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Electron avalanches in oxygen: Detachment from the diatomic ion Q -~
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The current transients of prebreakdown electron avalanches in uniform electric fields in
oxygen are studied with a bakable drift tube and a time resolution of about 1'$ of the ion tran-
sit time involved. At this low time resolution, electronic-current components are discovered
which are attributed to detachment from the diatomic ion 02 . Detachment rates of 02 in 02
are measured over a range of pressures from 1 to 32 Torr, and over a range of field strength
to pressure ratios from 35 to 130 V/cm Torr, corresponding to mean ion swarm energies for
02 between about 0.2 and 1.5 eV. The detachment rates observed depend linearly on pres-
sure, indicating a two-body detachment reaction, and are consistent with a detachment cross
section near threshold (0.44 eV) of approximately 0.7x10 cm . Also obtained are effective
electron attachment rates for 02 and 03 in oxygen, which show a characteristic pressure
dependence consistent with attributing the observed detachment to diatomic 02 . These rates
reflect the formation of the diatomic ion 02 by charge transfer from the primary atomic ion
0 . The pressure dependence observed, however, is inconsistent with the trial assumptions
that either the atomic ion 0, or the triatomic ion 03, detach their electrons at the rates
reported here. The mass-spectrometric study undertaken supports these conclusions.

I. INTRODUCTION

If a uniform electric field is set up between two
plane parallel electrodes in an atmosphere of oxy-
gen, electron avalanches can be initiated by a
short-duration uv light flash onto the cathode. The
current transients of avalanches are observed on
an oscilloscope. Such transients are the superim-
posed current contributions of the drifting and re-
acting electrons and of the various positive- and
negative-ion species (0', 0,', 0,', 0,'). A detailed
study of the shapes of these transients can then be
used to obtain information as to what particular re-
actions occur. Certain reaction rates, such as the
frequencies of ionization, electron attachment,
electron detachment, charge transfer of ions, and
ion conversion can be measured if a trial model
of the reactions thought to be occurring in the gas
is adopted and if the superposition of the individual
currents calculated from the model is compared to
the experimentally determined total current.

Previous experiments indicate that oxygen is a
gas in which several electronic and ionic reactions
occur over a broad range of pressures and mean
energies of electrons and ions. As a consequence,
several negative and positive ion species of differ-
ing mobilities exist. Harrison and Geballe' showed
that electron attachment was important under con-
ditions where electrons are energetic enough to
ionize 0, . The primary negative ion in oxygen for
the pressures and electric field strength to
pressure ratios (E/p), of the present experiment,
is atomic 0, which is formed via dissociative at-
tachment'-'

e+0,-0 +0

Burch and Geballe' in a study of the "ion com-
ponent" of avalanches have shown the primary neg-
ative ion undergoes charge transfer to 0, ,

0 +0,-0+0,
and at high enough pressures three-body ion con-
version to 0,

0 +20,-0, +03

thus giving rise to two "secondary ions" 0, and

0, . The identification of these secondary ions
was later confirmed by Moruzzi and Phelps. '

Using fast time resolution for the investigaticm of
the "electron component" of avalanches one of the
present authors showed the presence of an electron
detachment process, ' according to the reaction

0 +O, -e+0+0, . (4)

Q, +Q, -e+20, .
In this paper it is shown that avalanches in oxy-

gen, in addition to the "fast" detachment reactions

The presence of detachment processes in ava-
lanches in inhomogeneous fields was invoked previ-
ously by Loeb" many years ago in an attempt to
explain certain features of an experiment by Crav-
ath. " Thermal electron detachment from the di-
atomic ion 0, is also known to exist from the
study of Pack and Phelps, "which seems to suggest
the significance of that reaction in avalanches at
the higher E/P under conditions of prevailing 0,
abundances
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of the primary atomic ion' [Eq. (4)] exhibit a slow
detachment process. The detachment rates are
measured and shown to be consistent with the as-
sumption of 0, detachment" [Eq. (5)]. A mass-
spectrometric investigation shows that at low pres-
sures (p =- 8 Torr), Q, is the prevailing ion under
the conditions of this study. Apparent attachment
rates that describe the formation of Q, are also
obtained and indicate that Q, is formed from the
primary, atomic ion 0 via reaction (2).

It is found that the apparatus and principles of
the measurement as discussed in Secs. II and III,
respectively, are sensitive to the reaction rates
of the various charge carriers, but especially so
to reactions leading to free electrons (i.e., ioniza-
tion and electron detachment), since the mobility
and hence the current signal of free electrons is
100 times that of ions. Also„by the design of the
apparatus, electrons could not escape detection by
radial diffusion to the walls. As a result of the
analysis of the transients, electronic currents are
found to persist (Sec. IV) for times much longer
than the transit time of the primaxy electron
swarm. These electronic currents are attributed
to electron detachment from a negative ion {Q, )
and the measured detachment rates are reported
in Sec. V. The method used to measure this slow
detachment process in the presence of the fast one
is observation on a time scale adequate to just re-
solve the effects of the slow reaction. In this way
the atomic ion Q may be considered a virtual in-
termediary state, that is, merely an unresolved
step in the formation of the diatomic ion 0, . [The
reactions (2} and (3) compete with the detachment
reaction (4) and further shorten the lifetime of the
atomic ion. ]

After analyzing pulse shapes taken at both fast
and slow time resolution, it became apparent that
two different sets of detachment rates resulted
and therefore, that two different ions must be de-
taching according to the time resolution being used.
Under the conditions of this experiment the fast
process lasts for only (1-10}%of the time of the
slow process and is significant only in the early
formative phase of an avalanche. We conclude that
substantial concentrations of the primary ion Q
exist only initially, and for a very short time in-
terval. After the bulk of the Q is lost, essentially
only the molecular negative ions (and also the pos-
itive ions) remain in the gap. Their reactions can
then be studied with little interference from the
fast reactions of the atomic ion. This study of the
many reactions known to occur in oxygen led to the
development of a theory of avalanche growth in
which all reactions of known importance were in-
cluded "

In Sec. UI auxiliary data describing the effective

formation rates of the ion undergoing electron de-
tachment (0, }and of a stable negative ion (0, ) are
reported and briefly discussed. Finally, Sec. VII
contains some comments concerning previous
studies of 0, detachment and the differing values
of the electron affinity of Q, which have resulted.
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FIG. 1. Block diagram of the apparatus.

II. APPARATUS

A block diagram of the bakable (400 'C) stainless-
steel drift tube used for this work is shown in Fig.
1. The total diameter of the solid copper cathode
is 10 cm. . A "Rogowsky profile'"" was joined
smoothly to the 2.54-cm-diam flat central region.
The anode diameter is 15 cm and the gap width was
fixed for most of the work to be d =2.54 cm. In
this way the maximum electric field distortions of
the 2-cm' central area is less than 2/(, , and the
"mean distortion" along any line of force of this
central area is well below 1@. Hence, no guard
rings are necessary for further improving the field
uniformity. The drift-tube walls are cylindrical
and of 19-cm i.d. Thus none of the reactive species
(electrons or ions) are lost to the side walls and
radial diffusion is insignificant due to the absence
of an azimuthal boundary.

Since it is known that the work function of most
surfaces, when exposed to an electronegative gas
like oxygen, increases to about 5-7 ev, ""it is
necessary to increase the photoelectric yield of
the cathode by creating a sensitization layer which
is both bakable and minimally affected by oxygen
in order to improve the signal-to-noise ratio. It
was found that depositing copper iodide" on the
central 2-cm diameter of the cathode increased the
photoelectric yield by one to two orders of mag-
nitude. In this way essentially all the avalanches
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are initiated in this central region, in spite of lens
aberrations of the high-aperture light collimating
system and some unavoidable stray light.

The light source consists of a 1-cm spark gap in
a deuterium atmosphere (-10 Torr) to which a rec-
tangular pulse of about 8 kV is applied from a 50-
0 source for 5 nsec. The photoelectrons produced
at the cathode may be observed by using the drift
tube as a vacuum photodiode. Approximately 10'
photoelectrons are produced in vacuum in each 5-
nsec pulse. Integration of the photoelectron pulses
shows no detectable electron signal produced after
the first 5 nsec.

The bandwidth of the preamplifiers is either from
dc to 150 MHz (for fast reactions} or from dc to 2
MHz (for slow reactions). The output of the pre-
amplifiers is connected to a sampling oscilloscope
and a 500 channel signal averaging computer. The
pulse repetition rate is approximately 250/sec,
and the lowest signals are recovered after about
1 h of averaging.

A frequency tuned quadrupole mass spectrom-
eter is used by replacing the anode with one in
which an effusion hole (0.01-in. diameter by 0.01
in. depth) is placed in the center. The exit side
of the effusion hole is flaired to a 120 cone.

A diaphragm-type bakable pressure-gauge head
(MKS Baratron type 90H-30} is employed. Pres-
sure readings are reduced to a temperature of
20 C. Measurements were taken at temperatures
between 24 and 28 'C.

The input impedance of the preamplifier is p =1
MQ for the fast-time-resolution and g =10 MA for
the slow-time-resolution unit. The stray capaci-
tance of the drift tube anode to ground is approxi-
mately C =80 pF. As a consequence, the avalanche
transients, which typically last for less than 50
p, sec, are integrated by the resulting large time
constant" (RC =0.8 msec for the slow-time reso-
lution preamplifier):

These "voltage pulses" or "integrated current
pulses" u(t) have a more favorable signal-to-noise
ratio than a direct recording of i(t) and therefore
are preferred. From these recordings the total
current pulse can be obtained by graphical differ-
entiation.

Certain features of an avalanche signal can be
studied better in the "differentiated" form i (t),
while others can be observed better in the "inte-
grated" form u(t). Both forms were used in an-
alyzing the pulses. For example, rapidly varying
current components, such as those of detached
electrons, are better studied as currents. Small,
but persistent current contributions such as those

due to stable negative ions, can quantitatively
better be investigated from voltage pulses.

III. METHOD OF PULSE-SHAPE ANALYSIS

In a previous paper, the equations describing the
avalanche growth in oxygen have been presented. "
These equations are time-dependent continuity
equations with gain and loss terms. Solutions are
given for the cases of fast and slow time resolu-
tion, the latter of which will be used for this work.
For easy reference we repeat here the equations
necessary for the present work [Eqs. (36}-(40)of
Ref. 14]:

Electrons: '+v, '=b g +6„n, ,' eg

02: ~Pl ~8
2+ V, —b2PnP+b22n2,x

0, : BPg3 all3
3 g~ 3P P&

0, : ~Pl+ Pl 4
4 gX ~42 2 & (10)

~Pl 5 ~Pl 5Pos. lons: —v5 =65p pgp .' 8x

Here, n, =n, (x, t) is a function of space x and time
I;, designating electron number densities. n2 =

n, (x, t) is the number densitv of the ion undergoing
detachment {it will be identified with the diatomic
ion 0, below). n, and n, are densities of stable
negative ions (0, and 04, respectively)" and n,
designates the densities of positive ions. Equations
(7) and (6) form a. set of coupled equations which
can be solved with appropriate boundary conditions
given. Equations (9)-(11)then require simple in-
tegrations over these known solutions for np and
n2. The atomic negative ion 0- is assumed to be a
"virtual" intermediary state for this slow-time-
resolution study as explained elsewhere. " The v,
are drift velocities of the ith ionic species. The
b„are "effective reaction rates" and are defined
as (i) b» = ovo is the electron impact-ioniza-
tion frequency (e is often called Townsend's first
ionization coefficient); (ii) b„ is the effective elec-
tron-attachment frequency for the formation of the
ion undergoing attachment (0, ); (iii) b„ is the ef-
fective electron-attachment frequency for the for-
mation of the stable negative ion (0,-); (iv) happ 55p
—b» -b», (v) b„ is the electron-detachment fre-
quency of the "unstable" ion (0, )„(vi) b„ is the
ion-conversion frequency of the "unstabl" ion (0,-
to form 04 ); and (vii} -b22 =b»+542 is the total
loss frequency of the "unstable" ion (O, ).
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Using trial values for these 6„, the densities
n, (x, I) can be obtained by integration of Eqs. (V)-
(11) and the various current components computed
according to

en&
I,.{t)= ' n, (x, t)dx. (12)

0

The total current is the sum over all of these cur-
rents (i =0, ~ ~, 4) and the voltage pulse u(t) is ob-
tained by integration of the total current. At this time
scale, the voltage pulse u (I) is not continuous at
t =0 due to the primary electron swarm arriving
at the anode. This 6-function-like behavior of the
avalanche current at t =0 is a consequence of the
initial avalanche conditions. It is suppressed in
the current pulse shapes obtained by graphical
differentiation, but it is visible in the integrated
curves as a voltage jump at zero time. An example
of such pulse shapes is given in Fig. 2.

The computed pulse shapes are compared to the
experimental ones and by reiterated adjustments
of the trial values for b,.», a good match is obtained
for every one of the experimental pulse shapes of
this work. That set of 6,, which is consistent with
the pulse shapes is called the measurement of the
respective reaction frequencies.

being of short duration, can be quite comparable
to, or even larger than the sum of all ionic cur-
rents. If electrons are observed during the initial
10 or 20%%u~ of the pulse duration, there must be a
source for these electrons, namely, detachment
from a negative ion. (We remind the reader that
the electrons of the ordinary ionization avalanche
process remain in the gap for an electron transit
time only, -10-' sec for an electrode separation
of 1 in. Electrons that are found in the gap micro-
seconds after the initiating light flash are detached
electrons, or are produced in ionization processes
of detached electrons. )

This interpretation of the rapidly decreasing
currents leads to the following hypothesis: In ava-
lanches in oxygen there is an electron detachment

(p}
X

4J i

C5
CX:

C)

IV. EXPERIMENTAL PULSE SHAPES

The most prominent feature of the avalanche
pulse shape in oxygen is the initial exponential-
like drop in the total current pulse (Fig. 2). Such
a rapidly decreasing current component of this
amplitude is surprising at that time scale, because
the current contributions of the drifting oxygen
ions should vary much more gradually over the
whole duration of the event. Also due to the small-
ness of the attachment coefficients, under most of
our conditions they should be of a smaller ampli-
tude. Even if ion conversion is considered, such
quasiexponentials, with an average duration of
only (10-20)% of an ion transit time, cannot be
understood because the drift velocities of the prod-
uct ions (O, , O, , O, ) are too small. Further-
more, if one increases the mean energies {or F/p)
slightly, under otherwise unchanging conditions,
the mean duration of this quasiexponential is seen
to decrease, and its amplitude to increase much
more rapidly than one could explain on the basis
of increasing drift velocities of any oxygen ion. It
thus appears impossible to understand this initial
exponential decay on the basis of ion drift or ion
conversion alone.

We have found that a consistent alternative is the
assumption that electrons produce this feature.
The drift velocity of electrons is very much larger
than that of ions ~ Thus, very small concentrations
of electrons produce currents which, although

0-0 0.5
TIPIE IN UNITS OF T+

1.0

0.0
I0.5

TIflK IN UNITS OF T+
1.0

FIG. 2. (a) Electron avalanche in oxygen; comparison
of experiment and theory. Experimental data: E/p2p
=44.8 V/cm Torr; P2p = 7.9 Torr; gap width d =2.54p cm.
The upper curve represents the integrated avalanche
current (or total charge) vs time. The lower curve is
current vs time obtained by graphical differentation of
the upper curve. The jump to a large value of the total
charge curve at T =0 is due to the integrated primary
electron component which occurs in the first 10 7 sec;
this initial current has been suppressed on the lower
curve. The solid line represents the best computer Qt
to the data: o.d=1.0; gd=0. 9 qpd=0 vX+=8; where
the ion transit time T+ =36.3 x 10 6 sec. (b) The com-
ponents of computed current shown above. In order of
magnitude at T =0: detached electron current (from
0& ); positive ion current; current of unstable negative
ions (0& ). (Very little 03 and 04 were discovered by
ma, ss spectrometer at this pressure. ) (Experimental
points are indicated by & and ~ .)
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process occurring on a microsecond time scale.
This is a relatively slow detachment process clear-
ly discernible from a fast detachment process,
which has been described earlier' and which typi-
cally persists for small fractions of a microsec-
ond under these conditions. The fast process was
shown to be due to the atomic ion 0, a conclusion
which is fully supported by a recent extension of
the earlier work. " Hence, the slow detachment
reaction must arise from one of the molecular ions

O, -, 0,-, 0,-. Evidence for identifying the detach-
ing ions as O, is given in Sec. 7.

The set of continuity equations (V}-(11)contains
two parameters which describe the rapidly de-
creasing detached electron currents; b„ is the ef-
fective electron attachment rate for O, and -b»
is the total loss rate of 0,-. The amplitude of this
exponential is controlled in the main by the product
of b„and -b». The mean duration of it is con-
trolled mainly by the loss frequency -b». Thus,
by matching amplitude and duration of this exponen-
tial component, the two parameters b20 and b»
can be evaluated individually as an approximation.

The resultant b„and -b» do depend to some ex-
tent on the choice of b„(electron impact-ionization
frequency} and, to a lesser degreeo, n b» (attach-
ment frequency leading to formation of stable neg-
ative ions). With decreasing pressure (approxi-
mately below 8 Torr), b„becomes so small that
stable negative-ion contributions have no noticeable
effect on the observed pulse shape or on b„and
-b»

The influence of the ionization frequency b„was
such that larger apparent b20 and -b»'s resulted
from an increase of the trial value b„. b„ is de-
termined approximately by fitting the details of the
positive-ion component near t =transit time of the
positive ions, as previously described. ' The pre-
cision of this approach, however, was not high and a
range of consistent b„values couM vary between 20
and 50%. This uncertainty in b„produced an approxi-
mately equal relative range of consistent b„values
but did not affect the loss rate -b„nearly as much.
(This error was in addition to the uncertainties of
b„and -b» stemming from fitting the pulse
shapes. ) A different approach that could be uti-
lized for measurement of b», however, was capable
of yielding b„values with a much higher accu-
racy, "particularly at the lower pressures of the
experiment. With this improved b„measurement
the precision of the attachment and loss frequen-
cies b„, and -b» is also improved. If aQ Bssump-
tions concerning the reactions occurring in the
oxygen avalp, nche are correct, then the remaining
uncertainty in -b» does not exceed 2(@. This un-
certainty is due to the curve-fitting procedure and
the dependence on auxiliary reaction rates which

V. MEASURED DETACHMENT RATES

The results of the measurements of the loss fre-
quency over pressure (-b»/p) are given in Fig. 3.
At many F/p values, this frequency was measured
at two or three pressures differing by a factor of
2 or 4, respectively. -b»/p is seen to be nearly
independent of pressure. Thus we conclude that
the loss is largely by a simple two-body process.
We therefore have a three-body conversion fre-
quency b4„which is much smaller than the loss
frequency -b» =b„+b„, i.e.,

-b2. = bo. {&3)

essentially everywhere for our condition of not too
high pressures {p &32 Torr). Hence, the loss of
the unstable ion is predominantly by detachment,
and Fig. 3 thus reports the detachment rate to
pressure ratio of an ion species to be identified as
0,—. Data are plotted as a function of E/p, which
is a monotonic increasing function of the mean en-
ergy of the ion swarm. b»/p increases rapidly
with increasing mean ion energy suggesting an
endothermic detachment reaction with a threshold

are not known with higher accuracy. In no case is
there an ambiguity in these data apparent which
would have lead us to doubt the uniqueness of the

b22 and '5 20 measurement for any given rec ording .
Where stable negative ions had some influence

on the observed pulse shape, the computed curves
would not fit the experimental curves if b30 bgo 0
was assumed. Either b3O w 0 or b«wO had to be
assumed for a close fit, and under conditions of
just discernible stable ion contributions there was
an ambiguity as to which of the two, b3p or byo was
the nonvanishing one. In such eases we chose
bop 0 because, as pointed out elsewhere, '

b4p 4 0
meant a pressure-square dependency of the loss
frequency -b», which was not observed at low
pressures. Also, the results of the mass-spectro-
metric investigation in this work indicated 0,—

concentrations to be smaller than those of O, —.
For this paper, accurate values of the electron

drift velocity v, were not required because on a
microsecond time scale the actual speed of the
electrons does not influence the observed pulse
shapes. Furthermore, all b,.„can be expressed in
a dimensionless form which does not contain vp at
all. {See the caption of Fig. 2 for an example. ) The
drift velocities of negative and positive oxygen ions
in oxygen were taken from Refs. 24-27. Drift ve-
locities of positive iona could be obtained directly
in the present measurement, with lesser accuracy
than in Refs. 24-27. In every case, our v, values
were consistent with these values" to within a few

percent.
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larger than the available mean ion energy. %Only

the high-energy tail of the ionic distribution func-
tion is capable of undergoing detachment in a col-
lision with a neutral gas molecule. )

The fact that the experimental data -b»/p form
a smooth curve if plotted as function of E/p is
considered a first confirmation for the correctness
of the detachment hypothesis formulated in Sec.
IV. The question now arises as to why, of the four
ions (0,0, , 0, , 0,-), the observed detachment
reaction is attributed to 0, . We raise two argu-
ments, one theoretical and one experimental, to
show that this detachment arises from the diatom-
ic ion 0, . (The discussion in Sec. VI concerning
the formation of the ion undergoing detachment
will further support this conclusion. )

E/N (TD.)
) I l I

A. Theoretical argument

With a few simple assumptions, detachment fre-
quencies for the various negative ions can be es-
timated according to

o, (v)vF(v„e) f(v„kT)d'V,b.

where i =1„2,3, 4 refers to one of the four negative
ions 0,0, , 0, , or 04 . Here E, is the neutral
density at a pressure of I Torr and v„ is the cross
section for detachment as function of the relative
velocity v of the collision partners. F(v„e}and

f(v, kT) are the distribution functions of ions and

neutrals, with the mean energies e and —,'kT for
ions and neutrals, respectively.

First we use Eq. (14) to estimate detachment
frequencies for the various ions. The detachment
cross section v„will be assumed to be zero below
threshold and for easy comparison, constant (1 A')
above threshold. The threshold energy is de-
termined by the electron affinity A and relative
speed v according to

where p, is the reduced mass of the collision part-
ners. Furthermore, for this simple estimate here,
the gas may be assumed at rest

f(v„kT}=-5(v,„)6(v,„)6(v„).

The mean energy of the ions is obtained from their
drift velocities by means of an approximate formu-
la of Wannier"

30 50 IOO I 50
E/P20(V/Cm Torr)

FIG. 3. Detachment frequencies, normalized to p2»
determined in this experiment. The solid line repre-
sents a calculation using the theory of Eagan and Perel
(Ref. 31) described in the text. No pressure dependence
is discernible for the v/120 values; identical values vrere
obtained for as many as three different pressures differ-
ing by factors of 2 and 4, respectively. {O, 32 Torr;
0, 16 Torr; Zl, 8 Torr; &&, 4 Torr; 2, 2 Torr; g, 1
Torr. )

e =~ (m+M}v', + ~ IT,

with m and M being the mass of the ion and neutral,
respectively. With these simplifying assumptions
and the electron affinities: A(O-) =1.45 eV,"
A(O, -) =0.44 eV "A(O -) =1.9 eV, "A(O,-) =1 eV."
Estimates of the detachment frequencies of the four
oxygen ions are given in Fig. 4 together with our
experimental data. The estimates for 0,—and 0,
at the lower E/p are many orders of magnitude
too small and certainly do not explain the experi-
mental data. Even when the cross sections a~(v)
are somewhat adjusted, their slopes are generally
too steep. (In a semilogarithmic plot such as Fig.
4, an adjustment of the cross section corresponds
to a simple vertical shift of a computed curve as
a whole, without changing the slopes of the curve. )

These ions (0, and 0,-) can safely be eliminated
from further discussion and will be considered to
be stable (for E/p = 100 V/cm Torr). The atomic
ion 0 can also be eliminated as a generally poor
fit of the data. Furthermore, in previous as well
as in current work, ' "detachment rates of the
atomic ion were measured and found to be larger



ELECTRON AVALANCHES IN OXYGEN: DETACHMENT FROM. . .

than the rates in Fig. 3 over most of the range of
E/p in agreement with the theoretical estimates.
The remaining ion is thus the diatomic ion 0,-, for
which we obtain agreement at least for the higher
energies or E/p values.

At the lower E/p one expects the measured de-
tachment rates to be larger than the simple esti-
mate above, since the thermal energy of the neu-
trals, which was neglected [Eq. (16}], actually
tends to increase the reaction rates. By proper
accounting for the thermal energies, the overall
fit is significantly improved. The reason is that
the mean energies of 0,- in 0, are 0.125, 0.24,
and 0.60 eV at E/p =30, 50, and 100 V/cm Torr,
respectively, and thus are all relatively small
compared to the critical energy X of the Boltz-
mann factor e ~'. The value of X for 0, in 0, is
given by X =SmA/2g =SA =1.32 eV. [This Boltz-
mann factor results from the use of a Maxwellian
distribution function for the ions, E= exp(-Sm v'/
4e).] As a consequence, the resulting reaction
rates bm/p have a very strong energy dependence
and even a small addition to the available energy
by the thermal motion of the gas (0.04 eV) raises
b„/p significantly. Therefore, for this case of the
diatomic ion 0, , a more accurate evaluation of
Eq. (14) is included.

The main interaction of 0, with 0, is charge
transfer, as is evidenced by the small mobility of
0, in 0, in comparison with the other ions.
Hence, the ion distribution function and mean ion
energies can be obtained from the theory of Kagan
and Perel, "who consider charge transfer as the
prevailing interaction in their theory of mobility

(18)

e = wwv

I
0 for —,

' pe' &A(0, ),
o~(v} =

0.65 A' for —,
'

p, v' ~A(O, ), (20)

the experimental values of the detachment frequen-
cies were matched (see the curve marked "theory"
in Fig. 3). These results strongly favor the con-
clusion that in this work detachment from the di-
atomic ion 0, is being studied.

A Maxwellian distribution function for the neutrals
is assumed. %'ith these expressions and recent
measurements of 0, drift velocities" we obtain a
mean energy of the 0, ion s~arm of 0.16 eV at
E/p =30 V/cm Torr, and of 1.6 eV at E/p = 150 V/
cm Torr, at the lower and upper end of our mea-
surement, respectively. The theoretical curve
b~/p vs E/p thus obtained is plotted in Fig. 3. It
does reproduce the shape of the experimental curve
very well. By adjusting the magnitude of the cross
section

B. Experimental argument

CL

& l04-

20 50 too 200 500
E/p (V/em Tour)

FIG. 4. Comparison of the crude estimates of the
detachment rates for the four ions 0", 02, 03, and 04
in oxygen. The dots represent the experimental points of
Fig. 3.

In order to obtain more experimental evidence
for such a conclusion, a mass-spectrometric study
of the abundances of the various oxygen ions was
conducted. At drift-tube pressures between 2 and
8 Torr, at E/p above 30 V/cm Torr, the prevail-
ing negative ion was found to be diatomic 0, . The
atomic ion 0 was also present at five to ten
times smaller concentration. The ions 0, and 0,
were found in still smaller concentrations at only
the highest pressures. These findings are quali-
tatively consistent with the high E/p data of a sim-
ilar mass spectrometric study by Moruzzi and
Phelps. ' The conclusion is that for E/p & 30 at not
too high pressures (p ~ 8 Torr} only the atomic
and diatomic ions are available for reactions.

The atomic ion 0 is lost very rapidly by elec-
tron detachment'" and charge transfer' and is
thus present in only small concentrations. Assum-
ing on a trial basis that really the atomic ion 0
undergoes the observed detachment, then one must
expect sizable current components due to the sta-
ble diatomic ion. At low pressures, however,
there is no noticeable signal of a stable ion (see
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Fig. 2, for example) in contradiction to the trial
assumption above. The conclusion, therefore, is
unavoidable that the most abundant ion (0, ) under-
goes the detachment observed here.

Furthermore, for comparisen with Eq. (20), the
detachment cross section of 0, in 0, can be esti-
mated from Pack and Phelps's data of thermal de-
tachment. Assuming now a Maxwellian distribu-
tion for both the ions and neutrals and using the de-
tachment frequencies of Ref. 12, another estimate
for the detachment cross section can be obtained
{assuming again a constant o, above threshold).
From Pack and Phelp's data" we obtain a, detach
ment cross section of 0.62+0.OV A' over a tem-
perature range from 375 to 450 'K,"and slightly
higher values at the higher temperatures (1.2 A'
at 573 'K). This is consistent with our value [Eq.
(20)], which we believe to be accurate to about 2l@.
(The apparent increase of the cross section with
temperature may have to do with the changing ro-
tational populations. )

Summarizing, it can be said that theoretical and
experimental evidence indicates that the electron-
detachment rates presented in Fig. 3 are those of
the diatomic ion 0, . Another piece of' supporting
evidence for this conclusion will be given in Sec.
7I.

VI. AUXILIARY DATA

~= ' ' =KN+ (o.U),„("p,+ p,"p,), (21)

'=U( .oI ()" .P+P."P,),

As described in Sec. W, a measurement of the
detachment rate b,~ will usually also produce rates
520 of formation for the ion undergoing collisional
detachment, and under suitable conditions a rate
b„of formation of a (relatively) stable negative
ion. These rates 6,0, b,o are not necessarily attach-
ment frequencies in the rigorous sense of the word
and do not necessarily describe direct electron
attachment processes. As it is outlined else-
where, "they rather represent "apparent" or "ef-
fective'* attachment rates and depend critically on
the time resolution of the experiment. For the
present work the time resolution was chosen such
that the lifetime of the primary, atomic ion Q is
too short to be resolved. As a consequence, "di-
rect" electron attachment to form 0, and 0, is
seemingly possible via charge transfer and ion
conversion from the virtual state 0, which was
eliminated from the analysis. The meaning of the
effective attachment rates become [see Eqs. (47)
and (45) of Ref. 14]

if one accepts the trial assumptions of 0, being
the unstable and 0, the stable ion. In these ex-
pressions, K is the three-body attachment coeffi-
cient, which at the large E/p and the low pressures
of our experiment may be expected to be negli-
gible. (o,v)., is the cross section for dissociative
attachment [Eq. (1)j by electron collision times
the speed of the electrons, averaged over the elec-
tron distribution function. "p, is the probability
that an atomic ion 0 undergoes charge transfer
[Eq. (2)] ill its fll'st colllsio11 llpoI1 llelIlg fol'Illed,
and "p, is the same probability of undergoing
charge transfer in a collision, but after 6 has
had at least one nonreactive collision with 0, . The
remaining "'p, is the probability that the first col-
1ision of a newly formed 0 is a nonreactive one:

"p, =[o„U]/([{o,+o„+o ) U]+C„iV}l

"p, = {o„v)/({(o, +o„}v}+C,X],

p, =[o v]/[[(o, +o„+o )I:]+C„b'I,

"po = C ~N/I[(oq + o„+o~)v] + C~N},

p, = Cs 1V/({ (o~ + o,t )I') + Cs.Vj .

(23)

(24)

{25)

(26)

Similarly, "p, and "p, are the probabilities that
an 0 undergoes ion conversion in its very first
collision with an Q„or after it has had at least one
nonreactive collision, respectively.

Square brackets [ ~ ~ ] indicate averaging over the
distribution function of such "new" Q that have
not had a collision since their formation. Angular
brackets (.. .) indicate averaging over the distri-
bution function of "old" 0 after many collisions,
when an equilibrium with the field is established.
The cross sections o~, 0,~, 0 of electron detach-
ment, charge-transfer„and nonreactive collisions
are multiplied by the relative speed v of the col-
lision partners (0 and 0,). C„and Cs are three-
body rate constants for ion conversion of new and
old 0, respectively. The denominators reflect
the selection of the competing rea, ctions channels
accounted for. It is worthwhile to note that the
first three of these probabilities show a depen-
dence on the gas density 1V according to 1/{a+P&V).
Hence, the product p,"p, of Eq. (21) exhibits a
strong inverse pressure dependence, particularly
at large pressures. Also note that the pressure
dependence of the latter two probabilities is dif-
ferent from that of the preceeding three, namely,
"p N/(n+pN). Here, a strong pressure depen-
dence of Eq. (22) can be expected at small densities
.V, due to the numerator of Eqs. (26) and (27).

The quantities b,JN =rl, vtN and b,JX=I4UJN
become equal to the normalized apparent detach-
ment coefficient q,/p and I)jp of Figs. 5 and 6,
respectively, by multiplication with the gas density
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N, = 3.3 ~ 10"cm ' at 20 'C, and division by the
electron drift velocities vo taken from Ref. 9.

Most striking in Fig. 5 is the strong pressure
dependence of the effective attachment coefficient
for the formation of the ion undergoing collisional
detachment (0, ). At a constant mean energy,
E/p =45 V/cm Torr for example, the measured
attachment coefficient to pressure ratios relate
approximately as 1:3:6for pressures of 32, 16,
and 8 Torr, respectively. At the highest pres-
sures, this indicates nearly an inverse pressure-
squared dependence. Although the error bars of
these data are at present still of considerable mag-
nitude (particularly for the smallest ri,/p), the
data clearly indicate that the reciprocal pressure
dependence is stronger than linear at the highest
pressures and at any E/p of our measurement. As
outlined above, such a pressure dependence is to
be expected for the diatomic ion 0, and stems
mainly from the product p,"p, in Eq. (21}; the
dependence on pressure of the remaining term p,
is probably not sufficient to account for the data.
In any case, the peculiar pressure dependence of
the data (Fig. 5) is quite consistent with our as-
sumption of the diatomic ion 0, being responsible
for the collisional detachment reaction observed
here.

On the other hand, the data obtained for the sta-
ble ion increase (at constant 8/p) with increasing
pressure (Fig. 6). This increase is consistent with
our identification of this ion (0, ) as outlined above
and reflects the three-body nature of the ion con-
version reaction, via the numerator in Eqs. (26)

and (2V).
The rapid decrease of the apparent attachment

coefficients r),/p and pe (Figs. 5 and 6), with

energy (E/p) can be explained by the increasing
loss of the intermediate atomic ion 0 by charge
transfer and electron detachment, via the denomi-
nators in Eqs. (23)-(2V).

Note that the data of Fig. 5 support further our
identification of 0, undergoing the observed elec-
tron detachment. The trial assumption of the
atomic ion 0 (rather than 0, ) undergoing the ob-
served detachment does not allow one to explain
the strong pressure dependence observed. Fur-
thermore, the pressure dependence in Fig. 6 re-
flects the three-body process according to Eq. (26)
and hence supports our identification of 0, being
the stable ion. It also shows that the observed de-
tachment is not related to the triatomic ~on 0, ,
because the pressure dependence of the effective
attachment rates for the electron detaching ion
would then have to be consistent with Eq. (26),
which is certainly not the case as the data in Fig.
5 show.

Summarizing, it can be said that the "effective"
rates of formation of 0, and 0, (Figs. 5 and 6)
are consistent with our identification of the ions
and lend further support to it. The ion undergoing
collisional detachment can be the diatomic 0, ,
but not the atomic or triatomic ion, for which cases
a very different pressure dependence of the data
(Fig. 5) would be required. The relatively stable
ion can only be the triatomic, and certainly not the
diatomic ion, as the pressure dependence of the
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FIG. 5. Apparent attachment rates of the ion under-
going the observed detachment (02 ). (Lines drawn are
for orientation only. )

FIG. 6. Apparent attachment rates of the comparative-
ly stable ion (03 ). (Lines drawn are for orientation
only. )
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data in Fig. 6 suggest. At present we are attempt-
ing to improve the accuracy of the attachment data
q, and g, and a more detailed description of such
data will be available in the near future.

VII. COMPARISON WITH OTHER YORK

Recently, from beam experiments it was con-
cluded that the electron affinity of the diatomic ion
0, is 1.12 eV or larger, "and that the electron-
detachment cross section of 0, in collisions with

0, is very small, if not zero, for energies near
the threshold and up to about 4 eV in the center-of-
mass frame. "" Both statements appear to be in-
consistent with our results above, Clearly, if an
affinity A(O, ) of 1.12 eV or more is assumed in our
theory of detachment frequencies (Figs. 3 and 4),
the resulting detachment frequencies mould be
orders of magnitude smaller and inconsistent with
the experimental data. If the threshoM for detach-
ment was near 4 e7 as suggested in those papers,
the disagreement between theory and experiment
(Fig. 3) would be disasterous.

The large value of the affinity of 0, proposed by
Bailey et c/. is clearly inconsistent with the earlier
measurement of Pack and Phelps, "as well as with
a number of more recent determinations, ""in
particular with the high-precision measurement of
Celotta et a/." All of these investigations are di-
rect measurements of the affinity and agree on a
value of about 0.433 e7. Bailey et a/. derive their
lower bound A(O ) ~ 1.12 eV from a weaklydeveloped
extremum in the charge-transfer cross section of
0 in 0, near 90 eV, using a rather sketchy theory
of charge-transfer reactions. It is felt that the af-
finity of a molecular negative ion should not be in-
ferred from such high-energy reactive scattering
data, particularly not in the absence of charge-
transfer cro4s-section measurements at still high-
er energies near 160-kV center-of-mass energy,
where according to theory the maximum should
appear if the well supported value of A(O, ) =0.43
eV is used. A measurement of the electron affini-
ty, or of the detachment energy, should be attempt-
ed near threshold and in a straightforward manner.

With regard to the electron detachment cross
section near threshold, we remind the reader that
the present measurement at mean ion energies be-
tween approximately 0.2 and 1 eV is consistent
with the assumption of a constant cross section
(-0.7X10 "cm2) near threshold. In support of this
situation is our evaluation of the detachment cross
sections from the work of Pack and Phelps, "with
mean ion energies near 0.05 eV. If one assumes
also a nearly constant cross section, Pack and
Phelp's work requires that it be of about the same

lOxlO
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FIG. 7. Electron detachment cross section of 02 in
02. Dashed line: present results; ~, from Ref. 33;
o, from Ref. 34; e, from Ref. 35. Energies are in tlat(e

center-of-mass frame.

magnitude. These two observations lend strong
support to the assumption of a nearly constant
cross section 0'~ = 0.'7 x 10-' cm' near a threshold
of 0.43 eV, and in Fig. 7 we have plotted this re-
sult together with the beam measurements" "at
the higher energies. Qne observes that near
threshold the detachment cross section is sma11,
about only ~o of its maximum value. This low-en-
ergy nonvanishing detachment cross section does
not contradict the beam data, due to the absence
of such data at these energies. Bailey et'/. state
that the beam experiment loses precision where the
detachment cross sections are small. " Further-
more, the difficulties of beam experiments below
beam energies of 1 eV are generally known. Sum-
marizing, it can be said that the present results
appear to be consistent with the beam experiments
and supplement them for the low energies.

Recently, in oxygen at high pressures (-100
Torr), another electron detachment process was
reported, "which is thought to be due to the tri-
atomic ion 0, . The results of that and the present
work appear to be consistent; at these high pres-
sures the lifetimes of both 0 and 0, are very
short such that in a current-versus-distance ex-
periment no curvature due to these ions is expect-
ed. Qn the other hand, at these pressures much

0, is formed and the lifetime of 0, is possibly
sufficiently shortened to account for the apparent
differences between Moruzzi's and the present ex-
periment.

In a paper by Wagner, "detachment coefficients
in oxygen are obtained, which are consistent with
our earlier detachment frequencies of 0 in 0,.'
However, on the basis of the present work (and of
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Moruzzi's results" ) one would assume that a more
complex reaction scheme than Wagner has pro-
posed is necessary to account for detachment of
several negative ions (O, O, , O, ). Since Wagner
uses only one continuity equation, for one negative
ion undergoing detachment, his results must be
considered an illdefined average over several de-
tachment rates of the various negative ions present
and cannot be used to support the present results
for 0, . In any ease, the detachment coefficients
he obtained are of comparable magnitude as the
ones reported here and generally support the con-
clusion of the significance of electron detachment
reactions in current growth experiments in oxygen.

In a paper by Kinsman and Bees,~ it is suggest-

ed that the reverse of the ion conversion reaction
[Eq. (3)j is important under avalanche conditions.
However, in our work at the highest pressures {32
Torr) we find avalanche pulse shapes which require
the assumption of a nonreactive 0, . If significant
amounts of 0 was produced from 0, , we should
expect to see electron detachment from 0 as well
as ionization processes due to these detached elec-
trons, which ~ould affect the observed pulse
shapes noticeably. Instead, we observe transit
hmes of the stable ions (O, ) which are only about
14% shorter than those of the positive ions, and no

such ionization processes. We conclude that es-
sentially all 0, is lost upon impact on the anode,
but not by reaction in the gas.

~Work supported by the National Science Foundation
Grant No. GP 28489, and in part by the Joint Services,
Electronics Program.

~M. A. Harrison and R. Geballe, Phys. Rev. 91, 1-7
(1953).

2W. %. Lozier, Phys. Rev. 46, 268 (1934).
3H. D. Hagstrum, Rev. Mod. Phys. 23, 185 (1951).
J. D. Craggs, R. Thorburn, and B. A. Tozer, Proc. R.
Soc. A 240, 473 (1957).

5I. S. Bucelnikova, Sov. Phys. -JETP 35, 783 (1959).
6G. J. Schulz, Phys. Rev. 128, 178 (1962).
~D. S. Burch and R. Geballe, Phys. Rev. 106, 183 (1957);

Phys. Rev, 106, 188 (1957).
8J. L. Moruzzi and A. V. Phelps, J. Chem. Phys. 45,

4617 (1966).
~L. Frommhold, Fortschr. Phys. 12, 597 (1S64).

L. B. Loeb, Phys. Rev. 48, 684 (1935).
"A. M. Cravath, Phys. Rev. 34, 605 (1929).
2J. L. Pack and A. V. Phelps, J. Chem. Phys. 44, 1870
(1966).

~3L. Frommhold, R. J. Corbin, and D. N. Goodson,
Bull. Am. Phys. Soc. 17, 407 (1972}.

'4L. Frommhold, R. J. Corbin, and D. N. Goodson,
Phys. Rev, A 8, 1403 (1973).
B. Ganger, Der Elektrische Durchbruch durch Gase
(Springer, Berlin, 1950).

~6T. A. Chubb and H. Friedmann, Rev. Sci. Instrum. 26,
493 (1955).

|~C. Quellet and E. K. Ridal, J. Chem. Phys. 3, 150
(1935).

~ G. L. Locher, Phys. Rev. 42, 525 (1932}.
'SY. A. Shuba and I. V. Smirnova, Fiz. Tverd. Tela 2,

1321 (1921) jSov. Phys. -Solid State 2, 1201 (1960)j.
20H. Raether, Electron Avalanches in Gases (Butter-

worth, London, 1964}.
The word "stable" is meant to imply that the reciprocal
loss rate of that ion is large compared to the duration
of measurement, which is typically a few microseconds.

22R. J. Corbin, D. %. Goodson, and L. Frommhold (un-
published). See also a paper presented at 26th Annual
Gaseous Electronics Conference, Madison, %'isc. ,
1973; Bull. Am. Phys. Soc. 19, 160 {1974).
L. Frommhold, R. J. Corbin, and D. %. Goodson,

Phys. Lett. A 45, 51 (1973).
~4H. Eiber, Z. Phys. 15, 103 (1963}.
~SR. N. Varney, Phys. Rev. A 2, 370 (1970}.
26L. G. McKnight, Phys. Rev. A 2, 762 (1970}.
2~R. M. Snuggs et a/. , Phys. Rev. A 2, 477 (1971}.
28G. H. Nannier, Phys. Rev. 83, 281 (1951); Phys. Rev.

87, 795 {1952}.
"~S. J. Smith and L. M. Branscomb, J. Res. Nat. Bur.

Std. 55, 165 (1955}.
30R. H. Nood and L. A. O'Orazio, J. Phys. Chem. 69,

2562 (1965}.
3~Iv. M. Kagan, V, I. Perel, Doklady Akad. Nauk S.S.S.R.

98, 575 (1954).
3~Here we have used A{O& }=0.43 eV. If the later im-

proved value of R. J. Celotta et al. (see Ref. 41) is
used instead„A (02 } =0.44 eV, a 30% larger cross-
section results, which we still consider consistent
with our value.

33T. L. Bailey and P. Mahadevan, J. Chem. Phys. 52,
179 ',1970).

34A. E. Roche and C. C. Goodyear, J. Phys. 8 2, 191
{1969).

35R. Ranjan and C. C. Goodyear, J. Phys. 8 6, 1070
{1973).
A. P. M. Baede, Physica {Utr.) 59, 541 {1972}.

~VS. J. Nalley and R. N. Compton, Chem. Phys. Lett.
9, 529 (1971).

38K Lacmann and D. R. Herschbach, Chem. Phys. Lett.
6, 106 (1971).

39J. Berkowitz and %, A. Chupka, J. Chem. Phys. 55,
2733 (1S71).

40T. O. Tiernan, B. M. Hughes, and C. Lifshitz, Eighth
International Conference on the Physics of Electronic
and Atomic Collisions, Boo& of Abst«cts (North-Hol-
land, Amsterdam, 1971), p. 808.

4~R. Celotta, R. Bennet, J. Hall, J. Levine, and M. %'.

Siegel, Phys. Rev. A 6, 631 (1972}.
42D. A. Price, J. Lucas, and J. L. Moruzzi, J. Phys.

D 6, 1514 (1973).
43K. H. Wagner, Z. Phys. 241, 258 (1971}.
44P. R. Kinsman and J. A. Rees, Int. J. Mass Spectrom.

Ion Phys. 5, 71 (1S70).


