
energy scale may be incorrect. Further work is necessary to clarify

the low-energy situation.

5. Discussion

The data presented in Figure 7 indicate that a rapid two-body

attachment process occurs in ozone. The attachment rate coefficient

is approximately 7 x 10-12 cm3 sec-1

10-10 cm3 aec-l at 1 eV, This is in fair agreement with the results

at 0.08 eV and increases to 3 x

of Curran (Ref. 12) who found both 0  and 02 ions formed in ozone at
electron energies between O and 3 eV. The reactions Curran postulated

are

0. +e~+0 +0

and
0. +e+0, +0 (6)

K} 2

On the basis of Curran's data and the data presented in this paper,

reaction (5) appears to have a threshold at near-zero electron energy.

16




Curran found a threshold of about 0.4 eV for reaction (6). However,
if one uses our value (Ref. 9) of 0.43 eV for the electron affinity

of 02, the threshold must be nearer 0.6 eV. In any case, it would

appear that the primary negative ion formed in the present experiments
is 0 .
Recent data by Fehsenfeld, Schemltekopf, and Ferguson (Ref.

2) have shown that both O and 02 react with 0, in the following

3
manner;

0 +0,+0, +0 ¢))
and

0, +0,> o3 +0, (8)

10 10

with rate coefficients of 7 x 10 ~~ and 3 x 10 cm3 sec-l, respectively.

At the ozone pressures used in these experiments the lifetime of 0 or
%
the detachment reaction observed at lower ozone pressures might be,

would thus be less than 10-5 sec. It thus appears possible that

0, +0,>30,+e 9)

Unfortunately, we have no direct evidence that 03 is the ion that under-
goes associative detachment. Experiments show that in many gases (Ref.
13) complex clustering can occur at the pressures used in the present
experiments, so that small amounts of impurities, COZ’ for example,
can change the identity of the ions. Until mass identification of the
negative ions involved is carried out, it is impossible to arrive at
any reliable conclusions concerning the details of the reaction scheme
occurring in ozone,

In view of the large scatter in the experimental data of
Figure 7 at low-electron energies, any attachment coefficient derived
by extrapolation to thermal energies (300°K or 0.026 eV) is very

-12 and 10.11 cm3 sec-1

uncertain; thus, we suggest a value between 10




- + -
or 3 x10 L2 cm3 sec 1. Thes: values are roughly an order of

magnitude larger than the rate cowfficient obtained by Knapp and

Fisher (Ref. 1) and may be sufficiently large to make up for the appa-
rently large values (Ref. 14) of ozone concentration used by Knapp

and Fisher. Our estimated thermal attachment coefficient for electrons
in 03 is approximately an order of magnitude smaller than the estimate i
given by Fehsenfeld et al. (Ref. 2). This ratio is consistent with

the suggestion by these authors that the mean energies of their elec-

trons were significantly above thermal.
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SECTION III

ELECTRON-ION RECOMBINATION IN ATMOSPHERIC GASES

1. Introduction

One of the principal ionospheric positive ions in the alti- L
tude range of 75 to =200 km has been shown (Ref. 15) to be 02+.
Analyses (Ref. 16) of the relevant atomic collision reactions indicate ’

that the rate of removal of electrons from this region is to a large
extent controlled by dissoclative recombination of the electrons with
0 + ions. Therefore, we have undertaken extensive afterglow studies

oi the recombination coefficient for electrons with 02+ ions over the
temperature range of 205 to 690°K. These studies are somewhat more
difficult than the related Nz+ measurements (Ref. 17 and 18), in that
problems arise in producing a plasma with 02+ ions in their ground
electronic state and in avoiding negative ion accumulation, with atten-
dant effects on the afterglow decay.

In this section of the report, we describe the modifications

of the afterglow measuring technique required for the oxygen studies
and discuss the atomic collision processes leading to production of

o,"
ments to obtain the temperature dependence of the coefficient a(02+)

ions in their ground electronic state. We then analyze the measure-
for the recombination of electrons and 02+ ions, and to obtain an
approximate value of the coefficient a(0a+) for the recombination of

| electrons and 04+ ions.

2. Experimental Method

The apparatus used in these experiments combines microwave
techniques for determining average electron densities during the after-
glow of a pulsed discharge with a differentially pumped mass spectro-
meter that samples the ions diffusing to the wall of the microwave

cavity. Inasmuch as most of the apparatus has been described in detail

- in previous papers (Ref. 17,18) and technical reports (Ref. 19,20), we
shall elaborate on only those additional features required for the oxygen
study.

19
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The microwave cavity and mass spectrometer are shown schema-
tically in Figure 8. 1In the operation of the microwave system (see
Figure 1 of Ref. 17) a pulse from a magnetron (=2 msec duration) is
used to ionize the gas in the cavity. A low-energy probing-microwave
signal is used to determine the resonant €requency of the cavity at
successive times during the afterglow, from which the average electron
density at each of these times can be calculated.

In order to avoid negative ion accumulation from one discharge-
afterglow cycle to the next, the apparatus is operated in a "single
pulse-afterglow" mode in which the plasma is permitted to decay for
approximately 10 sec between cycles. Reproducible plasma generation
from cycle to cycle is assured by providing initiating electrons from

1 a pulsed electrode (see Figure 8) to which is applied a 1 kV, 50 usec
impulse at the beginning of each discharge.

The differentially pumped mass spectrometer shown in Figure
8 samples ions diffusing to the cavity wall and effusing through a
small orifice, as in the earlier studies of nitrogen (Ref. 17,18).

With the "single pulse-afterglow' technique, the signals are corres-
pondingly smaller than in the nitrogen work, where the discharge-
afterglow cycle vas repeated some 40 times per second. We haée,
therefore, employed a signal accumulation technique to obtain accurate
measurements of the ion decay during the afterglow. To this end, the
afterglow is divided into 100 equal time intervals of 300 to 600 usec
duration. The voltage pulses resulting from the transit of single ions
through the mass spectrom:ter/secondary electron multiplier (see Figure
8) are fed through an amplifier and discriminator into a multichannel
analyzer? As the multichannel analyzer advances from channel to
channel the numbers of ions counted in the corresponding time intervals
in the afterglow are recorded in the memory section. By accumulating
the afterglow ion counts for 100-1000 "single pulse-afterglow’ cycles,
statistical fluctuations in the data are reduced to low levels (<10

percent).

X
Technical Measurement Corporation Model 400 C.
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3. Relevant Afterglow Processes

In order to simplify the analysis of the afterglow suffi-
ciently to yield quantitative determinations of the recombination co-
efficient a(02+) it is necessary to achlieve conditions in which 02+
is the only significant afterglow ion and electron-ion recombination
dominates the volume loss of electrons. The formation of complex ions,
.8, 03+ and 04+, is reduced by use of small concentrations of 02
molecules [p(02) e 10-3 Torr] with the addition of an "inert" neon
buffer gas [p(Ne) ~ 20 Torr] to inhibit diffusion to the walls. In
such a mixture one of the dominant production mechanisms for 02+ is

the Penning reaction

Ne + 0, » Ne + 02+ +e, (10)
where the superscript M indicates a metastable excited state. Unfor-
tunately, in this reaction there is sufficient excitation energy to
create the ions not only in the desired ground electronic state X ZH
but also in the excited electronic state a AHU. For this reason, weg
have used triple mixtures, adding approximately 1 Torr of Ar, or Kr,
to the 02 - Ne mixtures in an attempt to produce 02+ ions in only the
X 2n state. Assuming comparable cross sections for the Penning ioniza-
tiongof 02 and Ar, or Kr, by neon metastable atoms and using the rele-
vant charge transfer cross sections (Ref. 21) it appears that the pro-
bable ion production sequence in the triple gas mixtures involves
Penning ionization of Ar (or Kr) by the neon metastable atoms followed
by charge transfer of the resulting Ar+ (or Kr+) ions with 02 to form
0,
sufficient to excite the 02+ ions beyond the v = 8 vibrational level

. In the l(r+ charge transfer reaction the available energy is not

of the ground electronic state.

A second reason for using as small a neutral 02 density as
practicable is to avoid appreciable negative ion formation during
either the discharge or the afterglow. It has been shown (Ref. 22,23)

that the electron ambipolar diffusion loss rate increases in proportion
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to the negative ion-electron concentration ratio. In addition, posi-
tive ion-negative ion recombination must be considered if this ratio
is not small compared to unity. Use of the "single pulse-afterglow'
technique mentioned earlier is dictated by the fact that, even if the
negative ion production by electron attachment is small in a given
discharge-afterglow cycle, the negative ions are essentially trapped
in the plasma (Ref. 22,23) and their concentration will build up
unless sufficient time elapses between cycles to permit the plasma to
decay completely.

Having chosen conditions in which 02+ in the desired state
is the only significant positive ion, negative ions being essentially
absent, and electron-ion recombination is the principal electron loss
process, we may approximate the electron continuity equaticn during
the afterglow by

2 2
3ne/3t = - on, + DaV n, (11)

where a and Da are the recombination and ambipolar diffusion coeffi-
cients, respectively., We have invoked the quasineutrality of a plasma
to set n_*n,. In spite of the fact that volume recombination greatly
outweighs ambipolar diffusion in determining the electron loss rate,
the diffusion term has been included, inasmuch as it has a pronounced
effect on the spatial distribution of the electrons within the micro-
wave cavity.

Computer solutions of Eq. (11) subject to the boundary condi-
tion n,=n, = 0 at the walls of the cavity (Ref. 24,25) permit us to
obtain quantitative determinations of o from the measured rates of decay
of the average electron density during the afterglow. The particular
average used in the present analysis, the so-called "microwave-average'
electron density, is defined by

no(t) = J n (?,t)zzé)dv/[ E2(2)dV = Af(t)/C (12)
uw v e v
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where E(;) is the electric field of the microwave probing signal. The
integration extends over the volume of the cavity. This average has
the virtue that its value does not depend upon assumptions concerning
the form of the electron distribution within the cavity; it is simply
equal to the measured cavity frequency shift Af(t), divided by a group
of physical constants C (Ref. 26). In addition, in the present case,
where the plasma fills the entire cavity volume, Huw(t) has the same
value as the electron density obtained from Af(t) on the artificial
assumption that the electrons are uniformly distributed throughout the
volume. [This assumption has been widely used previously (Ref. 27).]
The elementary "recombination solution" of Eq. (11) which

results when the diffusion term is neglected is
l/nw(t) 2 llnw(O) + t. (13)

In many cases it is convenient to plot our data as the reciprocal of
;uw(t) versus afterglow time to display recombination control of the
afterglow. Recombination coefficients a may be obtained from the
slopes of the straight line sections in these I/Eﬁw(t) vs, time curves
by using appropriate Gray and Kerr correction factors (Ref. 24). Al-
ternately we can obtain o by making a direct comparison of the measured
E;"(t) with the predicted -uw(t) curves obtained by computer solution
(Ref. 25) of Eq. (11) :hen known values of Da are inserted and o is

treated as a parameter.

4, Results and Discussion

To insure reliable quantitative measurements of the rate of
recombination of 02+ ions with electrons, two key requirements should
be met. First, the average electron density decay should follow the
form given by the computer solution of Eq. (11) for recombination con-

trolled conditions. This, in turn, implies that a linear increase of

*
L. Frommhold (private communication) has provided computer solutions
of Eq.(11) for our experimental conditions.
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I/Euw(t) with time [see Eq. (13)] be observed for an appreciable elec-
tron density range. Second, 02+ should be the only significant after-
glow ion and its observed wall current (the mass spectrometer output)
should approximately follow the volume electron density decay during
the afterglow. The first condition has been achieved by assuring that
no significant ionization occurs during the afterglow and that the
ambipolar diffusion rate is small. A simple optical absorption system
(Ref. 17) making use of an optical path through the plasma via the
viewing windows (see Figure 8) monitors the neon metastable concentra-
tion. Thus we are able to choose a discharge pulse length that leads
to a sufficiently small metastable density at the start of the after-
glow (Ref. 17) that the rate of Penning ionization, reaction (10), {is
negligible. As noted earlier, the ambipolar diffusion to the walls

is made very small by use of a high (%20 Torr) pressure of neon buffer
gas.

The expectation that the 02+ wall current should approximately
follow the volume electron density decay arises from the fact that the
computer solution of the positive ion continuity equation (which is
identical to Eq. (11) with n, replacing n, everywhere) indicates that *
for much of the afterglow the form of the ion and electron density
distributions within the cavity remains approximately constant [c.f.
Gray and Kerr (Ref. 24)]. Thus the ion diffusion current to the wall,
which is proportional to (Vn+)wa11, decreases approximately as n, (and
hence ne) decreases in the volume.

An example of the observed electron and ion decays is sghown
in Fig. 9 for a binary mixture of oxygen (1.1 x 10-3 Torr) and neon
(20 Torr) at 295°K. It will be seen that I/Fuw(t) increases linearly
wiin time over a density range, f = 10, and that after approximately
4 msec the reciprocal of the 02+ wall current follows the electron
decay (02+ is the only significant afterglow ion). The solid line
represents the predicted electron density decay obtained from the
computer solution of Eq. (11) with Dap = 360 (cm2/sec)-Torr for 02+
ions in neon (Ref. 28) and a value of a(02+) = 2,2 x 10-7 cm3/sec.

This computation uses an initial electron and ion distribution that is
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I Fig. 9 - Reciprocal plots of observed electron density and 02+ wall
currents as functions of time in the afterglow of an 0j-Ne
microwave discharge. The 02+ wall currents have been norma-
lized to the electron density at an afterglow time of 6 msec.
The solid line represents a numerically computed fit to the
observed electron density, taking into account both the recom-
bination and ambipolar diffusion loss mechanisms.
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a fundamental mode diffusion distribution, reasonably approximating the
actual starting distribution created by the microwave discharge. 1In
addition, after s 1 ms the predicted decays are rather insensitive to
the starting distribution (Ref. 25,29) unless extreme forms, such as
highly constricted plasmas, are used.

It is interesting to note that if the measured slope of Figure
9 is corrected using the Gray and Kerr correction factors (Ref. 24)
corresponding to a spherical plasma container having a fundamental dif-
fusion length, A = 1,125 cm, equal to that of our rectangular parallel-
epiped cavity, & value a(02+) = 2.1 x 10-7 cm3/sec is obtained. This
result is in good agreement with the value obtained by computer solu-
tion for the rectangular geometry. Therefore, for most of the experi-
mental data, we have obtained corrected values of the recombination
coefficient by applying Gray and Kerr correction factors in the above
manner, rather than by obtaining computer solutions for each decay curve,

In the early phases of this study, binary 02-Ne mixtures were
used for the recombination measurements. When "single pulse-afterglow"
techniques were employed, linear l/n (t) vs time curves were obtained
with satisfactory tracking of the electron density and 0 wall current
decays. However, unlike the recombination studies in nitrogen (Ref.
17,18), where the values of a(N ) did not depend on the N2 partial
pressure, the coefficient a(O ) varied significantly with the partial
pressure of 0, used, as is shown by the short-dashed curve of Figure
10.

2

A possible explanation of the observed variation in a(02+)

with 02 pressure in the binary mixtures lies in the fact, noted in

Sect. III-3, that more than one electronic state of 02+ can be formed
in the Penning reaction. In an effort to avold formation of electroni-
cally excited O g

2
then of Kr, to the binary gas mixture. Under these conditions one

ions, we first added approximately 1 Torr of Ar,

hopcs to excite the X 2I1S state of 02+ by the sequence NeM ad Ar+ (or

Kr+) + 02+.
the energetics of the charge transfer reaction from Ar+ still permit

Unfortunately, when Ar is added to the binary mixture,

excitation of many (v > 20) vibrational levels of the X an state of
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02+, and, as indicated by the long-dashed line in Figure 10, also
ylelds a significant variation of a(02+) with changing oxygen pressure.
When Kr was added to the 02-Ne mixture, a much weaker dependence of
u(02+) on oxygen pressure was noted (solid curve of Figure 10). Here,
only the lower vibrational levels (v < 8) of the 02+ ground electronic
state can be excited in the charge transfer from Kr+. In the discus-
sion of the temperature dependence measurements which follow, we have
included data obtained in O,-Ne and O,-Ne-Kr mixtures. The observed

2 2

recombination coefficients obtained using 02-Ne-Kr mixtures show no

significant dependence on the oxygen pressure except at the lowest

temperature investigated (205°K). The O, densities (3.5 x 1013 to

2.5 x 1014 cm_3) used in obtaining experimental data in 02-Ne mixtures
correspond to the 02 pressure range (1 x 10-3 to 8 x 10-3 Torr) in
Figure 10 over which a(02+) shows the least variation. 1In no case have
we observed a significant dependence of a(02+) on the pressure of neon
buffer gas.

In order to obtain values of a(02+) at temperatures above and
below 295°K, the cavity has been thermally isolated from the rest of
the apparatus (Ref. 18) and either a heater or a refrigerating bath
placed inside of the thermal insulation shown in Figure 8. At tempera-
tures above approximately 500°K significant concentrations of impurity
ions, resulting, presumably, from thermal desorption from the cavity
walls, are observed in the mass spectra. By means of an auxiliary
pumping line attached to the cavity (not shown in Figure 8) it has
been possible to eignificantly increase the gas flow rate and effec-
tively reduce the impurity concentration, thereby permitting operation
at higher temperatures. In this way afterglow measurements have been
obtained over the temperature range 205 to 690°K.

The results of the measurements of the temperature dependence
of 0(02+) are shown by the solid data points in the log-log plot of

Figure 11, the triangular points indicate the 0,-Ne mixture results,

2
while the solid circles indicate the 02-Ne-Kr mixture results. In

nearly all cases these data points represent the average of several
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measurements of a(02+) at the respective temperatures. The single
point (&), corresponding to a temperature of 205°K, 1s a derived value
for a(02+) obtained under conditions where 04+ was a significant after-
glow ion. The method of obtaining a(02+) in this case will be discussed
in more detail below. In most of the experimental data presented in
Figure 11, we observed similar decay rates for the electron density
and 02+ wall currents. The exceptions occurred at 205°K, where signi-
ficant 04 concentrations were observed, and at the highest temperature,
~690°K. There 1s no apparent explanation for the observed discrepancy
in the decay rates at the high temperatures.

For purposes of comparison, we have also included in Figure
11 the results obtained by Mentzoni (Ref. 30) for unidentified ions in
oxygen., One notes that at room temperature (:295°K) the present results
are in good agreement with those of Mentzoni. However, the observed
temperature dependence, which is reasonable well represented by the
relation a(02+) = T-l (the solid line), is significantly stronger than
indicated by Mentzoni's data (the dashed line).

It has been noted that the measured recombination coefficients
obtained at low temperatures (205°K) from 02-Ne-Kr mixtures exhibit a
significant dependence on the oxygen pressure. In addition, the ob-
served recombination coefficients seem unusually large, the values
ranging from 8.0 x 10-7 cm3/sec to 2.5 x 10-6 cm3/sec. The corres-
ponding values of 0(02+) obtained from Oz-Ne mixtures is 3.3 x 10"7
cm3/sec (see Figure 11). Mass spectrometer studies indicate that the
abnormal behavior observed in 02-Ne-Kr mixtures at the low temperatures

is related to the appearance of 04+ as a significant afterglow ion.

In this case the observed decay rates of the 04+ and 02+ ions are quite
similar, suggesting an essentially constant [04+]/[02+] concentration
ratio during the afterglow, and hence, a thermodynamic equilibrium
behavior.

If such an equilibrium behavior does exist it is a simple
matter to show that the electron density decay will follow Eq. (13)

with an effective recombination coefficient, Xager glven by

i1




degr = (R, + @)/ (R + 1) (14)

where 04 = u(O ), = a(O ), and R is the time independent ratio

of [0, ]/[0,+] ion densities within the cavity. From this expression
ff(R + 1) versus R should yield a straight
line having a slope a, and an intercept ay- This predicted behavior

is not followed 1f we assume that the measured ion current ratio F is

we note that a plot of a

an accurate representation of the ion density ratio Ro. In the pre-
sent experiment it is quite possible that discrimination against the
weakly bound 04+ ions takes place in drawing the ions from the micro-
wave cavity as a result of breakup collision in the ion accelerating
region, in which case, Ro > R; Bi using our measured oxygen pressure
data and extrapolating the 04 -02 equilibrium constant obtained by
Yang ard Conway (Ref 31) to our temperature (205°K), we find that
the computed [04 ]/[0 ] density ratio in the cavity is approximately
5.5 times larger than the corresponding measured O /O ion wall
current ratio. The data presented in Figure 12 is based on this rela-
tion, Ro = 5.5 R, In this case a straight line dependence on Ro is
obtained, the slope and intercept of the line ylelding recombination
coefficients a(04+) :2.3x10°° cms/sec and a(02+) Z3x1077 cma/sec,
respectively.

Thus, it appears that the anomalous behavior at low tempera-
tures can indeed be explained by the fact that the weakly bound 04+
ions, which have a large recombination coefficient, become increasingly

more important at low temperatures.

5. Conclusions

From the foregoing discussion we conclude that the values of
u(02+) for 02+ ions in the X an ground electronic state vary from
(3.0 2 0.3) x 107 cn’/sec at T_ = T, = T = 205% to (1.0 * 0.2) x
10-7 cm /sec at 690°K (see Figure 11). Ag a result of the mode of ion
formation, it is energetically possible that the 02+ ions are created

in an excited vibrational state (v < 8). However, inasmuch as the
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recombination loss 1s studied over some 10 msec of the afterglow, there
may be time for the initial vibrational excitation to decay via vibra-
tion exchange collisions* with 02 molecules of the type (v, 0) » (v-1,
1) before recombination occurs. Thus, the present values of a(02+)
probably refer to ions in the same state as are produced in the iono-
sphere by photoionization and are, therefore, appropriate for use in
ionospheric model calculations.

The analysis of the contribution of 04+ ions to the recombina-
tion loss at 205°K leads to an approximate value a(04+) = 2.3 x 10-6
cm3/sec. It 1s interesting to note that this value is about the same
order of magnitude as that obtained (Ref. 17) for N4+ [a(N4+) 3
2 x 10-6 cm3/sec at 300°K] and for the dimer ion NO-NO+ (Ref. 32).
Thus, it appears that the dimer ionms, 02-02+, N2°N2+, and NO-NO+ all
exhibit substantially larger recombination coefficients than the

correspondiiiy monomer ions.

+
*Calculations of the vibrational relaxation of 0 ions in 0, [see, for

example, H. Skin, Ion-Molecule Reactions in the Gas Phase, edited by
P. J. Ausloos (American Chemical Society Publications, Washington,

D. C., 1966) p. 44] indicate that the vibrational relaxation time for
the process (1,0) + (0,0) is -1 to 10 sec in our experiments. We
would expect the vibrational relaxation times for exchange collisions
of the type (v,0) » (v-1,1) between 0% ions and 0 molecules to be
much shorter since the vibrational spacing of the ion and molecule are
comparable and; hence, there is very little transfer of potential

energy into kinetic energy.
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