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MOLECULAR DISSOCIATION OF CARBON DIOXIDE AND WATER VAPOR

BY ELECTRON SWARMS OF A UNIFORM POSITIVE COLUMN

CHAPTER I

INTRODUCTION

Electrons moving in molecular gases may often encounter mole-
cules such that the resulting effect is some type of a change in the
chemical constitution of the gas. It is clear, however, that a dis-
tinction between ''chemical' or '"physical' changes caused by such
electronic collisions serves no useful purpose. It was recognized

(1)

early that a chemical reaction brought about by electron impact is
intimately related to the mechanism which establishes the electron-
molecule interaction. Namely, ionization by electron impact in low
current-density swarms was construed as a reaction that could be ex-
pressed in quantitative terms as a rate coefficient, known now as
Townsend's o, giving the number of ion pairs generated by an electron
per unit displacement in the direction of applied field.

This approach eventually gained a wider ground in the inter-
pretation of the ionization coefficient advanced by Emeléus, Lunt,
and Meektz)° Their theory, constructed from considerations based on

simple kinetic theory, is remarkable in that it successfully inter-

related such average quantities characteristic of electrical discharges
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as the rate coefficients and information on single collision events
assuming that the electron energy distribution could be inferred in
some way. The theory was further developed(3’4) to encompass
electronic excitation processes including those leading to dissocia-
tion. The experiments presented in this dissertation lean heavily
on the conceptual foundations offered by this theory.

Attention in the present work is focused on one particular
kind of inelastic collision between electrons and molecules: molecular
dissociation into electrically neutral fragments. This type of exci-
tation by electron impact may proceed by one or both of the following
processes:

(i) by a direct excitation to an unstable electronic state in
which the molecule spontaneously dissociates, and
(ii) by an excitation to a bound state with a subsequent transi-
tion to an unstable state which results in dissociation.

Observation of the excitation of the first kind is necessar-
ily difficult since such a route is not accompanied by an emission of
radiation, thus, it cannot be detected by photometric means. This
difficulty is the reason why dissociation into uncharged fragments is
the least explored of all excitation processes.

Only the dissociative excitation of the hydrogen molecule has
been investigated in a considerable number of single-event observa-
tions. Poole(s) measured the production rate of hydrogen atoms in

the positive column of a glow discharge using a stream of molecular
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gas. By means of calorimetric methods he obtained the energy ef-
ficiency (more appropriately called the energy yield for dissociation)
in terms of the number of dissociated molecules arriving as atoms at
the calorimeter per unit of energy supplied to the positive column.
These measurements and further experiments in r-f discharges(6’7)
have demonstrated that as much as half of the electrical energy sup-
plied to the discharge is expended in dissociative excitation. A
major significance of these findings is that the production of the
atoms cannot be explained if ionization is assumed to be involved as
the main atom-producing mechanism.

An energy-dependent cross section for the dissociation of mole-

(8)

cular hydrogen was measured by Corrigan whose experiment yielded the
only directly measured cross section of the kind to date. His experi-
ment employed a chemical trapping technique making use of molybdenum
trioxide, a substance known to absorb atomic hydrogen with an ef-
ficiency of unity per collision while it does not react with the mole-
cules at room temperature. The dissociative excitation of molecules
was achieved by electrons of controlled energy under conditions such
that only binary collisions with the gas molecules were important.

The numerical values obtained for the energy yield of the
dissociative transition of molecular hydrogen from the ground state
to the non-radiating repulsive state on one hand, and the directly

measured cross section as a function of energy on the other, have

shown the general nature of the process involved. The neutral hydrogen
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molecule being in its ground state 12; may be excited to the repulsive
triplet state 132: immediately above it, going to the same dissocia-
tion limit (at 4.48 eV) as the ground state. At higher energies there
is a sequence of states which lie in the Franck-Condon interaction re-
gion. Since triplet-to-singlet intercombination lines do not exist in
the spectrum of molecular hydrogen, it follows that excitation by.
electron impact to any triplet state must result in dissociation.
Thus, dissociation may proceed either directly by the transition
12;+13Z$ or by way of radiative cascading from the higher triplet
levels to the repulsive 1323 state. This picture gives a hint of the
complexity of problems surrounding the attempts to observe neutral-
fragment dissociation.

In addition to the past work cited above, mention must be made

9)

of a crossed-beam technique devised by Corrigan The method, cur-
rently being developed, is based on the fact that since dissociative
excitation takes place in accordance with the Franck-Condon principle,
the energy imparted to the molecule is greater than the molecular dis-
sociation energy. Then, the molecular fragments carry off the excess
energy of the excited molecule in kinetic form. When a molecuvlar beam
of thermal energy and a stream of electrons are crossed, a suitable
measurement of the dissociation products scattered at random can lead
to a quantitative determination of the dissociation rate in the beam.

This method does not hinge upon a detailed knowledge of the chemical

processes in which the dissociation products are involved.
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Much work has been done on the chemistry of electrical dis-
charges(lo), but quantitative information on absolute rates of chemi-
cal reactions induced by electron collisions is rather scarce. The
mechanism of impact reactions, clearly in many cases, can be explained
in terms of dissociation into neutral fragments. If the cross sections
for these reactions are large enough for the range of electronic
energies available in the discharge, the overall reaction mechanisms
cannot be understood without the knowledge of these cross sections.

It will be demonstrated later that the physical and technical
operation of electrical discharges, specifically the behavior of the
uniform positive column of d-c glow discharges in molecular gases is
strongly determined by the process of dissociation. Furthermors, the
full appraisal of the operational qualities of molecular gas lasers
and a physical understanding of inversion mechanisms occurring in
these devices demand the knowledge of dissociation cross sections(ll).
Also, these cross sections play an important role in the understanding
of fhe interaction of high-energy radiation with matter. The second-
ary electrons of comparatively low energy arising from such an inter-
action may initiate the production of free atoms and radicals. Data
provided by low-energy collision experiments may then be instrumental
in shedding light on those problems in high-energy radiation chemistry
or astrophysics which implicate dissociative excitation. Thus, studies
of low-energy dissociating collisions may have a wide range of applica-

tions beyond the conventional discipline of discharge chemistry.



The Theoretical Basis for the Dissociation Experiments

Before proceeding to a description of the present work on the
dissociation of carbon dioxide and water vapor, the caoncepts which
predetermined the particular experimental design will be discussed.

As it was noted, a direct measurement of the cross section for a

~given electron-impact process requires (a) a definite current of
electrons given in a mono-energetic beam, and (b) a method to ascer-
tain the number of collision events of a given process in a given

time. Beside the great difficulties already cited with respect to the
requirement in (b), there are also considerable difficulties in estab-
lishing an electron current of sufficiently controlled energy since

the cross section for an electronic excitation of the type investigated
often spans a range of the order of, or 1es§ than ten electron-

volts.

A direct measurement of the cross section for dissociation,
or for any other process, by electron impact is not possible in
electrical discharges in which a swarm of electrons moves in equi-
librium with a uniform field because the electrons have a wide spread
of energies.

Electrons drifting in a gas under the influence of an electric
field undergo mzny collisions with the gas molecules and acquire, as a
result of these encounters, large random components of velocity in
addition to their drift speed in the field direction. The experiments

of Townsend and his collaborators(lz) have demonstrated that the random
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velocities of electrons in the swarm are much greater than those cor-
responding to the temperature of the gas molecules. Since in a steady-
state swarm the energy gain of an electron per mean free path must be
equal to the average fractional energy loss per collision, the mean
value of random velocities, Vv, can be shown to be dependent upon the
ratio of electric field E to the gas pressure p. Hence, ¥V = f(E/p)
provided that the average drift velocity of electrons, w, is also a
function of E/p. This has been shown to be the case in experiments

(13)

on the drift of electrons in electric fields Hence, it can be
concluded that rate processes governed by mean electron energy in a
~given gas are dependent on the parameter E/p.

A complete analysis of swarm processes which shows the rela-
tionship between the average properties of a swarm and the scattering
of individual electrons in single encounters seems to be possible in
principle(14), but the empirical and mathematical difficulties arising
from such an esoteric approach are all too often overwhelming. The
simple theory of Emeléus, Lunt and Meek(2'4), evading such depths of
the problem and still succeeding in showing the connection between
average swarm properties and single collision events, has shown that
collision processes produced by a swarm can be determined by means of
a rate coefficient. The data necessary to describe these processes
consist of those giving the electronic energy distribution in the swarm

for which the average properties have been measured. The rate coef-

ficient, the number of events as a result of a given collision process
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per unit volume per unit time, is given as

R=kop n, [ Q(e)e%f(e)de R
o .

where n, is the electron concentration, p is the gas pressure (which
is a measure of molecule concentration), Q(e) is the cross section
for the process, f£(e¢) the electronic energy distribution, and k is a
numerical factor depending on the units used. If the shape of the
distribution function f(e) can be plausibly assumed, then the values
of electron temperatures and drift velocities, all expected to be
known from experiment over the desired ranges of E/p, enable one to
find the interrelation between the rate coefficients and the corres-
ponding cross section.

Therefore, electronic collision processes brought about by a
swarm can be measured in terms of a rate coefficient defined as the
number of events produced by an electron in drifting unit distance
in the direction of applied electric field. In turn, the dependence
of the rate coefficient on average quantities, such as the discharge
current and the applied field, can be determined. Then, if the
electronic energy distribution present in the low-current density
swarm can be inferred, the absolute magnitude of the cross section
for a particular excitation process as a function of electron energy
can be estimated from the rate-coefficient data.

In the present work the rate coefficient of dissociation

characterizing the electron swarm of a d-c positive column was
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determined in carbon dioxide and water vapor by separating the con-
densable parent molecules from the permanent products formed in the
discharge. As shown by the results of these experiments, a first-
order reaction could be concluded for the collision reactions in co,
and HZO‘ The overlap integral expressing the connection between the
dissociation coefficient and the cross section for dissociative exci-
tation (formally similar to the integral shown above) is defived in
Chapter V in a form best-suited for the results of the experiments
presented here. The specific conditions that enabled the attainment
of dissociation coefficients in a positive-column experiment will be

enumerated in the following chapter.



CHAPTER II

EXPERIMENTAL METHOD

In the highly intricate structure of a d-c glow discharge the
homogeneous (i.e., the nonstriated and nonconstricted) positive column
is prominently characterized by the fact that its condition is the
same at various distances from the cathode. If the potential across
the discharge tube is measured while the length of the positive column
is varied by means of a movable anode, and if the other discharge
parameters remain constant, then one obtains a constant increment of
potential difference per unit increment of positive column length.
Since the electrons drifting through the column receive their energy
from a constant electric field, the electronic energy distribution in
the positive column is independent of position along the axis of the
discharge tube. Consequently, if the positive column is uniform, that
is, if the swarm of electrons in the column moves under the influence
of a uniform electric field, then a quantitative investigation of the
rate of an electron-impact reaction can be made in the positive column
of a glow discharge.

10
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In addition, sufficiently low values of current density in
the positive column must be stipulated. If the current density is
low, then the stationary concentration of ions and excited species,
all products of electron collisions, will be negligible in comparison
with the ground-state concentration of gas molecules. Hence, second-
ary effects will be negligible.

The design of the experiment outlined here was largely deter-
mined by these two requirements. Both conditions, the requirement of
a steady-state positive column and that of a low-current-density
swarm, were imposed to assure intelligible observations, and to as-
sure that the average properties of the given rate process could be

related to single collision events between electrons and molecules.

The Dissociation Coefficient in Terms of Experimental Parameters

In order to determine the magnitude of the rate coefficient
for molecular dissociation, the coefficient must be expressed in terms
of quantities that can be measured in a positive-column experiment.
Furthermore, to evaluate a dissociation coefficient, the number of
molecules dissociated in a given time interval must be determined.

It will be shown later that the dissociation of both carbon
dioxide and water vapor leads to permanent gaseous products. One
cannot, therefore, immediately identify total pressure changes with
changes in the number of molecules present. The total pressure change
will be determined by the difference between the gaseous product mole-

cules formed by the dissociation fragments and t
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lost by dissociation. 1In the case of the present work it is possible
to separate these contributions to the total pressure change by con-
densing the remaining moiecular gas in a liquid-nitrogen trap. Ac-
cordingly, the number of molecules n dissociated can be identified as

a change in the gas pressure p, i.e.,
An=Ap(M) . (I1.1)

(Here M denotes the molecular gas of interest and becomes specified
only when the results on the gases investigated, CO2 and H20, are pre-
sented.)

Providing that the current density in the positive column is
sufficiently low, so that multistage excitation processes are excluded,
the molecular dissociation rate per unit column length must be propor-
tional to the electron current i for constant reduced field E/p. Hence,

if (An/At) is denoted as 4n,
An ;o (II.2)

If the proportionality constant in Eq. (II.2) is @y the rate
coefficient (in events/electron+cm drift), the dissociation rate is

given by

Al = o, —= (sec-l) (11.3)

where the current i is in amperes, and e is the charge of an electron,

1.602 x 10”2 coulomb.
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If the number of molecules in a closed vessel of volume B cm3
changes by 4n in a time interval At, the rate of change in the number

of molecules is expressed in terms of the resulting pressure change

bp, by
Ap

n
= p(-2 0
At = B(ps) T (I1.4)
where n_ is the Loschmidt number (26.87 x 1018 cn™%) at 0° C and at
pg = 760 Torr. The measured pressure change Ap is reduced to conform
with the standard conditions and is written as Ap, -
Equating the two expressions for An in Eq. (II.3) and Eq.

(I1.4) yields an equation for the rate coefficient of dissociation:

3 B APOUM)

iASLpo[ it (11.5)

;5_- 5.66 x 10
(electron~tecm™!-Torr~1),
in which Apo(M)/At is the observed rate of disappearance of molecules
by electron-impact dissociation, in a length AR of positive column
carrying a current of i amperes.

It may be noted here that, since the drift velocity of free
electrons is much greater than that of the more massive positive ions,
the whole tube current may be taken as equal to the positive-column
electron current with negligible error.

Thus, Eq. (II.5) gives, in terms of quantities all measure-
able, the number of events leading to molecular dissociation caused

by an electron drifting through unit distance in the potential grad-

ient of the positive column per unit pressure of the gas.
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The Apparatus

The dissociation coefficient was measured by means of an ap-
paratus consisting essentially of a cylindrical discharge tube with
a movable anode to vary the length of the positive column. A
schematic diagram of the experimental arrangement is shown in Fig. 1.
The discharge tube attached to a conventional vacuum system, the
liquid nitrogen trap T, and the oil manometer M are the major com-
ponciits of the apparatus.

The discharge tube and the adjoining vacuum system were made
of pyrex glass. The mercury diffusion pump was separated from the
tube by a mercury trap of special design and a liquid-nitrogen trap
connected in series. The system could be evacuated to pressures of
the order of 10™° Torr through a metal valve Sl, with reasonable
rapidity. The inside walls of the tube were cleaned of the possibly
adherent gases by heating tapes or a vigorous discharge of a high-
frequency spark coil. The gases under investigation were admitted
from reservoirs in any desired dosage through a tight needle valve
Sz. Thus, greased stopcocks were eliminated because of their irre-
pressible tendency to leak when frequently in use.

The liquid-nitrogen trap attached to the discharge tube served
the purpose of freezing out the molecular gas remaining in the tube
after the termination of discharge, so that the partial pressure of
the permanent (i.e., the noncondensable) dissociation products could

be determined. Carbon dioxide, one of the molecular gases investigated,
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was taken from a lecture bottle; the reservoir of distilied water was
a previously evacuated bulb into which the water entered through a
capillary tube touching a disk D of fine porosity while the disk was
covered with a layer of mercury. The samples of the gas admitted into
the tube were freed of traces of noncondensable impurities by a freeze-
out followed by an evacuation.

The discharge tube was 2.5 cm in diameter and had a hollow
cathode and an axially movable anode which almost filled the cross
section of the tube. The electrodes were made of tantalum.

It is known that the positive column is not essential to main-
tain a giow discharge: if the distance between two plane electrodes is
reduced to the extent of the dark spaces and the negative glow, the
positive column will disappear, and the glow discharge still remains.
On a reduction in electrode spacing to the extent of the Crookes dark
space, the potential across this space, known as the cathode fall, is
found. Even for a fully structured glow discharge, the cathode fall
may be a large part of the toral interelectrode potential. (The nega-
tive glow and the Faraday dark space are more or less field-free
regions.)

These complications can be circumvented in part by the appli-
cation of a holliow cathode which is known to compress the dark regions
so that practically all the space between the electrodes is filled
with the positive column. Nevertheless, the cathode fall of potential

is contracted in space, not much in magnitude. In order to find the
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axial electric fieid in the positive column, it is still necessary to
subtract the cathode and anode falls from the total potential drop
across the tube. The anode was connected inside the tube through a
tungsten coil that permitted it to be moved along the tube at will by
an external magnet. '

Pressures were measured with an oil manometer, constructed
of a 1 cm bore tube and capable of indicating pressures in the range
from 1 milliTorr to i0 Torr, which were read with the aid of a
cathetometer equipped with a micrometer eyepiece. The stopcock
customarily intervening between the two arms of a manometer was eli-
minated by joining the reference arm directly to the diffusion pump
via the mercury traps of the vacuum system. This modification proved
to be advantageous not only because another greased stopcock was re-
moved, but also because some of the gas inevitably dissolved in the
manometer oil might have sporadically evolved into the space of the
closed end.

The most favorable choice of manometer oil was found to be
Octoil-S. This is the least viscous of the high-quality pump fluids
available to produce the greatest manometer displacement; it allows
a 17 per cent improvement over the next best choice of the often-used
DC-704.

The electrical circuits schematically shown in the diagram of
Fig. 1 were constructed such that the discharge current i could be

kept constant at an order of 1 mA, or less, while the potential V was
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measured for various lengths of the positive column with a high-im-
pedance d-c voltmeter (100 KQ per volt). The tube current was supplied
by a 6-kV power pack through a series regulator. In this device a
vacuum tube was connected to act effectively as a variable resistor in
series with the discharge current. The potential difference due to
the discharge current across a variable resistor was compared with a
reference voltage supplied by a dry battery, and the resulting error
signal was amplified and applied as negative feedback to the grid of
the regulator tube. Thus, changes in the discharge current caused by
quite large variations in the discharge voltage were made insignifi-
cantly small. The current was set to the required value by the ad-
justment of the variable resistor across which the regulator error
signal was developed. The regulator circuit is shown in the diagram

of Fig. 2.

Method gf_Observation

It was found that steady positive columns suitable for dis-
sociation measurements could be obtained for initial pressures of CO2
between about 0.3 and 4 Torr, for HZO vapor between 0.4 and 3.8 Torr.
It was possible to obtain reasonably steady columns for water vapor
up to 5 Torr only for short (about 10-15 cm) interelectrode lengths.
For this reason, and since for relatively large pressure changes
there is but small corresponding change in E/p, the pressure region
between 3.8 and 5 Torr in HZO vapor was ignored in the dissociation

measurements.
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The measurements demonstrated that secondary reactions became
pronounced after about 15-20 seconds of discharge time in initially

pure C0,, and less than 10-12 seconds in water vapor in the respective

2°
pressure ranges used. Therefore, the measurements were taken after
short discharge times At of the order 1-12 second in a fresh filling
of gas for every run.

After discharge, the remaining molecular gas (either CO2 or
H20 vapor) was frozen out in order that the pressure of noncondensable
gases formed might be measured. It was noted that as soon as the trap
was cooled to the liquid nitrogen temperature, the pressure due to
condensable components of the gas mixture fell quickly, and then it
continued to fall at a comparatively low rate, slowly approaching a
steady value. The reason for this phenomenon is that the permanent
gas products formed in the volume were carried into the trap along
with the condensing gas, and the pressure in the trap eventually be-
came the same as that of the condensable and permanent gas mixture
in the system. At this point no mass flow of the gas mixture into
the trap was possible, and further condensation could occur only by
the slow process of interdiffusion. A similar observation has been

(15)

reported by Kenty in connection with the freeze-out of xenon con-
taining a small quantity of oxygen. Sufficient time, at least about
10 minutes, therefore, had to be allowed for a thorough clean-up of

the remnant CO? and H,0, still the main bulk of the gas after the con-

2
clusion of a short-period discharge. Then, the pressure of the gas
remaining in the system could be said to be due exclusively to the

permanent gas products formed.
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The measurable pressure changes were the increase in pressure
after the discharge Ap and the pressure of the permanent gas products
AP. Both Ap and AP were relatively small quantities of the order of
tens of mTorr. To determine these quantities with good precision,
proper precaution must be exercised in reading the manometer.
It is known that manometers, in general, may suffer from

three major detrimental effects(16’17).

One of these is the possible
contamination of the gas to be measured by absorbents in the oil; the
second may arise from the contamination of the gas sample by the oil
vapor, and the third is the uncertainty whether a differential dis-
placement of the oil levels represents a true pressure or a surface
tension effect. Because of a proper application of vacuum hygiene
and oil of a sufficiently low vapor pressure coupled with a manometer
design already described, the first two effects were believed to be
reduced to an insignificant extent under the conditions of the present
experiments.

The third disadvantage was circumvented in part by the employment
of a micrometer eyepiece. In addition, the smooth curvature of the
meniscus was illuminated such that a sharp boundary for the interface
of the gas and the manometer oil could be defined after it was made
certain that the meniscus was not distorted optically. Very import-

antly, the meniscus was always approached with the hairline in the

same direction to avoid a possible backlash of the micrometer screw.
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An error analysis was made of the differential pressure readings.
Although the micrometer is more precise by an order of magnitude than
the cathetometer scale, which can be read directly to # 0.005 cm, it
is necessary to calibrate the divisions on the micrometer drum using
the cathetometer scale as a length standard.

The procedure for this calibration consisted of defining a
series of lengths by the cathetometer followed by a measurement of
the same lengths by the micrometer. The results were fit by least-

(18). This analysis shows that

squares technique to a straight line
the least micrometer division which can be directly read corresponds
to (6.644 £0.017) x 10’!.b cm. Thus, the manometer displacements can
be measured with an accuracy of 0.26 per cent. The precision of the
pressure measurements corresponding to one division on the micrometer
is = 0.4 mTorr, the conversion factor being 0.616 Torr per cm of the
oil used, at 0° C.

In this treatment the only source of error assumed is the un-
certainty of the cathetometer readings in the fourth significant
figure. (The standard deviation of these is determined as 0.0022 cm)
0f course, there may be other sources of uncertainties, such as the
occasionally improper matching of the hairline with the boundary of

the meniscus. Therefore, it was estimated that with the manometry em-

ployed, the reproducibility of measurements was well within 1 mTorr.
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It is also to be noted that the permanent gas measured with
the manometer is enclosed in a volume which extends over two regions
maintained at radically different temperatures. In the liquid-nitro-
gen trap of volume v, the temperature of the permanent gas is 77° K,
while the rest of the system of volume Vg contains the same gas at
room temperature T. The actual pressure readings were corrected for
this large temperature difference by considering that the number of
~gas molecules enclosed in the entire volume B of the system and having

a pressure of P. at room temperature T must be the same as the number

1
of molecules (determined in terms of pressure readings p2) occupying

the partial volumes A and v, at temperatures T and 77° K, respectively.

t
Accordingly, the ratio of the true pressure to the actual pressure

reading is given by

) TV *+ Ty,

i (11.6)

where B = vtV
In a typical case the volume of the region cooled to the

temperature of the liquid-nitrogen bath was 17 cm3, and the rest

of the system having a volume of 806 cm3 contained the gas at room

temperature. The correction for each value of permanent gas pressure

measured amounted to 5.9 per cent.

With the measurement of the pressure changes Ap and AP, it is

possible to deduce the amount of molecular gas lost by dissociation.
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If p is the pressure of the gas M admitted to the system, and
p' is its partial pressure after discharge, then the pressure of the

gas lost by dissociation is

-apM) = p - p' . (11.7)

But, the pressure due to the remaining gas is the difference
between the increased total pressure p'' after discharge and the per-

manent gas pressure AP, i.e.,
p' =p" - AP . (I1.8)

In terms of the measured quantities,

p' =p+ Ap . (1I1.9)
From Eqs. (I1.8) and (II.9) then
p' =p + Ap - AP, (I1.10)
which combined with Eq. (II.7) gives

- Ap(M) = AP - Ap . (I1.11)

This expresses the pressure of the molecules that disappear
in dissociating collisions. The dissociation coefficient given in

Eq. (II.5) incorporating Eq. (II.11) can now be given as

[0
d. -3 _B_ AP fp
?;" 5.66 x 10 iAlpo(At At) R (11.12)
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in which all pressure measurements are reduced to 0° C.

The system volume B was determined by sharing a known quantity
of gas between it and a previously evacuated bulb of known volume.

Equation (II.12) tacitly assumes that the dissociation of
molecular gases leads exclusively to permanent gas products. For the
gases investigated, C02 and H20 vapor, this assumption will be justi-
fied when the results of observations are presented. It will be shown
that, in addition to some external evidence, the assumption involved
in negating the formation of condensable products is consistent with
the experimental data.

The general approach to obtain the rate coefficients of dis-
sociation expressed by Eq. (II.12) is realized by measuring the rate
of disappearance of the molecules of interest, (AP - Ap)/At while
maintaining a constant discharge current. The length & of the posi-
tive column is varied in order to subtract the effects of the electrode
regions cn the reaction rate and to determine the value of E/p in the
positive column corresponding tc the observed dissociation rate. How-
ever, discussion of the particular ways to determine the rate of
electron-impact reaction must be preceded by an examination of the be-
havior of the uniform positive column in the given molecular gases in
order to ascertain the feasibility of observing single-collision

events.



CHAPTER III

REMARKS ON THE UNIFORM POSITIVE COLUMN IN

CARBON DIOXIDE AND WATER VAPOR

The positive column is that region in the complicated structure
of a glow discharge which is bounded on the cathode side by the Faraday
dark space and near the anode by the anode fall. The prominent charac-
teristic of the column is that its luminosity and electrical properties
are the same at various distances from the cathode. It spreads later-
ally to the walls filling the entire cross section of the tube at
pressures of a few Torr; at higher pressures it tends to constrict
radially.

In general, an equal number of electrons and ions are con-
tained in the column per unit volume, i.e., n=n . Considering the
elementary description that, if the electrons move toward the anode
with an average velocity Ver MV gives the number of electrons
passing through unit cross-sectional area per unit time, and nyv.e is
the electron current density, e being the electronic charge. Similar-
ly, the ion currént density is given by nyv.e; thus, the total current
density is

j= (neve + n+v+)e .

26
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Since n.=n, and the light electrons are much more mobile than the
heavy positive ions, it follows that nv.,>omyv . Therefore, the
electron current in the positive column is almost entirely carried
by the electrons, as it has been noted before.

The electric field was measured by a movable anode while
keeping the discharge current constant in the manner already des-
cribed, and thus, measuring the extra potential necessary to sus-
tain a short additional length of the uniform column.

It must be emphasized here that the positive columns in the
gases investigated were classified uniform by visual observation only.
It is to be kept in mind that the appearance of uniformity may be de-
ceptive: rotating-mirror experiments have shown a long time ago that
very rapidly moving striations with velocities of the order of 103
cm/sec may occur in an apparently uniform column.

The reduced field E/p is not an independent variable in the
positive column of a glow discharge. This follows from the con-
spicuous role played by the walls of the discharge tube in determining
the mechanism of the positive column. Both the electrons and ions
produced by electron impact continually collide with the tube, and
since they recombine there before their re-entry into the discharge
volume, both cease to be carriers of current. These losses must be
made up by ionizing collisions; hence, to maintain the positive
column in equilibrium, the loss of charges on the wall per unit

column length must equal the gain by ionization per unit column
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length. The mathematical formulation of this condition (cf. the
Schottky and von Engel-Steenbeck theories(lg’zo)) shows that,
especially at pressures of the order of 1 Torr and above, the ratio
of the mean free path to the tube radius, A/R, has a strong effect
on the electric field E. Consequently, E/p is functionally depen-
dent upon the reduced radius pR, where p is pressure and R is the
tube radius.

The properties of the uniform positive column in molecular
gases have not been studied as extensively as in the rare gases.
Some substantial work has been done on diatomic gases, but there are
no known experimental data for the axiallelectric field in carbon di-
oxide and only a little in water vapor. The reason for the lack of
information became rather evident in the course of the present exper-
iments.

In carbon dioxide at selected pressures higher than about 5
Torr, even when the discharge current was low, and at any pressure
below or above 5 Torr with the current exceeding 1 mA, the discharge
became highly unstable. Under these circumstances a bright violet-
colored spot, apparently the negative glow from the inside of the
hollow cathode, appeared quickly circling on the edges of the
electrode, and often a manifest decrease in the fairly bright, milky-
blue luminosity of the column occurred with a constriction setting in.
These phenomena were associated with highly irregular changes in the
discharge tube voltage and thus, the V vs. £ plots used in finding the

electric field in the column were not reproducible.
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As the results of the experiments will show, the electron-
impact reaction, i.e., the appearance of dissociation fragments, pro-
ceeds at a fairly rapid rate, and after a short duration of the dis-
charge (about 15-20 sec), the secondary reactions obviously exert an
increasing influence on the mechanism of the discharge, so far as to
upset its stability. This means that the appearance of neutral frag-
ments in short order continuously changes the constitution of the gas,
and the discharge rapidly ceases to be that in pure C02.

Very similar conclusions can be drawn from the observations
on the positive column in water vapor. In the case of water the
current could be raised to values exceeding 1 mA without seriously
disturbing the stability of the interelectrode potential. However,
at pressures in the neighborhood of 5 Torr the Faraday dark space
tended to occupy a considerable portion, sometimes as much as one
third of the tube between the electrodes. This occurred also at
lower pressures when the discharge time exceeded about 10 seconds.
Simultaneously, at higher pressures a constriction of the faint
bluish-white column was generally observed, and the very bright
lilac-colored negative glow crept slightly outside of the cathode.

At lower pressures of about 1 Torr or less, fast striations set in
within less than 10 seconds and these gradually slowed down with
increasing discharge time. Again, it was evident that the rapid
increase in the relative concentration of the dissociation products
intensified the role of secondary processes and destroyed the uni-

formity of the column. It is clear, then, that an investigation of
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the uniform-column characteristics of a molecular gas, such as CO2
or water vapor, cannot be carried out for the ranges of current and
pressure applicable to rare gases.
It was noted in previous investigations on the positive column

(24) that it became extremely turbulent at currents of

in water vapor
about two orders of magnitude higher than those used in the present
experiments. The turbulence was accompanied by the observation of
unsteady values of the pressure. Such uncertainties of pressure mea-
surements can be, at least in part, accounted for if the extremely
rapid change in the gas number density due to the rapid appearance of
dissociation products is considered.

It has also been observed(21'23)

that in oxygen at a pressure
of 4 Torr a very abrupt change takes place in the electric field of
the column, a jump from about 5 to 32 v-cm-1 when the current was in-
creased from about 75 mA to 90 mA, this interval being the region in
which the measurements are not reproducible.

A similar type of change in the mode of E/p was observed in
the experiment with C0,. At a pressure of 5 Torr and with a current
of 0.6 mA, the column became constricted, exhibiting irregularity in
the electric field which varied between 140 and 200 vecm !. The
stability was not regained by a change in current, and this irregu-
larity persisted for even such short periods of discharge as 12

seconds or less. A similar instability occurred also in H,0 vapor:

2

in approximately the same pressure range as for COZ’ and with a
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discharge current of\O.S mA, the interelectrode potential drifted by
quite large values. Although the currents employed in these experi-
ments were over an order of magnitude less than the critical values
of currents in 02 to cause such large shifts in the field, the dis-
charge times for CO2 and H20 vapor were very small. .As an inspection
of Eq. (II.12) reveals, the time duration of discharge and the rate
of electron flow are closely linked quantities. Thus, there may not
be such a great discrepancy in the comparison of the anomalies of

E/p between 0, and the molecular gases observed, CO2 and H20 vapor.

2
The regions of uncertainties as described above were care-

fully avoided in the experiments on both CO2 and H20 vapor dissocia-

tion. The observed pR dependence of E/p for C02 is shown in Fig. 3,

for H,0 vapor in Fig. 4. The shape of these curves are similar to

2

those for the rare gases and some molecular gases such as H, and N,.

The graphs indicate the range of E/p useful for the dissociation ex-
periments. They also provide an assurance that the positive columns

of C02 and H,0 vapor discharge were indeed uniform and 2llowed single-

2

event observations.
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CHAPTER IV

PRESENTATION AND DISCUSSION OF RESULTS

As an initial step, the variations after discharge in the
observed pressure increase Ap and the pressure due to the permanent
gas AP were measured with respect to the time duration of the dis-
charge t. These measurements were repeated for various values of E/p.
Hence, the observations of the time rates of change of the increase
in the differential pressures, which were produced by discharges
lasting sufficiently short intervals in fresh samples of gases, con-
stituted the major and most systematic approach to an experimental
determination of the rate coefficients of dissociation for both Cbz
and H20 vapor.

Another approach leading to a measurement of rate coefficient
is offered by Eq. (II.11) which gives the number of molecules disap-
pearing in dissociating collisions as the difference between the pres-
sure of the permanent gas products and that due to the increase in the
initial pressure of the sample after discharge. Consequently, it is
possible to observe the rate of molecular dissociation at selected
lengths of the positive column and, in turn, to deduce the rate coef-

ficients by means of Eq. (II.12). However, this method is, in general,

34
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severely handicapped by phenomena associated with the absorption of
gases to the walls of the discharge tube; namely, the irregular de-
sorption sometimes may introduce large random errors into the mea-
surements of Ap and thus, increase the uncertainty in the values of
dissociation coefficients.

Despite its disadvantage, the latter method has not been dis-
carded since, as examples will show in the following paragraphs, it
can be useful if one has already established the measurements showing

the time-dependence of differential pressure changes.

The Rate Coefficient of Dissociation for CO2

The characteristic time dependence of the pressure changes Ap
and AP in CO2 is shown by Figs. 5 and 6. It is seen on these graphs
that there is a region over which both Ap and AP increase linearly
with time. For longer time, the pressure changes become nonlinear,
presumably due to the increasing effect of reverse reaction which re-
forms CO2 from the accumulated dissociation products. The curves for
Ap, the pressure rise after discharge, indicate that there is evidence
for an initial nonlinear pressure increment which causes the extrapo-
lation of the linear part of the graph to make a finite positive in-
tercept at zero time.

This behavior must be attributed to a rapid initial production
of a condensable gas when the discharge is switched on. The initial

increment cannot be due to a permanent gas since if this were the case,
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a similar nonzero intercept would be found for the AP curves. It
may be assumed that CO2 is partially liberated from the tube walls
when the discharge is first switched on. This uncertainty due to
desorption is removed by considering only the slopes of the linear
portion of the curves.

With the discharge current constant at 0.6 mA, the time rates
of change of Ap and AP were measured for two different electrode
separations, 2 and Ry Then, the difference of the slopes of the AP
and Ap lines obtained with discharge path lengths 2, and 21, respect-
ively, gave the amount of pressure change caused by a length (zz-ll)
of positive column, at a particular value of E/po.

The slopes AP/At and Ap/At determined in this manner are
listed in Table 1 where the subscripts 1 and 2 refer to measurements
taken at two different lengths, % and Ly of the positive column.

On the basis of these data it is now possible to write the dissocia-

tion coefficient of COZ’ given in Eq. (II.12), as

K AP2 4p, AP1 Ap

1\
(2,-2,)p, Ny B O vy - B

Q

Sdlo.

(Iv.1)

in which the numerical factor k, 5.66 x 103 B/i, is 7.76 x 103 for
a discharge current of 0.6 mA and system volume B of 823 cm® used in

these measurements.
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Table 1. Dissociation coefficients for carbon dioxide from the
observations on the rates of increase of non-condensable
dissociation products in a segment A% of the positive

column.

o(Torr)

Al(cm)

At (mTorr/sec)
i)
At(mTorr/sec)

APl

At(mTorr/sec)

&Py
At (mToxr/sec)

B

ip_

E/p

ad/P

©(x105 cm3-amp!+Torr™!)
°(v-cm-1-Torr'1)

%Celectron™tecn™teTorr )

0.31

40

4.98

1.69

3.49

1.27

44.5

32.5

0.67

1.23

40

6.11

2.00

3.05

1.03

11.1

18.6

0.33

3.08

20

4.57

1.57

2.72

0.93

4.4

11.2

0.15
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It is evident from the data of Table 1 and the complement-
ary Figs. 5 and 6 that the ratio of the slopes, the time rate of ap-
pearance of permanent gas products AP/At and that of the increase in
the pressure after discharge Ap/At, in all cases is c¢losely 3:1. In
addition to the significance of this fact in determining a plausible
reaction mechanism for C02, it is now made possible to write Eq.

(IV.1) as

(1V.2)

Since the AP vws. At and the Ap vs. At plots provide as pre-
cise a way to measure the dissociation coefficients as the given ex-
perimental conditions allow, these measurements can be said to de-
fine the trend by which the coefficients change with respect to E/p.

When changes in the number of molecules are measured (cf.
Eq. II.11) in a given time interval, and if the values of A(COZ)/At
are plotted against the respective discharge paths %, the resulting
graphical display may sometimes be so disarrayed that a reasonably
accurate determination of the slope, A(Coz)/AtAz, is not possible.
The reason for this, as it has been stated above, is that the de-
sorption from the w21l makes the readings of Ap rather erratic.

An example for a measurement of this type is given in Fig. 7.
The slope, determined as 5.4 x 10™° Torr-em *-sec™t, is substituted

into Eq. (II.12) now expressed as
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a A(CO,)
4566 x 103 2 20 (1V.3)
PO

1p0 AtAL
yields a rate coefficient of 0.23 at E/p of 15.8. If in the measure-
ments for A(COZ) the values of Ap are ignored and only the data for
AP/At are used in calculating the dissociation coefficients, then

Eq. (IV.2) can be applied in the form

%4 25,66 x 107 °B AP
*3

(IV.4
P, ipg ALAT (1v.4)

The data indicated in Fig. 7 gives, by means of Eq. (IV.4),
a rate coefficient of 0.26 from which the previously calculated value
deviates by about 15 per cent.

The example chosen may be fortuitous since in some cases such
a deviation may amount to as much as 40 per cent. Nevertheless,
AP/At vs. & plots can be used successfully in determining the (E/p)-
dependent values of dissociation coefficients provided that measure-
ments of the type shown in Figs. 5 and 6 are clearly established be-
forehand. Then, the method implied in Eq. (IV.3) can be made to con-
form with the one expressed by Eq. (IV.1). Measurements that have
been brought in accord in such-a fashion with the type of measurements
indicated in Table 1 are given in Table 2,

As a summary of all the results obtained, the dissociation
coefficient ad/po is shown as a function of B/po in Fig. 8. The co-

efficients were all measured at a current of 0.6 mA, but some of the



Table 2. Dissociation coefficients for carbon dioxide obtained by measuring the changes in
A(CO,) /At with respect to &, and subsequently recalculated by considering the
rates of appearance of permanent gas products only and using Eq. (IV.4).
P
O(Torr) 0.62 0.67 1.39 1.85 2.06 2.46 2.72 3.38 4.41
Siope of
8(G02) /4t vs- & ?}Ots . 3.1 4.5 7.8 4.8 5.4 50 4.6 4.7 4.7
(x 10 > Torr-cm !-sec )
0Ld/po
0.39 0.60 0.48 0.20 0.23 0.16 0.15 0.12 0.10
(From A(COZ)/At vs. &)
B/ip, L B 22.1 23.4 11.3 7.4 7.6 5.6 5.7 4.6 3.8
(x 105 cm3-amp *-Torr ')
ppraear L4 6.7 7.3 10.1 9.3 9.2 7.5 6.9 9.8 11.3
(x 10 © Torresec "+.cm )
E/Po . . 25.8 29.2 19.4 15 15.8 12.2 12.5 11.8 12.2
(vecm "“<Torr 1)
ad/p0 by Eq. (IV.4)
0.52 0.65 0.43 0.26 0.27 0.16 0.15 0.17 0.16

1

(electron *+cm *+Torr ')
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measurements were repeated at 0.3 mA. For example, the measurements
listed in the second column of Table 1 were reproduced at half values
of currents. The value of (AP/A%At) in this case turned out to be
0.4 x 10”" Torresec '-cm”™* which led to a dissociation coefficient of
0.33, the same as that obtained at a current of 0.6 mA.

Measurements of dissociation coefficients at various currents
disclosed no current dependence of these coefficients. Therefore, it
was verified that dissociation proceeds by single encounter between

electrons and molecules.

Dissociation Mechanism for 992

As an inspection of the slopes given in Table 1 reveals, AP/At

and Ap/At determined under the same conditions are very closely in the
ratio 3:1. This observation enables one to deduce a plausible dissoc-
iation mechanisnm.

The 3:1 ratio observed implies that for every two C02 molecules
lost by dissociation, three permanent gas molecules are formed from the
dissociation products since in this way the dissociation of two CO2
molecules gives a net increase of one in the total number of molecules
present.

Carbon dioxide is a linear molecule with the carbon atom at
the center. Therefore, it seems natural to assume that dissociation
proceeds to give CO and 0, not necessarily in their ground states, CO
is, of course, a noncondensable gas, and atomic oxygen might be ex-

pected to recombine on the walils of the vessel to form 02. Considering
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the structure of 0-C-0, it seems unlikely that free carbon is formed
by a single electron impact. This supposition is also supported by
the fact that no free carbon is deposited in the discharge tube at
any time. Hence, the evidence established in the course of the ex-
periments bears out the a priori assumption involved in the derivation
of Eq. (II.12): the dissociation of CO2 indeed seems to result in per-
manent gas products.

If the dissociation products are carbon monoxide and atomic
oxygen, then the following reaction scheme explains the observed 3:1

pressure ratios:

2(Co,, + e S0, 00 4 0y

(Iv.5)
wall

with 0 + 0 --—+02.
By this mechanism, the composition of the permanent gas pro-

duced by the dissociation of CO, in the positive column of the glow

2
discharge is expected to be two molar parts of CO and one of 02.
Thus, dissociation into CO and 0 seems to be a plausible route for
at least the bulk of the observed reaction.

Another conceivable route for the electron-impact reaction

described in (IV.5) could be dissociative attachment, i.e.,

o, + e+cog+co +0

2
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for which the cross sections have been measured by Schulz(zs) an

(26)

a
Rapp and Briglia The total cross section for negative-ion

formation, according to the data of Rapp and Briglia, shows two peaks
in the energy range below 10 eV. The cross section with an onset of
0'19

about 3.3 eV is rising to a maximum of 1.5 x 1 cm? at 4.3 eV

followed by a decrease to essentially zero at 5.8 eV; then it is
rising again to another maximum of about 4.3 x 107'° ciRat 8.1 eV,
reaching zero at approximately 10 eV.

This cross section was used to calculate the rate coefficient
for dissociative attachment in co, by the technique of estimation to
be described in the following chapter. A Maxwellian distribution of
electron energies has been assumed in this calculation, and the re-
sulting coefficient for dissociative attachment as a function of E/p
is shown in Fig. 9. A comparison between this curve and the dissocia-
tion coefficients displayed in Fig. 8 reveals that the coefficients
for attachment are about two orders of magnitude smaller than those
for neutral dissociation. In view of this fact, the role of dissoc-
iative attachment of CO2 in the positive column must be judged as
negligibly small.

The Townsend ionization coefficients measured by Young(27)
are also shown in Fig. 9. These differ from the values of dissocia-
tion coefficients by the same order of magnitude as the attachment
coefficients. Therefore, it follows that the electron-impact dis-

sociation of C02, for all practical purposes, must take place by way

of uncharged species.
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The Rate Coefficients for H20 Vapor

When measurements of the dissociation rates in water vapor
were at first attempted by the same methods of procedure as those
employed for carbon dioxide, it became obvious that the pressure in-
crements Ap appearing after discharge under the same conditions could
not be reproduced precisely. The difficulties were caused by the
adsorption of water vapor on the walls of the discharge tube.

It is well known that water vapor forms a multilayer on sur-
faces(zs), and not surprisingly, adsorption takes place at rates high
enough to seriously hinder accurate readings of differential pres-
sures, especially when a sample of water is admitted to a previously
evacuated system. It was, therefore, necessary to examine the ad-
sorption rates in the pressure range of interest (0.2 to 5 Torr), at
least in a cursory fashion.

Measurements were made of the time rates of disappearance of
water molecules from the vapor phase before the discharge was
switched on and at various initial pressures of water vapor. An ex-
ample of this type of observation is given in Fig. 10, which shows
the decrease of pressure of a sample, originally at about 1.9 Torr,
with respect to time. This graph indicates that during the first 10
minutes adsorption proceeds at a quite high rate, and then with in-
creasing time the pressure decrease gradually diminishes and ap-

proaches a saturation value, but certainly not reaching it within 90
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minutes. Adsorption equilibrium in no case was established within
this time interval for samples in the inﬁestigated pressure range.

These measurements are summed up in Fig. 11. The two curves
in this figure show the adsorption rates - §P/6t plotted against the
values of pressure at which the disappearance of molecules due to
adsorption was observed. Graph (a) indicates rates over the interval
between 5 and 10 minutes as a function of pressure averaged over that
interval obtained by linear approximation. An approximation over an
interval exceeding 1 minute cannot be made immediately after the in-
troduction of water vapor into the evacuated vessel because of the
extremely rapid rate of adsorption generally up to the end of the
first 5-minute period. Curve (b) shows a similar kind of display for
the adsorption rates determined for large intervals beginning after
about 30 to 5C minutes. In this case the rate of decrease of water
molecules is less than 2 mTorr/min, whereas in the first few minutes
it is more than 8 mTorr/min for most of the pressure values to be
used in the dissociation experiment. Curve (b} of Fig. 11, hence,
serves as a guide to find how long the walls of the discharge tube
will have to be exposed to the water vapor before the discharge can
be switched on and before the readings of Ap appearing after dis-
charge can be reproduced.

The measurements given in Fig. 11 were taken at 25° C with
an occasional deviation of t 1.5° C; the water vapor was admitted to

a system volume of 810 cm3, with a surface exposed to the vapor having
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an estimated area of 1.85 x 103 cm?. This area was, neglecting the
relatively small metallic surfaces of the electrodes, that of pyrex
~glass.
With the precautionary measures implied in these sufficiently
quantitative observations on adsorption phenomena, such conditions
were established that essentially the same procedure could be followed

in measuring a dissociation coefficient as for CO The HZO samples

2
entering the system were allowed to approach an equilibrium of ad-
sorption such that Ap could be determined with an adequate accuracy.
The time rates of change of Ap and AP were measured at two
selected lengths of the positive column and a current of 0.5 mA. As
before, only the linear portion of these curves were considered.
These measurements are illustrated in Figs. 12 and 13. Again, the
nonzero intercept of the Ap vs. t plots can be attributed to desorp-
tion of the walls as a result of bombardment by charged particles.
These curves again become nonlinear at increasing times of discharge,
but the change in this case is markedly different from the behavior
of AP vs. t and Ap vs. t plots for C02: AP/At and Ap/At in the CO2
column decreased with increasing time, in H20 these rates tend to
scatter rather widely about the initially quite well-defined slope.
This erratic behavior in the appearance of dissociation products

after discharge times of about 10-12 seconds is clearly associated

with the increasing influence of secondary processes.
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Values for the slopes AP/At and Ap/At measured at different
column lengths and under the same conditions are recorded in Table
3. The ratio of slopes, (AP/At):(Ap/At), as evident from Figs. 12
and 13, are closely in the ratio 3:1 for all the measurements shown
in Table 3.

The rate coefficients were calculated by means of Eq. (IV.1).
It must be noted that the measurements taken were not reduced to
zero for H20 vapor. Since the number density of molecules is given
by N = no(p/760)(273/T), the equivalent density at 298° K is

3.24 x 1016 p. Then,
E._320x1016E
P N

(The equivalent density at 0° C is 3.54 x 10l® p.) As a consequence,
the numerical factor k in Eq. (IV.1) becomes 5.19 x 1073 B/i.

The rate coefficients of Table 3 clearly establish a sequence
of E/p-dependent values which, as it has been the case for COZ’ can
serve as a standard when other methods are employed in finding the
dissociation coefficients. The procedure implied in Eq. (II.11) was
attempted again: the number of H20 molecules dissociated by electron
impact in a given time were plotted against the corresponding dis-
charge path lengths. The slopes of these curves allowed calcula-
tions of dissociation coefficients from Eq. (IV.3). Measurements

of this type are shown in Table 4.
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Table 3. Dissociation coefficients for water vapor obtained from the
observed rates of increase of permanent gas products in a
segment AL of the positive column.

P Torr) 0.44 0.54 0.90 1.19 3.08 3.77

APZ

3T 3.50 3.25 2.60 2.10 1.18 1.05

(mToxrr/sec)

Apz

T 1.23 1.05 0.90 0.75 0.38 0.325
(mTorr/sec)

AP, .

it 2.00 1.83 1.20 1.30 0.97 0.95
(mToxrr/sec)

Ap1

T 0.75 0.55 0.38 0.40 0.34 0.32
(mTorr/sec)

B/ip ., ., 3.8 300 18.0 13.6 5.3 4.3
(x 105 cm3+amp " +Torr ')

A% (cm) 30 25 20 15 10 5

E/p - - 43.6 41.9 39.7 38.6 35.7 34.0
(vecm “<Torr °)

o4/P i -y ., 0.65 0.57 0.41 ¢.21 0.0¢ 0.04
(electron “+.cm " Torr °)
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Since the ratio of slopes (AP/At):(Ap/At) determined under
the same conditions is consistently close to 3:1 (cf. Figs. 12 and
13, and Table 3), Eq. (IV.2) can again be applied in computing the
dissociation coefficient at a given value of E/p. Dissociation co-
efficients determined purely from the measurements of the pressure
due to permanent gas products at two different lengths of the posi-
tive column are exhibited in Table 5. The values of dissociation
coefficients listed here conform well to those obtained by the
methods presented above. The most readily comparable value appearing
in both Tables 4 and 5 is the rate coefficient evaluated at an E/p of
39.8 veem leTorr ! for a gas pressure of 1.03 Torr. The slope of the
A(HZO)/At vs. L plot yields a coefficient of 0.31, and the slope ob-
tained by considering the time rates of appearance of noncondensable
~ gas products in a given segment of the positive column leads to a co-
efficient of 0.35. The latter value is about 12 per cent greater
than the former. This deviation is certainly within experimental
error, especially when the steep rise in the rate coefficients with
respect to rather small changes in the E/p values is considered.

All the results presented in the preceeding were obtained
at a discharge current of 0.5 mA. By the same method of measure-
ments as the one employed in producing the coefficients given in
Table 5, dissociation coefficients obtained with a variation in the

discharge current are shown in Table 6.
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Table 4. Dissociation coefficients for water vapor from the slopes

of the A(HZO)/At va. % plots.

p(torr) 1.03
Asz_:m) 15
Slope of

A(HZO)/At ve. ¢ plot 3.8

(x 10”° Torrsec™'een™)

B/ip

(x 105 cm3-amp-1'Torr-l) 15.7
E/p -

(veen™ !eTorr™!) 39.8
@4/ 0.31

-1 -1 -
(electron "+cm " cTorr 1)

1.72

22

1.9

9.4

36.6

0.10

3.64

1.0

4.5

33.2

0.02
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Table 5. Dissociation coefficients of water vapor on the basis
of the reaction mechanism suggested by Figs. 12 and 13
and the corresponding expression for (a/p) = £(E/p)
given in Eq. (1V.2).

p(Torr)
AL (cm)

2 APZ AP1

3 G w®)
(mTorr/sec)

B/ip

(x 105 cm3-amp™'-Torr™ ")

E/p

(veem ! eTorr™ %)

ad/p

-1 -1 -1
(electron "ecm " <Torr ')

0.56

15

0.68

28.9

42.8

0.68

0.68

20

0.77

1.03

15

0.65

1.51' 2.17
10 “ 10

0.31 0.23
10.7 7.5
38.4 35.7
0.17 0.09
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Table 6. Dissociation coefficients of water vapor with a variation
in the discharge current, measured by the same method as

those listed in Table 5.

p

(Torr) 0.59
L (mA) 0.25
A% cem) 15
LA
3 YAt At 0.31

(mTorr/sec)

B/ip o 54.7

(x 105 cm3«amp " +Torr *)
E/p 0 41.3

(veem “eTorr )
/P 0.58

(electron™'ecm™!+Torr™!)

0.93

0.25

15

0.27

34.7

39.4

0.33

1.23 1.39
0.25 0.7
15 15
0.21 0.99
26.3 8.3
39.0 38.4
0.195 0.29

1.89

0.7

10

0.31

6.1

36.0

0.10
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The values of ad/p measured with a change in the current are
consistent with the measurements made at 0.5 mA, although it must be
emphasized that the order of magnitude of the discharge current could
not be lowered. It can be said, however, that the process leading to
dissociation of water vapor must proceed by single encounters between
electrons and molecules since the rate coefficients describing such a
process are independent of current at least in the lower range char-
acteristic of a normal glow discharge.

The dissociation coefficients measured, which all represent

a first-order reaction, are plotted as a function of E/p in Fig. 14.

Dissociation Processes in HZO

The 3:1 ratios obtained for the slopes given in Table 3 lead
to the conclusion that three permanent gas molecules are formed in
the positive column from every two dissociated H20 molecules, pro-
viding 'that no condensable products arise as a result of dissociating
‘collisions. Assuming the validity of such a provisio, the final
reaction products may only consist of H2 and 02 molecules. Therefore,

the overall reaction must be

+ 0, + 2e - (1Iv.6)

2(e+H20)+2H2 2

The reaction given in Eq. (IV.6) was also concluded by

(29)

Linder , who measured the dissociation rates in water vapor. His

experiment employed flowing gas in what was believed to be a fully-
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structured glow discharge and used a discharge tube, 6 cm in diameter,
which had plane electrodes, each of a diameter of 3 cm. The values of
discharge current ranged between 1 and 28 mA, and the interelectrode
separaticn was varied from 1 to 9.75 cm. The pressure of the flowing
gas was 0.75 Torr. A chemical analysis of the collected dissociation
products revealed two molar parts of hydrogen, one of oxygen, and only
a very small trace of hydrogen peroxide.

Unfortunately, it is not possible to make a meaningful compari-
son between the rates measured by Linder and those presented here.
Linder described a glow discharge in which the positive column was '"not
visible". This observation, in view of the experimental conditions de-
scribed above, clearly implies an almost complete absence of the column
for discharge path lengths less than 10 cm. In a tube with plane
electrodes, the Faraday dark space certainly tends to approach the anode,
and thé positive column is confined to the immediate vicinity of the
anode. Consequently, the dissociation rates obtained by Linder appear
to be almost entirely due to dissociation that takes place in all dis-
charge regions, except the positive column.

The ionization coefficients for water vapor ai/p, according to
the measurements of Prasad and Cpaggscso), have the same order of mag-
nitude in the corresponding range of E/p as the dissociation coeffi-
cients displayed in Fig. 14. Therefbre; it cannot be said, as it has
been in the case of Co,, that the dissociation of water vapor proceeds

predominantly by the route of dissociative excitation such that the
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resulting fragments are electrically neutral. Moreover, water vapor
is a strongly electronegative gas, and it is known to have attachment
coefficients of the same order of magnitude as the ionization coeffi-
cients in the (E/p)-range of interest.
The attachment coefficient for electrons in water vapor aa/p
has been measured by Crompton, Rees, and Jory(SI) for the range of E/p

1

between 20 and 60 v-cm ‘+Torr '. Furthermore, the cross section for

dissociative attachment for H20 has been obtained by Compton and

(32). This cross section for the formation of atomic-

Christophorou
hydrogen negative ions has an onset energy of 5.7 eV, reaches a maximum
of 6.9 x 10 '8cn2 at 6.5 eV, then it rapidly decreases through a small

“18m2 at 8.3 eV.

secondary maximum of 1.3 x 10
The attachment coefficient from this electron-capture cross

section was calculated using a Maxwellian energy distribution. The

values of drift velocity were taken from the data of Bailey and

(33), and the electron temperatures from the measurements of

Duncanson
Crampton et aZ.(Sl). The resulting attachment-coefficient curve is
shown in Fig. 15 (marked as a«(H )/p) along with the attachment coeffi-
cient of Crompton, Rees, and Jory [aa/p(CR&J)]. The two curves agree
in shape very well, but «(H )/p lies somewhat higher than aa/p; this
discrepancy may be due either to uncertainties in the auxiliary data
used, or to those in the magnitude of the measured cross sections.

The most likely mechanism(34) for the attachment process ex-

pressed by these attachment coefficients is believed to be
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e + 520+Hzo‘+H'(1S) + OH(%m) . (IV.7)

This reaction mechanism significantly contributes to the net
dissociation occurring in the positive column. The mean curve for
the rate coefficients presented in Fig. 14 is reproduced in Fig. 15
along with the attachment and ionization coefficients for purposes of
comparison.

The most striking feature of the (ad/p)-curve is its very
sudden rise from an E/p of about 32 veem '+Torr !. Since the ioniza-
tion potential of the H20 molecule is 12.6 eV, a comparison of ad/p
with ai/p hints that the onset energy for such a steeply rising dis-
sociation coefficient is well in excess of 12.6 eV. It is much more

likely that H_ 0 vapor is dissociated by processes involving much less

2
than such a high energy. Another surprising feature of the dissocia-
tion-coefficient curve is that it dips below the attachment coeffic-
ients at an E/p of about 39.5.

An appraisal of the possible mechanisms, in addition to the
process of attachment given in (IV.7), that define the measured rate
coefficients would be highly speculative. It is, however, not ai-
together unlikely that below an E/p of about 40 due to the excess ne-
gative ions, presumably H , which may in turn produce negative hydroxil
radicals through charge exchange, a recombination process takes place.
Thus, water molecules may be re-formed. If such is the case, then re-

combination masks a ''true' dissociation coefficient which possibly is

roughly approximated by the dotted line in Fig. 15.



CHAPTER V

DISSOCIATION CROSS SECTION CALCULATED FROM SWARM DATA

It has been stated at the outset that the rate of a collision
process depends upon an overlap integral between the energy distribu-
tion of electrons and the cross section for that process. Therefore,
at least in principle, the measurement of the rate coefficient of
dissociation makes it possible to obtain the corresponding cross section,
provided that the electron-energy distribution is known. In order to
accomplish this purpose, the overlap integral describing a rate pro-
cess will be derived in a suitable form. The conventional arguments
justifying the choice of the Maxwellian distribution will be cited and
this distribution function is assumed in order to provide an assis-
tance in giving a reasonable estimate of the magnitude and shape of
the cross section for the dissociative excitation of C02.

It has been also argued that the measured rate coefficient
is dependent on the parameter E/p only if the electron-drift velocity
and the mean electron energy are functions of E/p. The cross section
and the distribution function are energy dependent only and are inde-
pendent of pressure and electron concentration. In line with the

theory of Emeléus, Lunt and Meek, the ihvariance of the cross section

68
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and electron-velocity distribution with pressure and electron con-
centration accounts for a principal characteristic of a chemical
effect initiated by electron impact: the rate coefficient in glow
discharges is often constant over considerable ranges of pressure
and current density(4). The experiments described in the preceeding
have again borne out that conditions in which a rate coefficient can

be defined are satisfactorily met in a uniform positive column.

The Relation Between the Rate Coefficient and

the Cross Section

When an electron of known velocity v enters a space con-
taining a concentration N molecules per unit volume and is driven by
a uniform electric field, it may penetrate the gas by a distance x
without encountering a molecule. The probability that it will col-
lide with a molecule in traversing a path between x and x + dx is
expressed by the quantity NQdx, Q being the hypothetical target area,
the cross section, that is exposed by a molecule to an impinging
electron to effect a particular collision process. Hence, the number
of species produced per unit time as a result of impacts between
molecules and an electron having a velocity v is vNQ.

However, since an electron swarm is considered here, the
electrons move with a distribution of velocities f(v)dv per unit
volume in equilibrium with the applied electric field: the ones

losing a fraction of their energy upon collisions will fall back
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to lower regions of the energy distribution while others of lower
velocities are being accelerated. Therefore, the differential rate

of production of species per unit volume in the swarm is
dn = NQvf(v)dv . v.1)

The number of events per unit time is proportional to the
number density of electrons Ng drifting in the direction of the
field and the velocity of the drift motion w the magnitude of which

determines the rate of electron-energy gain from the field. Hence,
dn = daNew . (v.2)

By combining Eqs. (1) and (2), do, which expresses the number of
events produced by electrons drifting unit length along the field

and having velocities lying between v and v + dv, is found as

do = %“’7 QW E(W)dv . (v.3)

The question of what type of distribution function f(v) is
to be employed in Eq. (V.3) cannot be answered in geaeral. The
distribution depends on the nature of gas in which a particular
process takes place and the range of electric field applied. How-
ever, it can be said in view of strong evidence, in not too com-
plex molecular gases (e.g., carbon dioxide) and for intermediate
values of the applied electric field the electron-energy distribu-

tion is closely Maxwellian(ss).
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It is to be emphasized that the Maxwellian distribution law
is strictly applicable only in cases in which the interaction between
the electrons through mutual repulsion is the main cause of the rear-
rangement of electronic energies, i.e., when the current densities

(2,36) 4y q¢

are high. However, a number of investigations have shown
in molecular gases the Maxwellian distribution is often a good ap-
proximation, even when the current densities are small. Large de-
partures occur at high values of E/p and at +very small currents.
Ionization and excitation are processes that depend upon the
number of electrons in the high-energy tail of the distribution, while
transport phenomena, diffusion and drift, depend on the mean electron
energy. The reason why the electronic velocity distribution in mole-
cular gases can be approximated closely as Maxwellian lies in the fact
that the excitation levels in these gases are widely spread out to the
ionization potential and thus, inelastic losses occur at quite low
energies. The mean electron energy is low, but the losses are distri-
buted such that the resulting distribution is closely Maxwellian. In
atomic gases the excitation levels are much closer to the ionization
potential, and at low values of E/p only the elastic losses are prom-
inent. The mean energy is much higher than in molecular gases at the
same E/p, hence, the number of high-energy electrons is depleted. In
. addition, the Ramsauer-Townsend effect further enhances the deficiency

of high-energy electrons. In molecular gases, in general, the mean

free paths change relatively slowly with electron energy.
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For these reasons the Maxwellian velocity distribution(37) is
chosen to specify the distribution function in Eq. (V.3):
4Ne V.2 v.2 v |
f()dv = —= ('v—m‘) eXP[-('v—n:) ]d(;;) . (v.4)

This distribution now defines the probability that a randomly
selected swarm electron will have a value of velocity between v and
v + dv. The maximum of the distribution curve occurs at Vo the most
probable velocity of swarm electrons. Noting that d(v/vm) = dv/vm,
an insertion of Eq. (V.4) into Eq. (V.3) yields for the rate coeffic-

ient o the expression integrated over all velocities:

C A w93 expl- ()2
@ = JOQ(V) G expl-G) 1dv . (v.5)

Since the gas density N is Lp, where L is the Loschmidt number, the

rate coefficient per unit pressure becomes

a _ C ® v,3 v, 2 for

7 ;LQ(V) G~ expl-(w) ldv . (v.6)
The constant ¢ resulting from the numerical factors has a value very
close to 8 x 1016, Equation (V.6) then enables one to determine the
energy-dependent cross section if the rate coefficient is measured as
a function of E/p, and if data are available for the (E/p)-dependent

quantities, the drift velocity and electron temperature.

TES e,
s
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The Dissociation Cross Section of 922

As a comparison of Figs. 8 and 9 has shown, carbon dioxide
must dissociate into neutral species. Considering that the dissoc-
iation energy of CO2 is 5.5 eV while its ionization energy is 14.4 eV,
this result is to be expected. In order to arrive at the observed
values of ad/p at low values of E/p, dissociation must be produced by
electrons of much lower energy than that needed for ionization. Very
many more such slow electrons are present in the positive column than
electrons of high energy which contribute to the ionization.

It is probable that the state in which the C0., molecule spon-

2
taneously dissociates has a vertical excitation energy that is very
little greater than the actual thermal dissociation energy of COZ“

It was suggested by Laidler(ss)

that a 3r state of CO, lies
at about 6.07 eV above the minimum of the ground state when the schema-
tic potential-energy surfaces for the system 0-C-0 were considered to

explain the kinetics of the impact-reaction,

0(3p) + C0(12+)+C02(31r) )

I.e., when an oxygen atom in its lowest (’P) state approaches
a carbon monoxide molecule in its lowest (X12+) state, the resulting
state is an excited carbon dioxide molecule. In the corresponding
potential profile the most populated levels of the lowest state are

separated by about 6.07 eV from the upper surface.
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Excitation to this state, which dissociates into CO0 and 0; would
seem to be consistent with the observed reaction in the CO2 positive-
column experiment. While dissociation leading to a low-lying excited
state of the oxygen atom may be occurring, it seems inconceivable that
an excited CO could be involved since this would require an excess
energy of at least 6 eV above the dissociation energy of C02, making a
total of 11.5 eV. The rate coefficient for such a reaction would al-
most certainly be of the order of magnitude of the ionization coefficient.

In order to make an estimate of the magnitude and shape of an ex-
citation cross section, which is indeed consistent with the experimentally
determined dissociation coefficient, the method of estimation given by Eq.
(V.6) was applied.

The following values of electron drift velocities w and the ratio

)(39)

of electron to gas temperatures (the Townsend energy factor k were

used to construct the Maxwellian distribution of velocities.

w(x 10%cm/sec) 11.2  14.8 16.6
Te/Tg 42.3 76.8 95
E/p(veem” “+Torr™') 10 20 30

The values taken for both the drift velocitics and electron-to-
gas temperature ratios above an E/p of 15 veem™* +Torr™* were obtained
by extrapolation. In obtaining the extrapolated values, Riemann's
value for the drift velocity at an E/p of 36 veem t+Torr™! measured by

(40)

the cloud-chamber method was also taken into account .
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Since the mean random velocity of electrons is defined by
mvi/Z = 3kTe/2, and the most probable velocity is v = 0.816 v_ for
the Maxwellian function, Eq. (V.6) made it possible to obtain calcu-
lated values of the dissociation coefficient. The overlap between the
initially assumed and subsequently corrected cross sections and the
appropriate distribution function was numerically integrated, so that
the values of the dissociation coefficients calculated in this manner
were made, within experimental error, coincident with the measured

values. These coefficients are compared in the following:

E/pO(v-cm‘l-Torr‘l) 10 20 30

(ad/po)calch 0.077 0.46 0.63

(4/Po) gbs. 0.07  0.43 0.67

The cross section yielding the calculated values of ad/p0
ciearly indicates that the observed dissociation coefficients can be
explained by a singlet-to-triplet type of excitation function. As
shown in Fig. 16, it rises from an onset potential of 6.1 eV to a
peak of about 3.5 x 10" 7cm? at an energy of 6.9 eV and then decreases

very rapidly through a value of 1.2 x 107 7cem2 at 7.7 ev.
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CHAPTER VI

SUMMARY

The quantitative investigation of dissociation in carbon di-
oxide and water vapor used the uniform positive column of a dc glow
discharge in a static system and employed the method of separation of
permanent dissociation products from the condensable parent gas. The
experimental conditions were designed to be such that a steady-state
swarm was assured in the positive column, and the events observed
there could be distinguished from the effects of all other glow-dis-
charge regions. Conditions were established in which the accumulation
of dissociation products were minimized and thus, it was possible to
obtain the reduced field E/p of the positive column as a function of
the reduced tube radius pR in essentially pure carbon dioxide and
water vapor. The dissociation of CO2 was investigated for gas pres-
sures between 0.3 and 4 Torr; the range of pressures available in the

H,0 positive column for similar measurements was between 0.4 and 4

2
Torr. The current employed was varied between 0.3 and 0.7 mA, and it
was shown that the dissociation of both C02 and H20 vapor resulted

from single collision between electrons and molecules.
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The number of dissociating collisions ad/p by an electron
drifting unit length along the field direction of the positive column
was measured for both gases. In CO2 these rate coefficients were
found for values of E/p between 11 and 32 v-cm'leorr'l,the values of
ad/p were 0.15 and 0.67 at these limits. The rate coefficients of
dissociation for water vapor ranged between 0.025 at an E/p of 34 and
0.65 at an E/p of 43 vecm l+Torr .

These experiments demonstrated that the dissociation of CO2
was an electron-impact reaction resulting in an excited state for the
molecule followed by a fragmentation into uncharged species, CO and 0.
The measurements suggested a mechanism for the reaction. Assuming the
validity of the Maxwellian energy-distribution for this gas, a dissoc-
iation cross section was calculated. It was suggested that the dissoc-
iative excitation was to a 3 state of CO2 about 6.1 eV above the ground
state. With an onset of 6.1 eV, a cross section rising to a maximum of
3.5 x 10 7cm2 at 6.9 eV and then rapidly decreasing with increasing
electron energies, proved to be consistent with the experimentally deter-
mined dissociation-rate coefficients.

The results obtained for the dissociation of water vapor showed
that the resulting products consisted of H, and 02. The magnitude of
the dissociation coefficients measured was of the same order as the
magnitude of attachment coefficients, hence, negative ion formation must
play an important role in the positive column. The measurements also

indicated that processes involving ionized species might strongly influ-

ence the net chemical change occurring in the discharge. At E/p less
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than 40 vecm !+Torr ! negative hydroxil ions might be instrumental in
a fast recombination of water molecules, and above this value of E/p,
an increasingly rapid production of oxygen and hydrogen molecules was
seen, presumably as a result of dissociation of water into free atoms
and a subsequent recombination to form H2 and 02. Since the observed
rate coefficients described an overall dissociation process, the rela-
tive contributions of the simultaneous processes leading to dissocia-

tion could not be ascertained in the present experiments.
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